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ABSTRACT

This dissertation describes research on a-diimine chromium complexes and
1,4-dimethyl-7-oxabicyclo[2,2,1]hept-2-ene (aka: 1,4-dimethyl-oxa-norbornene).
Specifically, the first part focused on synthesis of chromium complexes in low formal
oxidation state (+1/+11) and investigation of their reactivity and electronic structures.
In the second part, 1,4-dimethyl-7-oxabicyclo[2,2,1]hept-2-ene was synthesized and
it's kinetic and thermodynamic data were measured.

Chapter 1 continues the exploration of the reactivity of quintuply bonded
compound (pentnt-"LP),Cr, by describing the results of its exposure to several small
molecules. Careful treatment of (pent:n-"L"™),Cr, with 1 equivalent of CO forms
quadruply bonded dinuclear chromium CO adduct [MLP'Cr]2(i+CO) (1), which is the
precursor for previously reported compound [HL™'Cr](CO)s. When exposed to CO,
(ent:nt-HL™P"),Cr, activates the carbon on CO; gas, leads to electrophilic attack of
CO2 on the backbone carbons of the a-diimine ligands and forms a symmetric
dinuclear chromium complex (pentin-L")2Cr2 (2). Upon exposure to CSz, (jntin'-
HLPN,Cr, was found to break one of the CS double bonds and to form an asymmetric
dinuclear chromium complex [MLP'Cr]2(jen?n%-CS)(1S) (3).

Chapter 2 describes the synthesis of a series of alkyl(aryl)/hydride bridged
chromium dinuclear complexes. (HL™™),Crz(eH) (4), the precursor of
alkyl(aryl)/nhydride complexes, was synthesized by treating ["L'™'Cr](CH2TMS)(THF)
with hydrogen gas. Alkylations(arylations) of 4 with various lithium alkyls (LiMe,
LiPh, LICH,TMS, LiCH2'Bu, LiCH2Ph) produce the corresponding

XV



alkyl(aryl)/dihydride complexes: [(FL™'Cr)2(peMe) (eH)2] [Li(THF)4]* (5),
[(PLPCr)z(1ePh) (REH)2] [LI(THF)4]* (6), [(FL™P'Cr)2(leCH2TMS)(1EH)2]
[Li(THF)3(EtO)]* (7), [(FLP'Cr)2(eCH2'BU)(eH)2] [Li(THF)3(Et20)]* (8) and
[(FL™PCr)2(eCH2Ph) (eH)2] [LiI(THF)4]* (9) in a solvent mixture of pentane with a
few drops of THF. In contrast, the reactions of 4 with LiMe and LiPh in THF leads to
dialkyl(diaryl)/hydrido complexes [("L™"Cr)2(eMe)2()H)] [Li(THF)s(Et20)]* (10)
and [("L™'Cr)2(ePh)2 (eH)[LI(THF)]* (11). Alkyl(aryl)/hydrido complexes bearing
different alkyl(aryl) ligands show significant differences in the stability of reductive
elimination which was monitored by *H-NMR. Treating compound 7 with MesO*BF4
gave an unusual ligand activated complex (HL*P'Cr) (M&H2L"P"Cr) (e CH2TMS) (LeH)2
(12).

Chapter 3 presents the synthesis, purification and characterization of 1,4-
dimethyl-7-oxabicyclo[2,2,1]hept-2-ene (15) , which is the presumed intermediate of
the Diels-Alder reaction of 2,5-dimethylfuan and ethylene to para-xylene. The
activation parameters of retro-Diels-Alder reaction of dimethyl-oxa-norbornene in de-
benzene were measured and compared to computational studies. The rate of
dehydration with Bronsted acid and Lewis acid was also investigated by *H-NMR
spectroscopy. Several inorganic salts (AgOTf, Sc(OTf)s, Cu(OTf)2, PdCl2, AgNO3,
Pd/C, Rh4(CO)12, W(CO)s, RhCI(PPh3)s, Pt(PPhs)s, Mo(CO)s and ArsN*ShClg’) were
tested as catalysts for retro-Diels-Alder reaction. By the principle of microscopic

reversibility, such catalysts should also facilitate the forward-Diels-Alder reaction.
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Chapter 1

INTRODUCTION

Utilization of transition metals to activate thermodynamically stable substances
and/or to promote kinetically inert reactions is an extensive and ever growing field
both in inorganic and organic chemistry. Ever since the discovery of a platinum-
ethylene complex by William Christopher Zeise in 18301, organometallic chemistry
has experienced an explosive development. Many organometallic compounds such as
dimethyl zinc discovered by Edward Frankland2, Ni(CO)4 discovered by Ludwig
Mond3, and organomagnesium compound discovered by Victor Grignard4 have been
synthesized and applied soon after. Nowadays the transition-metal chemistry has
entered a brandnew era. Admirable examples of transition-metal-catalyzed reactions
include cross coupling reaction between nucleophiles and electrophiles by Pd
catalysts;> olefin metathesis enabled by Ru and Mo catalysts;67 and asymmetric
hydrogenation reactions catalyzed by Rh, Ru and Ir catalysts. 8 Even through the
discovery of those catalysts has greatly expanded synthetic chemistry, most of the
known transition-metal catalysts do not meet the requirement of modern industrial
manufacturing for cleaner and higher efficiency process due to the need for tedious
functional-group transformation. One of the most promising processes in transition-
metal chemistry is highly efficient catalytic C-H bond functionalization. By directly
activating the C-H bond, those reactions proved new routes for synthesizing useful

compounds in high atom- and step- economy.



The first reported C-H functionalization reaction via transition metal catalyst
was the Co2(CO)s catalyzed carbonylative ring closure of (E)-N,1-
diphenylmethanimine toward 2-phenylisoindolin-1-one (Scheme 1-1a), published by
Shunsuke Murahashi in 1955.9 By heating a benzene solution of benzaldehyde anil
(5g) with dicobalt octacarbonyl catalyst (1g) under 100-200 atmospheres pressure of
CO at 220-230 <C for 5-6 hours, the 2-phenylphthalimidine was obtained in 80%
yield. Later in 1965, Joseph Chatt reported a more straightforward example of C-H
activation in the formation of Ru(dmpe)2(H)(2-naphthyl) complex by treating
RuCl2(dmpe). with sodium reduced naphthalene (dmpe = 1,2-
bis(dimethylphosphino)ethane) (Scheme 1-1b).10 The oxidative addition of C-H bond
onto Ru center and the formation of hydrido-aryl complex clearly showed the cleavage
of C-H bond, which was traditionally considered unreactive. In 1969, Yuzo Fujiwara
reported the Pd(OACc)2 and Cu(OAc): catalyzed Heck-reaction-like cross coupling of
benzene and styrene into trans-stilbene (Scheme 1-1c).11 The activation of benzene
molecule was believed to be the o-metathesis of PdX, and benzene C-H bond, as
another general category of C-H activation. Arene has played a very big role in C-H
activation/functionalization until the publication of two independent reports of
iridium-mediated intermolecular C-H activation of unactivated and fully saturated
hydrocarbons by R.G. Bergman12 and W.A.G. Graham13 in 1982 (Scheme 1-1d). The
irradiation of Cp*Ir(PMez)(H)2 (Bergman) or Cp*Ir(CO). (Graham) in the presence of
cyclohexane and neopentane by high pressure Hg lamp generated the hydrido-alkyl Ir

complexes (Cp* = pentamethylcyclopentadienyl ligand).
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Early examples of C-H activation

However, the current development of C-H activation reactions has encountered

challenges like the need for high catalyst loading!4, harsh conditions?®, and lack of

control for selectivity.16:17 The fundamental understanding of the C-H activation

process is certainly the key to the discovery of new transition-metal catalyst for this

promising transformation. In order to address this issue, one strategy is to synthesize

the key intermediate of metal alkyl hydrides and to study their reactivity. Furthermore,



the replacement of rare and expensive transition metals like Pd, Ru and Ir with
abundant and non-precious first row transition metals has become a rising trend.18
Many Ni catalysts, as the replacement of expensive Pd metal, have been invented and
applied for transition-metal catalyzed cross coupling reactions such as Heck
reaction19, Suzuki reaction20, Kumada coupling??, and Negishi coupling?2. It is
unquestionable that this trend will impact the chemistry of transition-metal catalyzed
C-H functionalization even through it is still at an early stage.

To date, only a few examples of first row transition metal alkyl hydride exist in
the literature and even less for Cr complexes. Since 1980’s our group has been activate
in the field of organochromium chemistry and has shown interests in Cr mediated C-H
activation. As early as 2003, MacAdams from our group reported the first chromium
alkyl hydride, [(2,6-MezPh)2nacnacCr]2(jtH) (e CH2SiMe3).23 In the same year,
Hagadorn and McNevin synthesized and isolated a titanium dimer featuring a Ti'"'(Le
Me)(leH) Ti'"! core.24 Both cases were achieved by hydrogenation of their metal alkyl
precursor. Later in 2007, Jagner et al reported the synthesis of hydridoalkylzincates
involving B-H elimination of trialkylzincate.2> Monillas from our group also reported
a pair of isomers including a phenyl-hydrido chromium dimer, namely [(2,6-
iPrPh)znacnacCr]z(jtH)(LEPh) and [(2,6-iPrPh)z2nacnacCr]2(en®:n®-Ph) in 2007.26
Recently, Okuda reported the synthesis of a scandium alkyl hydride complex featuring
a Sco(leH)(Et) core by ethylene insertion of its hydrido precursor.2” The structures are
presented in Scheme 1.2. Due to the limited scope of first row transition metal alkyl
hydrides, the detailed study of this chemistry is rare. Thus, one of our major effort is to

expand the scope of organochromium alkyl hydride chemistry.
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Scheme 1.2 Current examples of first row transition metal alkyl hydride
complexes from literature.

Another two growing trends are the development of catalytic processes for
fundamental transformations including activation of CO and CO into one-carbon (C1)
building block28, and the conversion of biomass into renewable fuels and chemicals.2®
The polyester industry is one of the enterprises that will benefit from those trends. In
the polyester family, polyethylene terephthalate (PET) is the most common
thermoplastic and has been widely used as material for fiber, film, containers and
household consumables. As a consequence of the increasing rate of urbanization
worldwide and the growth of global economy, the worldwide consumption of
polyethylene terephthalate (PET) has been increasing steadily and rapidly, while para-
xylene (pX), as the precursor of PET, is still mainly produced from fossil fuel.30
Approximately 97% of pX is used to manufacture PET. The annual demand of pX has

reached 36 million tons in 2014 and is estimated to exceed 62 million tons by 2020.31



Conventionally, xylenes are produced from petroleum refining or naphtha/gas oil
cracking.32 High purity pX for PET synthesis can be obtained from the xylene rich
mixture by either crystallization or adsorptive separation. Both process are
energetically costly. Due to the urgent call for sustainable production of p-xylene,
government organizations such as Department of Energy (DOE) and major consumers
of PET bottles including Coca-Cola and Pepsi have been supporting research and
development efforts for the production of renewable PET. Conversion of biomass-
derived 2,5-dimethylfuran and ethylene into high purity p-xylene has attracted much
attentions as one of the most promising methods.33 The 2,5-dimethylfuran can be
obtained from lignocellulose by several steps: 1) hydrolysis of lignocellulose to
glucose, 2) catalytic isomerization and dehydration of glucose to 5-
hydroxymethylfurfural (HMF) and 3) catalytic hydrodeoxygenation of HMF.34:35
Then the biomass-derived dimethylfuran can be upgraded to pX via Diels-Alder
reaction with ethylene and dehydration/aromatization (Scheme 1.3).

The Catalysis Center for Energy Innovation (CCEI) at the University of
Delaware is an Energy Frontier Research Center established in 2009 and has been
active in the innovation of heterogeneous catalysts technologies to transform
lignocellulosic biomass materials into fuels and chemicals. One of the major research
focuses is the upgrading of cellulose and hemicellulose to furans, and then to
aromatics in a green and sustainable route. The discovery and optimization of beta-
zeolite catalyst to convert 2,5-dimethylfuran and ethylene into p-xylene has reached
impressive yield and selectivity.36 The computational studies revealed that acidic
zeolite catalyst only promoted the dehydration of 1,4-dimethyl-oxa-norbornene toward

pX, while the Diel-Alder reaction of 2,5-dimethylfruan and ethylene to generate 1,4-



dimethyl-oxa-norbornene was uncatalyzed.3” The big barrier between 2,5-
diemthylfuran/ethylene and 1,4-dimethyl-oxa-norbornene not only limited the reaction
rate but also increased energy (300 <C) and material (500 psi ethylene pressure)
demands. Although 1,4-dimethyl-oxa-norbornene is widely accepted as the
intermediate between 2,5-diemthylfuran/ethylene and pX, there is no literature report
of the synthesis, isolation or characterization of this compound.38:3940 As more and
more parallel investigations of producing pX in a clean and sustainable way are in
progress#L, an efficient catalyst for Diels-Alder reaction of 2,5-dimethylfuran and
ethylene would be the key to solving this difficult and important problem. And the
synthesis and isolation of 1,4-dimethyl-oxa-norbornene could enable a search of the

catalyst for the Diels-Alder reaction and provide us an insight of its properties and

reactivity.
OH H
hydrolysis o isomerization HO (0]
Cellulose — HO OH =——— W\OH
oH ©OH HO H
Glucose Fructose
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HO/\QAO
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oxabicyclo[2.2.1]hept-2-ene
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Scheme 1.3  Upgrade cellulose to para-xylene



In conclusion, the synthesis of Cr alkyl hydrides would expand the scope of
this chemistry and should provide us new insights of C-H activation via first row
transition metals. In the same fashion, the synthetic and kinetic study of 1,4-dimethyl-
oxa-norbornene should be the key to enable a search of an efficient catalyst for Diels-
Alder reaction. This thesis describes unique research in synthetic and reactivity studies
of dinuclear chromium complexes supported by non-innocent a-diimine ligands and
1,4-dimethyl-oxa-norbornene, the intermediate from 2,5-dimethylfuran/ethylene
toward p-xylene. Chapter 1 discusses the reactivity of quintuply bonded chromium
dimer toward several unsaturated small molecules. Chapter 2 details the synthetic and
activities investigations of a series of dinuclear chromium alkyl hydride complexes.
Finally, Chapter 3 discusses the synthesis, stability and reactivity of 1,4-dimethyl-oxa-

norbornene.
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Chapter 2

THE REACTIVITY OF A QUINTUPLE-BONDED CHROMIUM DIMER
SUPPORTED BY a-DIIMINE LIGANDS

2.1 Introduction

Small molecule activation has always been a hot topic in inorganic and
organometallic chemistry due to abundance of the former and the potential
applications. Numerous transition metal complexes have been designed and
synthesized to activate small molecules. Activation of small molecules implies
change of molecule’s structure and electronic configuration; this can result in the
small molecule simply binding to the metal center or in its use as a building block to
synthesize other molecules.

Our group has been interested in small molecule activation with chromium
complexes using different ligand systems, such as tris(pyrazolyl)borate (Tp), B-
diketiminate (NacNac) and a-diimine (L). Recently, Akturk et al. have reported that
chromium dinitrogen complex (Tpt®“MeCr),N, can activate different kinds of small
molceules (Scheme 2.1).2 In the nacnac ligand system, Monillas et al. reported that
nacnac chromium(l) complex can simply replace the dinitrogen ligand or the acetylene

ligand with other small molecules to generate new complexes (Scheme 2.2).3
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Due to the rarity of quintuply bonded transition metal complexes, their
reactivity remains largely unexplored. Early examples include the carboalumination of
the quintulply bonded aminopyridinate Cr dimer and NO and adamantanyl azide
activation of Ar’CrCrAr’ (Ar’=CgHs-2,6-(CsHs-2,6-'Pr2)2).45 In 2011, Kempe et al.
reported the synthesis and characterization of several Cr-Cr quadruple bond adducts
with unsaturated small molecules (P4, Ass, AsP3).6 Later in 2014 they reported that the
amino-pyridinato dichromium quintuple bond complex could also activate CO> and
SO to give new complexes (Scheme 2.3 a).” The Cr-Cr quintuple bond complex
supported by amidinate ligand also shows reactivity with small molecules as reported
by Tsai et al (Scheme 2.3 b).8 Recently, Shen et al. have shown that Cr-Cr quintuple
bonds complex bearing a-diimine ligands can bind and activate a series of small
molecules featuring C-C, C-O, C-S or N-N multiple bonds, and give mono- or
dinuclear complexes: [MLP'Cr]2(un?! :n!-H.CCCMey), [MLP'Cr]2(S2), [PLPCr(pe
NPh)]z, ['LP"'Cr]2(NAd), [MLP'Cr(eOCPh2)]2 and "L Cr(ic2-N2CasHz22) (Scheme
2.4).9
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a-Diimine ligands are well known as a growing group of redox non-innocent
ligands.10 Their electronic structure reflects the three oxidation levels of the ligands:
the neutral a-diimine A, the monoanionic = radical B and the two-electron reduced
enediamide form C (Scheme 2.5). With the help of X-ray crystallography, the
oxidation state of the diimine can be assigned by comparing the C-N and C-C bond

lengths in ligand backbone (Table 2.1).11-12
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Table 2.1 Bond distances (A) of the a-diimine backbone for the a-diimine
ligand in various oxidation states.

Compound C-N Distances (A) C-C Distances (A)
HLPr 1.263(2) 1.468(2)

[HLtBu]-2 1.32(1), 1.33(1) 1.41(1), 1.40(1)
[HLP> 1.423(4), 1.409(4), 1.403(4), 1.431(4) 1.352(4), 1.355(4)

(a) t-butyl groups are bound directly to the diimine nitrogen atoms.

As shown in Table 2.1, the neutral a-diimine ligand has a pair of C-N double
bond with bond length around 1.26 A and a C-C single bond with bond length around
1.46 A. For dianionic a-diimine ligand, the C-N bond length around 1.42 A is clearly
single bonded and the C-C bond length around 1.35 A shows double bonded features.
If the C-N and C-C bond lengths fall in between single bonded and double bonded
range (C-N ~ 1.32 Aand C-C ~ 1.40 A), the a-diimine ligand would be considered as
monoanionic.

This chapter presents the different reactivity of the dinuclear quintuply bonded
Cr complex (pent:in-HL"™P"),Cr, with several gaseous small molecules with carbon-
chalcogen multiple bonds. CO, CO; and CS;, were reacted with (pntint-"L"),Cr; in
stoichiometric amount and gave three unique structures namely: [ML™'Cr](1xCO), (&

ntnt-L")2Crz and [MLP'Cr]2(en?:n2-CS)(LES).
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2.2 Results and Discussion

With the help of transition metal catalysts carbon monoxide has been utilized
in organic synthesis as C1 building block, such as Pauson-Khand reaction3,
aminocarbonylation14 and carbonylative cross coupling?®. Previously, Shen et al. have
reported that the reaction of (jtnt:n®-"L"™"),Cr, with excess of carbon monoxide
produces diamagnetic monomeric "L"Cr(CO)4, as confirmed by *H-NMR
spectroscopy and X-ray crystallography. An intermediate was observed by *H-NMR
with chemical shifts at 5.62 and 1.03 ppm. It is of some interest to synthesize and
isolate the intermediate and to explore its properties. By treating an Et2O solution of
(pentint-"LP"),Cr2 with 1 eq. of carbon monoxide at -78 <C, a diamagnetic dinuclear
monocarbonyl chromium complex, namely [HL"'Cr](j£CO), 1, was synthesized and

captured (Scheme 2.6).

CO (1eq.)

Et,0, -78°C, 3h
< »o>

Ar
Ar \ N CcO
Ar = 2,6-diisopropylphenyl CO (1 atm) [ N\ / «CO

Et,0, RT
| CcO

Scheme 2.6  CO addition of (Lent:n-HL"P")2Cr
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1 is both air- and heat-sensitive. Any excess of CO would lead to further
reaction to "L™'Cr(CO)a, and gentle heat would remove CO ligand from the complex
to give the isomer of quintuple bond Cr dimer, i.e. (n?: n8-HL"P"),Cr.. For
comparison, the quintuply bonded Cr-Cr complex supported by aminopyridinato
ligand, the reactions with CO or CO2 gave a similar CO bridging complex as reported
by Kempe et al. (Scheme 2.3 a).” 1 has been characterized by X-ray diffraction; the
solid state structure, interatomic distances, and angles for 1 are displayed in Figure 2.1

and Table 2.2 respectively.

C19

C33

C34

Figure 2.1 Molecular structure of [ML*P"Cr](lxCO) (1) with thermal ellipsoids at
the 30% probability level. Isopropyl groups and hydrogen atoms
have been omitted for clarity.
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Table 2.2 Interatomic distances (A) and angles (9 for [FLP*Cr](j+CO) (1).

Distances (A)

Cr1-N1 1.879(5) Cr1-N4 1.912(5)
Cr1-Cr2 1.964(2) Cr1-Cl 2.021(8)
Cr2-N3 1.873(5) Cr2-N2 1.887(5)
Cr2-C1 2.016(8) 01-C1 1.150(8)
N1-C2 1.368(8) N1-C4 1.463(8)
N2-C3 1.357(8) N2-C16 1.484(8)
N3-C28 1.380(8) N3-C30 1.436(8)
N4-C29 1.364(7) N4-C42 1.479(8)
C2-C3 1.389(8) C4-C9 1.375(9)
C4-C5 1.407(9) C5-C6 1.427(9)
C5-C11 1.514(9) C6-C7 1.357(9)
C7-C8 1.36(1) C8-C9 1.414(9)
C9-C14 1.494(9) C10-C11 1.524(9)
C11-C12 1.544(9) C13-C14 1.527(9)
C14-C15 1.541(8) C16-C21 1.394(9)
C16-C17 1.399(9) C17-C18 1.384(9)
C17-C23 1.513(9) C18-C19 1.37(1)

C19-C20 1.36(1) C20-C21 1.420(9)
C21-C26 1.48(1) C22-C23 1.512(9)
C23-C24 1.546(9) C25-C26 1.526(9)
C26-C27 1.569(9) C28-C29 1.364(8)
C30-C35 1.388(9) C30-C31 1.408(9)
C31-C32 1.417(9) C31-C37 1.49(1)

C32-C33 1.356(9) C33-C34 1.363(9)
C34-C35 1.399(9) C35-C40 1.55(1)

C36-C37 1.540(9) C37-C38 1.54(1)

C39-C40 1.526(9) C40-C41 1.514(9)
C42-C43 1.361(9) C42-C47 1.423(9)
C43-C44 1.414(9) C43-C49 1.503(9)
C44-C45 1.37(1) C45-C46 1.373(9)
C46-C47 1.404(9) C47-C52 1.504(9)
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C48-C49 1.499(9) C49-C50 1.543(9)
C51-C5h2 1.520(8) C52-C53 1.510(9)
C54-C55 1.5045 C55-C60 1.3993
C55-C56 1.3994 C56-C57 1.3939
C57-C58 1.3936 C58-C59 1.3937
C59-C60 1.3939
Angles (9

N1-Cr1-N4 146.9(2) N1-Cr1-Cr2 101.8(2)
N4-Cr1-Cr2 104.8(2) N1-Cri1-C1l 109.9(3)
N4-Crl-C1 100.2(3) Cr2-Cr1-C1 60.7(2)
N3-Cr2-N2 146.8(3) N3-Cr2-Crl 102.7(2)
N2-Cr2-Crl 104.8(2) N3-Cr2-C1 107.1(3)
N2-Cr2-C1 102.4(3) Crl-Cr2-C1 61.0(2)
C2-N1-C4 112.9(5) C2-N1-Crl 132.9(5)
C4-N1-Crl 114.2(4) C3-N2-C16 113.9(6)
C3-N2-Cr2 132.2(5) C16-N2-Cr2 113.1(4)
C28-N3-C30 112.6(6) C28-N3-Cr2 132.3(5)
C30-N3-Cr2 115.1(5) C29-N4-C42 113.5(6)
C29-N4-Crl 130.8(5) C42-N4-Crl 114.9(5)
01-C1-Cr2 151.0(7) 01-Ci1-Crl 150.7(7)
Cr2-C1-Crl 58.2(2) N1-C2-C3 122.5(7)
N2-C3-C2 122.3(7) C9-C4-C5 123.2(7)
C9-C4-N1 120.9(7) C5-C4-N1 115.8(6)
C4-C5-C6 117.2(7) C4-C5-C11 123.4(7)
C6-C5-C11 119.4(7) C7-C6-C5 119.6(8)
C6-C7-C8 121.9(8) C7-C8-C9 121.4(8)
C4-C9-C8 116.6(7) C4-C9-C14 121.6(7)
C8-C9-C14 121.6(7) C5-C11-C10 110.9(7)
C5-C11-C12 111.6(6) Cl0-C11-C12 110.4(7)
C9-C14-C13 109.6(6) C9-C14-C15 114.3(6)
C13-C14-C15 110.2(6) C21-C16-C17 123.9(7)
C21-C16-N2 117.9(7) C17-C16-N2 118.3(7)



C18-C17-C16
C16-C17-C23
C20-C19-C18
C16-C21-C20
C20-C21-C26
C17-C23-C24
C21-C26-C25
C25-C26-C27
N4-C29-C28

C35-C30-N3

C30-C31-C32
C32-C31-C37
C32-C33-C34
C30-C35-C34
C34-C35-C40
C31-C37-C36
C41-C40-C39
C39-C40-C35
C43-C42-N4

C42-C43-C44
C44-C43-C49
C44-C45-C46
C46-C47-C42
C42-C47-C52
C48-C49-C50
C47-C52-C53
C53-C52-C51
C60-C55-C54
C57-C56-C55
C57-C58-C59
C59-C60-C55

116.9(8)
123.0(7)
121.1(8)
115.6(8)
119.5(8)
110.1(7)
116.9(7)
107.4(7)
123.2(7)
119.3(7)
115.9(8)
121.8(7)
120.9(8)
118.8(7)
119.8(8)
115.2(7)
110.1(7)
111.0(6)
118.7(7)
117.6(8)
117.6(8)
120.7(8)
114.4(7)
122.8(7)
112.8(7)
111.6(7)
108.6(7)
121.0

121.1

119.4

121.1
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C18-C17-C23
C19-C18-C17
C19-C20-C21
C16-C21-C26
C17-C23-C22
C22-C23-C24
C21-C26-C27
C29-C28-N3

C35-C30-C31
C31-C30-N3

C30-C31-C37
C33-C32-C31
C33-C34-C35
C30-C35-C40
C31-C37-C38
C38-C37-C36
C41-C40-C35
C43-C42-C47
C47-C42-N4

C42-C43-C49
C45-C44-C43
C45-C46-C47
C46-C47-C52
C48-C49-C43
C43-C49-C50
C47-C52-C51
C60-C55-C56
C56-C55-C54
C58-C57-C56
C58-C59-C60

120.1(8)
121.4(8)
121.1(8)
124.9(7)
112.1(7)
110.7(7)
109.2(7)
123.7(7)
122.0(7)
118.7(7)
122.2(7)
122.0(8)
120.3(8)
121.4(7)
108.7(7)
110.7(7)
111.3(7)
124.6(7)
116.5(7)
124.8(7)
120.2(8)
122.4(8)
122.6(7)
114.2(7)
108.9(6)
113.5(6)
118.1

121.0

120.1

120.1



1 crystallizes in the monoclinic space group P2:/n. The carbon monoxide
interacts with quintuple bond via a [2+1] cycloaddition and gives a coplanar px-CO
triangle geometry. This structure is similar to the selenide, telluride and 1-
azidoadamantane adducts of (pent:n*-HL"),Cr, and is comparable to Kempe’s Cra(jt
CO) adduct (Scheme 2.3a).” The C-O bond length of 1.150(8) A in 1 is slightly
longer than neutral CO bond distance of 1.128 A, and is similar to CO bond length of
1.154(8) in Kempe’s Cr2(j£CO)2. And the newly formed Cr-C single bonds with bond
length of 2.021(8) A and 2.016(8) A are significantly longer than Cr-C bond length in
(HL™P")Cr(CO)4 (average Cr-C = 1.882 (2) A), but are slightly shorter than those in
Kempe’s Crz(JCO)2 (Cr-C = 2.092(8) and 2.066(8) A). The CO stretching frequency
of 1758 cm™ is on the edge of e-bridging carbonyl infrared stretching frequencies
(1850 — 1750 cm™). Kempe’s Cr(J+CO). adduct has higher wave number absorption
bands at 1924 and 1806 cm™. The C-N bond length of ligand backbone range from
1.357(8) to 1.380(8) A and the C-C bond length are 1.389(8) and 1.364(8) A. There is
no appreciable change in the backbone bond lengths of the diimine ligands between 1
and (et ®-"L"P2Cry, thus 1 is best described as Cr(I)-Cr(1) complex. The Cr-Cr
bond of 1.964(2) A falls into the range of ‘super-short’ chromium-chromium
quadruple bonds (Cr-Cr < 2.0 A).16 The Cr-Cr distances in selenide, telluride and 1-
azidoadamantane adducts of (pentn*-HL"),Cr, are 1.919(1), 1.918(2) and 1.9557(9)
A respectively. Considering that both chromium ions are Cr(1) d®, 2 still has a Cr-Cr
quintuple bond. The elongation of the Cr-Cr multiple bonds is presumably due to the
formation of two new Cr-C covalent bonds. In Kempe’s aminopyridinato ligand
system, the Cr-Cr distance in Cro(+CO); is 1.89(2) A. This complex is diamagnetic

due to extensive metal-metal bonds. The broaden *H-NMR resonances and chemical
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shifts at 6.99-6.75, 5.62, 3.31, 1.41, 1.03 and 0.75 ppm are almost identical to those of
(e :nt-HLP"),Cra. 1 is relatively unstable and slowly decomposes into (pent:n?-
HLPN,Crz and HLIP'Cr(CO)4 over time, even at -30 <T. Treatment of 1 with other small
molecules like ethylene or THF resulted in ligand replacement and formation of

HLIP'CH(CO)..

,?\r ,?‘r

NN Et,0
GO
N/Cr\N 1 atm rt, 1h
| |

Ar Ar

Ar = 2,6-diisopropylphenyl

Scheme 2.7 Reaction of (pent:pt-"L"P")2Cr2 and CO:

Valorization of carbon dioxide as chemical feedstock has been intensely
studied for decades.17:18:19 Some reactions have even been industrialized, such as
synthesis of ethene carbonate from ethylene and CO3, conversion of CO, and
ammonia into urea, and production of salicylic acid by pressuring sodium phenol salt
with C0,.20 Due to the fact that CO> is the most oxidized form of carbon and is
thermodynamically stable, activation and utilization of carbon dioxide has been
challenging. It was interesting to see if the Cr quintuple bond complex is able to
activate CO». The ten electrons held in between two low valent Cr centers might be
the key to reduce CO,. Exposure of a diethyl ether solution of (ptntin-HL™"),Crs to 1

atmosphere of carbon dioxide at room temperature caused an instant color change
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from green to blue and then to red. The *H-NMR of the red species in CsDs showed a
series of broad resonance with chemical shifts at 7.34-6.57, 1.95, 1.73, 1.41and 1.00
ppm. After standard work up, diimine ligand activated complex (L-CO2)2Cr2 (2) was
synthesized, isolated and characterized by X-ray crystallography (Scheme 2.7) The
solid state structure, bond distances, and angle for 2 are displayed in Figure 2.2 and

Table 2.3 respectively.

Figure 2.2 Molecular structure of (L-C0O2)2Cr2 (2) with thermal ellipsoids at the
30% probability level. Isopropyl groups and hydrogen atoms have
been omitted for clarity.
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Table 2.3  Interatomic distances (A) and angles (9 for (pnt:nt-L)2Cr2 (2).

Distances (A)

Cr1-04 1.967(2) C15-C22 1.507(4)
Cr1-N4 2.044(2) C16-C17 1.367(4)
Cr1-N1 2.081(2) C17-C18 1.365(4)
Cr1-N2 2.109(2) C18-C19 1.396(3)
Cr1-Cr2 2.3343(4) C19-C20 1.418(3)
Cr2-02 1.978(2) C19-C25 1.518(4)
Cr2-N2 2.047(2) C21-C22 1.521(4)
Cr2-N3 2.087(2) C22-C23 1.537(3)
Cr2-N4 2.116(2) C24-C25 1.511(4)
N1-C1 1.277(3) C25-C26 1.517(4)
N1-C8 1.456(3) C27-C28 1.505(3)
N2-C20 1.459(3) C28-C54 1.573(3)
N2-C2 1.484(2) C29-C34 1.399(3)
N3-C27 1.279(3) C29-C30 1.394(3)
N3-C34 1.460(2) C29-C36 1.512(3)
N4-C46 1.462(2) C30-C31 1.377(3)
N4-C28 1.479(2) C31-C32 1.377(3)
01-C53 1.216(2) C32-C33 1.396(3)
02-C53 1.295(2) C33-C34 1.399(3)
03-C54 1.220(2) C33-C39 1.514(3)
04-C54 1.292(2) C35-C36 1.534(4)
C1-C2 1.506(3) C36-C37 1.526(4)
C2-C53 1.561(3) C38-C39 1.539(3)
C3-C8 1.395(3) C39-C40 1.526(3)
C3-C4 1.393(3) C41-C42 1.398(3)
C3-C10 1.512(3) C41-C46 1.407(3)
C4-C5 1.378(4) C41-C48 1.512(3)
C5-C6 1.377(4) C42-C43 1.369(4)
C6-C7 1.393(3) C43-C44 1.372(4)
C7-C8 1.403(3) C44-C45 1.398(3)
C7-C13 1.511(3) C45-C46 1.422(3)
C9-C10 1.533(3) C45-C51 1.525(3)
C10-C11 1.522(3) C47-C48 1.525(4)
C12-C13 1.533(3) C48-C49 1.531(3)
C13-C14 1.530(3) C50-C51 1.534(3)
C15-C16 1.397(3) C51-C52 1.526(3)
C15-C20 1.414(3)
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Angles (9

04-Cr1-N4
04-Crl1-N1
N4-Cr1-N1
04-Cr1-N2
N4-Cr1-N2
N1-Cr1-N2
04-Cr1-Cr2
N4-Cr1-Cr2
N1-Crl1-Cr2
N2-Cr1-Cr2
02-Cr2-N2
02-Cr2-N3
N2-Cr2-N3
02-Cr2-N4
N2-Cr2-N4
N3-Cr2-N4
02-Cr2-Cr1
N2-Cr2-Crl
N3-Cr2-Crl
N4-Cr2-Crl
C1-N1-C8
C1-N1-Cr1
C8-N1-Cr1
C20-N2-C2
C20-N2-Cr2
C2-N2-Cr2
C20-N2-Cr1
C2-N2-Crl
Cr2-N2-Cr1
C27-N3-C34
C27-N3-Cr2
C34-N3-Cr2
C46-N4-C28
C46-N4-Crl
C28-N4-Cr1l
C46-N4-Cr2
C28-N4-Cr2
Cr1-N4-Cr2
C53-02-Cr2

84.16(6)
95.42(6)
173.27(6)
152.03(7)
94.78(6)
82.43(6)
103.43(4)
57.35(5)
116.43(5)
54.57(5)
84.04(6)
95.89(6)
173.02(7)
151.92(7)
94.48(6)
82.28(6)
103.31(5)
57.10(5)
116.33(5)
54.42(4)
118.7(2)
111.9(2)
128.8(2)
113.2(2)
116.1(2)
109.0(2)
136.5(2)
104.3(1)
68.34(5)
117.7(2)
111.2(2)
130.4(2)
113.4(2)
115.6(2)
109.02)
136.4(2)
104.5(1)
68.23(5)
117.4(2)
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C16-C15-C22
C20-C15-C22
C17-C16-C15
C18-C17-C16
C17-C18-C19
C18-C19-C20
C18-C19-C25
C20-C19-C25
C19-C20-C15
C19-C20-N2

C15-C20-N2

C15-C22-C23
C15-C22-C21
C23-C22-C21
C24-C25-C19
C24-C25-C26
C19-C25-C26
N3-C27-C28

N4-C28-C27

N4-C28-C54

C27-C28-C54
C34-C29-C30
C34-C29-C36
C30-C29-C36
C31-C30-C29
C30-C31-C32
C31-C32-C33
C32-C33-C34
C32-C33-C39
C34-C33-C39
C29-C34-C33
C29-C34-N3

C33-C34-N3

C29-C36-C35
C29-C36-C37
C35-C36-C37
C33-C39-C38
C33-C39-C40
C38-C39-C40

116.8(2)
123.8(2)
121.8(3)
119.3(2)
122.2(3)
118.7(2)
116.9(2)
124.3(2)
118.7(2)
121.02)
120.3(2)
108.5(2)
113.5(2)
110.4(2)
112.8(2)
109.9(3)
112.3(3)
120.4(2)
112.5(2)
112.4(2)
103.2(2)
117.7(2)
122.3(2)
119.9(2)
121.3(2)
119.8(2)
121.7(2)
117.3(2)
119.7(2)
122.9(2)
122.2(2)
119.02)
118.8(2)
109.6(2)
112.5(2)
111.2(2)
109.2(2)
112.5(2)
111.3(2)



C54-04-Crl 118.0(2) C42-C41-C46 119.1(2)

N1-C1-C2 119.5(2) C42-C41-C48 116.5(2)
N2-C2-C1 112.5(2) C46-C41-C48 124.0(2)
N2-C2-C53 112.7(2) C43-C42-C41 122.2(2)
C1-C2-C53 102.8(2) C42-C43-C44 118.9(2)
C8-C3-C4 117.5(2) C43-C44-C45 121.9(2)
C8-C3-C10 123.3(2) C44-C45-C46 119.0(2)
C4-C3-C10 119.2(2) C44-C45-C51 117.3(2)
C5-C4-C3 121.4(2) C46-C45-C51 123.6(2)
C6-C5-C4 119.9(2) C41-C46-C45 118.8(2)
C5-C6-C7 121.6(2) C41-C46-N4 120.5(2)
C8-C7-C6 117.1(2) C45-C46-N4 120.8(2)
C8-C7-C13 123.6(2) C41-C48-C47 113.9(2)
C6-C7-C13 119.2(2) C41-C48-C49 108.1(2)
C3-C8-C7 122.6(2) C47-C48-C49 110.4(2)
C3-C8-N1 119.4(2) C45-C51-C50 114.4(2)
C7-C8-N1 118.0(2) C45-C51-C52 111.8(2)
C11-C10-C3 113.1(2) C50-C51-C52 109.2(2)
C11-C10-C9 110.2(2) 01-C53-02 126.1(2)
C3-C10-C9 109.6(2) 01-C53-C2 118.7(2)
C7-C13-C12 109.7(2) 02-C53-C2 115.2(2)
C7-C13-C14 112.4(2) 03-C54-04 126.5(2)
C12-C13-C14 111.3(2) 03-C54-C28 118.9(2)
C16-C15-C20 119.1(2) 04-C54-C28 114.6(2)

2 crystallized in the triclinic space group P-1. To our surprise, 2 doesn’t follow
the typical [2+2] or [2+1] cycloaddition reaction between an unsaturated molecule and
(pentint-"LP"),Cr. Rather, each diimine ligand has added one carboxylate group on its
backbone and generated a C2 symmetric Cr-Cr dimer supported by two amino acid
ligands. Each newly formed ligand has one neutral imine nitrogen (N1, N3)
coordinating to one Cr, one anionic carboxylate O (02, O4) coordinating to another Cr
and the anionic amide nitrogen (N2, N4) bridging in between both Cr centers. Thus,
the quintuply bonded dimer was oxidized to a Cr(I1)-Cr(I1) dimer. The Cr-Cr distance
of 2.3343(4) A indicates the reduction of Cr-Cr quintuple bond order. The
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coordination geometry around each chromium is best described as square planer with
sum of angles of 356.78for Cr1 and 356.68 for Cr2. The bond distances of Cr to
imine N are 2.081(2) A for Cr1-N1 and 2.087(2) A for Cr2-N3. The bridging amide N
is closer to one Cr than the other one, presumably due to the trans influence of
carboxylate coordinating site. The average Cr-N bond length trans to carboxylate site
is 2.113(2) A and the average cis Cr-N bond length is 2.045(2) A.

The quick color change via blue suggested the formation of an intermediate.
Unfortunately, the CO> activation process happens too fast either to capture the short-
lived intermediate or to monitor it by *H NMR spectroscopy. Attempts of synthesizing
and isolating the blue intermediate by adding 1 equivalent of CO: to a Et2O solution of
(en:n-HL"P"),Cr, were unsuccessful. The blue species could be observed when 1 eq.
of CO, was slowly introduced into a Et,0 solution of (ptn:n*-HL"").Cr, at -78 <. But
this blue intermediate disappeared and reformed the starting material upon warm up
and/or when vacuum was applied. A similar color change was observed in the reaction
of (pentn®-"L"P",Cr, with hexafluoro-2-butyne.® A purple intermediate was isolated
after 15 min reaction of (pentn*-HL™),Cr, with hexafluoro-2-butyne and the
prolonged reaction resulted in a red ligand functionalized product as shown in Scheme
2.8. Presumably, 2 could be generated via a [2+2] cycloadduct intermediate of CO>
and the Cr-Cr multi-bond center (Scheme 2.8), similar to the reaction of (ptntn?!-
HLPN,Cr, with allene (Scheme 2.4). A closer look of 2 revealed that the newly formed
L-CO:2 ligands have chiral centers on C2 and C28. The P-1 space group of solid

structure indicated that the CO addition product is racemic.
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Scheme 2.8  The reaction of (pent:n-"L"P")2Cr2 with hexafluoro-2-butyne and
plausible mechanism of formation of 2

Diimine ligand functionalization is not unusual in the literature and many
examples have been reported by reacting neutral diimine ligands with metal
alkyls.21:22:23.24 Alkyl migration via 1,2-insertion to form a new C-C bond on the
ligand backbone has been presented in the literature.2>26 Addition of a neutral

compound to the ligand backbone is relatively rare for diimine complexes. The only

31



other examples are the reaction of (pen:n-HL"™"),Cr, with hexafluoro-2-butyne®,
reaction of (a-diimine)TaCls with CCl427 and reaction of (a-diimine)W(NAr)(CHzPh),
with CCl428. In the cases of Ta and W, the diimine ligand has added a CCls radical on
the ligand backbone and the complex was transformed to a metal halide with a
localized iminoamide ligand. Comparing the addition of CO2 and CFsCCCF3 to (&
ntn-"LPN,Cr,, they both have an electron deficient carbon on the small molecule.
Presumably, the small molecule addition onto the diimine ligand is driven by the
interaction of ligand based HOMO of (jnt:n®-"L""),Cr, and electrophilic carbon on
CO; or CF3CCCF3.29 It is noticeable that the reaction of Kempe’s quintuply bonded
Cr dimer with CO2 gave a Cr2(le-CO). adduct as the major product and, plausibly, a
(CrO)s complex as the byproduct (Scheme 2.3 a).

It was of some interest to explore whether the reaction between (ptntin?-
HLIPN,Cr, and CS, might procced differently, as CS; has a less electrophilic carbon.
Upon slowly adding 1 eq. of CS; into a Et.O solution of (pent:n-"L"™),Cr, at -78 T,
the green solution of quintuply bonded Cr dimer turned yellow rapidly. After
removing unreacted CS; and solvent under vacuum, ["L"™"Cr]2(tn?n*-CS)(1tS) (3)
was crystallized from Et.O solution at -30<C (Scheme 2.9). The solid state structure,

bond distances, and angle for 3 are displayed in Figure 2.3 and Table 2.4 respectively.

r Cr.
rt, 1h g
Al Al

A A S
N A N
~cr” Et,0 N,,,' /C\ wN
CE ) v —— Ll J
Oy N” N
| |

Ar Ar

Ar = 2,6-diisopropylphenyl

Scheme 2.9  Reaction of (pent:pt-HL"*")2Crz and CS2
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C32

C31

c18

C16 V c17

Figure 2.3 Molecular structure of [FLP'Cr]2(en?:n-CS)(1tS) (3) with thermal
ellipsoids at the 30% probability level. Isopropyl groups and
hydrogen atoms have been omitted for clarity.

Table 2.4  Interatomic distances (A) and angles (9 for [FLP"Cr]2(tn2:n%-CS)(1+

S) (3).
Distances (A)

Cri-N2 1.943(3) Cri-N1 1.943(3)

Cr1-C53 2.090(4) Cr1-s1 2.250(2)

Cr1-S2 2.422(2) Cri-Cr2 2.742(1)

Cr2-C53 1.781(4) Cr2-N3 1.871(3)

Cr2-N4 1.881(3) Cr2-S1 2.155(2)
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S2-C53
N2-C15
N1-C3
N3-C29
N4-C41
C3-C8
C4-C5
C5-C6
C7-C8
C9-C10
C12-C13
C15-Cl6
Cl16-C17
C17-C18
C19-C20
C21-C23
C24-C25
C28-C27
C29-C30
C30-C38
C38-C39
C32-C33
C34-C35
C35-C36
C41-C46
C42-C47
C47-C49
C44-C45
C50-C46
C50-C51
C55-01
C56-C57

1.594(4)
1.446(5)
1.444(5)
1.437(5)
1.431(5)
1.394(6)
1.396(6)
1.378(7)
1.409(6)
1.521(7)
1.518(7)
1.402(6)
1.400(6)
1.376(6)
1.388(6)
1.527(6)
1.529(7)
1.392(6)
1.409(6)
1.515(6)
1.543(7)
1.379(7)
1.516(6)
1.546(7)
1.406(6)
1.520(6)
1.522(6)
1.382(7)
1.513(6)
1.529(6)
1.38(2)

1.37(2)

N2-C1
N1-C2
N3-C28
N4-C27
C1l-C2
C3-C4
C4-C12
Ce6-C7
C8-C9
C9-Ci11
Cl12-C14
C15-C20
Cl6-C24
C18-C19
C20-C21
C21-C22
C24-C26
C29-C34
C30-C31
C38-C40
C31-C32
C34-C33
C35-C37
C41-C42
C42-C43
C47-C48
C43-C44
C45-C46
C50-C52
C54-C55
01-C56
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1.345(5)
1.333(5)
1.343(5)
1.353(5)
1.388(6)
1.404(6)
1.518(7)
1.378(7)
1.516(6)
1.524(6)
1.525(7)
1.409(6)
1.522(6)
1.389(6)
1.515(6)
1.529(7)
1.533(6)
1.392(6)
1.395(6)
1.529(7)
1.368(7)
1.394(6)
1.522(6)
1.405(6)
1.400(6)
1.521(6)
1.357(7)
1.386(6)
1.520(6)
1.37(2)

1.40(2)



Angles (9

N2-Crl-N1
N1-Cr1-C53
N1-Crl-S1
N2-Crl1-S2
C53-Cr1-S2
N2-Cr1-Cr2
C53-Cr1-Cr2
S2-Crl1-Cr2
C53-Cr2-N4
C53-Cr2-S1
N4-Cr2-S1
N3-Cr2-Crl
S1-Cr2-Crl
C53-S2-Crl
C1-N2-Crl
C2-N1-C3
C3-N1-Crl
C28-N3-Cr2
C27-N4-C41
C41-N4-Cr2
N1-C2-C1l
C8-C3-N1
C5-C4-C3
C3-C4-C12
C7-C6-C5
C3-C8-C7
C7-C8-C9
C8-C9-C11
C4-C12-C13
C13-C12-C14
C16-C15-N2
C17-C16-C15

81.2(2)

132.8(2)
108.5(1)
106.6(1)
40.5(1)

138.5(1)
40.5(1)

81.03(4)
109.5(2)
102.8(2)
121.7(1)
135.7(1)
53.08(4)
58.4(2)

112.7(3)
118.1(4)
127.7(3)
96.6(3)

122.4(4)
137.3(3)
114.8(4)
117.9(4)
118.0(5)
122.3(4)
120.4(5)
117.4(5)
118.8(5)
112.9(4)
110.8(4)
110.6(5)
118.1(4)
118.2(4)

N2-Cr1-C53
N2-Cr1-S1
C53-Cr1-S1
N1-Cr1-S2
S1-Cr1-S2
N1-Cr1-Cr2
S1-Cr1-Cr2
C53-Cr2-N3
N3-Cr2-N4
N3-Cr2-S1
C53-Cr2-Crl
N4-Cr2-Crl
Cr2-S1-Crl
C1-N2-C15
C15-N2-Cr1
C2-N1-Crl
C28-N3-C29
C29-N3-Cr2
C27-N4-Cr2
N2-C1-C2
C8-C3-C4
C4-C3-N1
C5-C4-C12
C6-C5-C4
C6-C7-C8
C3-C8-C9
C8-C9-C10
C10-C9-C11
C4-C12-C14
C16-C15-C20
C20-C15-N2
C17-Cl16-C24
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132.3(2)
111.2(1)
90.5(2)
107.1(1)
130.98(5)
136.6(1)
49.96(4)
111.7(2)
88.8(2)
122.1(1)
49.6(1)
133.4(1)
76.96(5)
117.8(4)
129.0(3)
113.7(3)
123.0(4)
138.8(3)
96.2(3)
115.6(4)
122.2(5)
119.9(4)
119.7(5)
120.9(5)
121.1(5)
123.8(4)
112.1(4)
110.1(4)
113.6(5)
121.1(4)
120.7(4)
118.2(4)



C15-C16-C24 123.6(4) C18-C17-C16 121.2(5)
C17-C18-C19 119.9(5) C20-C19-C18 121.2(5)
C19-C20-C15 118.3(4) C19-C20-C21 119.0(4)
C15-C20-C21 122.7(4) C20-C21-C23 110.1(4)
C20-C21-C22 111.5(4) C23-C21-C22 111.4(4)
C16-C24-C25 111.6(4) C16-C24-C26 111.4(4)
C25-C24-C26 109.9(4) $2-C53-Cr2 170.7(3)
$2-C53-Crl 81.0(2) Cr2-C53-Crl 89.8(2)
N3-C28-C27 117.9(4) C34-C29-C30 121.8(4)
C34-C29-N3 118.0(4) C30-C29-N3 120.1(4)
C31-C30-C29 117.5(5) C31-C30-C38 120.6(5)
C29-C30-C38 121.9(4) C30-C38-C40 111.3(5)
C30-C38-C39 110.2(4) C40-C38-C39 110.8(5)
C32-C31-C30 121.3(5) C31-C32-C33 120.5(5)
C29-C34-C33 118.1(5) C29-C34-C35 121.0(4)
C33-C34-C35 120.9(4) C34-C35-C37 110.7(4)
C34-C35-C36 111.7(4) C37-C35-C36 110.2(4)
N4-C27-C28 116.5(4) C42-C41-C46 121.7(4)
C42-C41-N4 120.4(4) C46-C41-N4 117.9(4)
C43-C42-C41 117.5(5) C43-C42-CA7 119.7(4)
C41-C42-CA7 122.8(4) C48-C47-C49 111.3(5)
C48-C47-C42 112.0(4) C49-C47-C42 110.5(4)
C44-C43-C42 121.3(5) C43-C44-C45 120.6(5)
C44-C45-C46 121.2(5) C46-C50-C52 110.9(4)
C46-C50-C51 113.0(4) C52-C50-C51 110.9(4)
C45-C46-C41 117.6(5) C45-C46-C50 120.8(4)
C41-C46-C50 121.6(4) C32-C33-C34 120.8(5)
C54-C55-01 117(2) C55-01-C56 116(2)
C57-C56-01 116(2)

3 crystallized in the monoclinic space group P21/c. Unlike for CO2, in 3 one of
the C-S double bond is completely split by Cr-Cr center and gives a (prn?n*-CS) and

(£S) bridging chromium binuclear complex. The coordination geometry of both Cr
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centers is tetrahedral. One of the Cr-S bonds is significantly shorter than the other side
(Cr1-S1 =2.251(2) A vs. Cr2-S1 = 2.423(2) A). The bridging CS ligand adopted the
four-electron donor n?-eCS bridging structure with Cr2-C53 bond length of 1.781(4)
A and Cr1-C53 bond length of 2.090(4) A.30 The C-S bond length of 1.594(4) A is
longer than the free carbon monosulfide triple bond of 1.5349 A and closer to a C=S
double bond of 1.611 A in thioformaldehyde3?, suggesting that the CS ligand is
formally dianionic. The backbone length of the diimine ligands are in the monoanionic
range (average C-C = 1.390 A and average C-N = 1.343 A), thus the formal charge of
Cr centers is Cr(111)-Cr(111). The two electrons used to split the C-S double bond are
from two chromium atoms. The long Cr-Cr distance of 2.742(1) A indicates the
absence of strong bonding interaction between two Cr ions. The differences of
reactivity between CO2 and CS; toward (pent:n*-HL"P),Cr2 could be due to the less
electron deficient carbon center of CS, and weaker C=S bond. Presumably, both
molecules would form a [2+2] adduct with Cr-Cr quintuple bond center, but the
stronger electrophilic carbon center of CO2 would undergo electrophilic attach onto
the electron rich backbone of diimine ligands while the CS, was split by Cr-Cr

quintuple bond center (Scheme 2.10).

37



Ar S Ar

/ // v _Ar
+CS; N N->cr—
[ o CAD
Cr\ N—Cr N—"Cr—n
Ar N ) Ar /
Ar / Ar
Ar
Ar = 2,6-diisopropylphenyl
s S
NAr //\\ C NAr " M v
“,, AN N, 1IN N
K Cr. Cr j - ( Cr. Cr. )
N s W NN
) ) N S N
Ar Ar Al Al

Scheme 2.10 Plausible mechanism of formation of 3

Due to the instability of carbon monosulfide (unstable at temperature above -
100 <C)32:33, metal thiocarbonyls are usually prepared by using carbon disulfide or
thiophosgene as CS sources. In 1966 Baird and Wilkinson reported the first metal
thiocarbonyl complex, (PhsP)2Rh(CS)CI, from reaction of (PhsP)sRhCl and CS;
followed by elimination of PhsPS. There are many examples of CS double bond
cleavage by transition metal clusters, like (CsHsC0)a(je-S)(js-CS)3435,
Fe4(CO)12(S)(CS)36, (CsHsCo)2{Fe(CO)2(PPh3)}(1e-S)(16-CS)37,
H20s3(CO)7(CS)(S)238, 0s4(CO)12(CS)(S)39 and Ruz(CO)s(CS)(ptH) (eP'Bu2) (1r
PCy2)2(1-S)40. This kind of reactions typically requires higher temperature to
proceed. For dinuclear systems, W2Cp2(CO)s(ltnt:n?-CH2CO)4L, Re;Bra(jrdpam)z42
and [Fe(jtPipiso)]243 react with CS; and split one of the C=S double bond under mild
condition (room temperature to -40 <C). Based on the search in Cambridge Structural

Database (CSD)444546, 3 is the first example of CS; cleavage by chromium complex.
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Ar = 2,6-diisopropylphenyl

Scheme 2.11 Synthesis of (PipisoFe)2(jtS)(ltCS)

The comparison of (PipisoFe)2(tS)(CS) and 3 is some of interest. They are
both dinuclear sulfide/thiocarbonyl bridged complex generated by exposing low valent
metal-metal multiple bond complexes to CS.. The Cr-Cr distance of 2.742(1) A is
longer than the Fe-Fe distance of 2.5800(6) A, presumably because of (1*:n?)
coordination of the thiocarbonyl ligand in 3 and the bigger covalent radii of Cr(l11)
than Fe(l1). The average Cr-S bond length (average Cr-S = 2.203(2) A) is slightly
longer than the average Fe-S bond length (average Fe-S = 2.1330(9) A). Despite the
fact that the bridging carbon in 3 is closer to Cr2 than Cr1, the average Cr-C bond
length of 1.935(4) A is close to the average Fe-C bond length of 1.938(3) A in
(PipisoFe)2(j£S)(JkCS).

It’s also worth noting that the side-on bridging structure of thiocarbonyl is very
rare. The only two other complexes featuring Mz(j4n2:n*-CS) core were reported by
Angelici et al. in 1989 and Wang et al. in 2008 (Scheme 2.12). The comparison of
bond distances in the Mz(jen?:nt-CS) cores of those complexes was shown in Scheme
2.12 as well. The metal to S distances in all three complexes were shorter than 2.54 A
and indicated M-S bonding. The C-S distances ranged from 1.594(4) to 1.640(6) A
and were clearly longer than CS triple bond length of 1.535 A. The metal-C o bonds
(1.781(4) — 1.899(3) A) were significantly shorter than metal-C x bonds (2.090(4) —
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2.270(3) A). Thus, all three complexes have a side-on bridging thiocarbonyl ligand,
and 3 is the first example of first row transition metal complex featuring a Ma(pen?:nt-

CS) core. Interestingly, all transition metals in the three complexes were from group 6.

S
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o C \ co
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Wang et al.
Angelici et al.

S S S
1.640(6)/ 1.632(3)/ 1.594(4) /
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%) 5 %)
W

Mo 0 0 Cro-------- Cr
3.3102(4) 3.1861(4) 2.742(1)

Scheme 2.12 Comparison of bond distances in complexes featuring Mz(pen2:n*-
CS) core

In conclusion, the quintuply bonded complex (ptn*:nt-HL"™")2Cr, showed
different reactivity toward CO, CO2 and CS,. It was found that reaction with 1 eq. of
CO gave simple mono-carbonyl adduct 1. The reaction with CO2 would activate the
carbon of CO> and gave a symmetric ligand-functionalized binuclear complex 2, i.e.
(L-C0O2)2Cr>. The reaction with CS2 would not trigger the nucleophilic addition on the
ligands, but split one C=S double bond to generate complex 3 featuring a Cra(jtn:mn?*-

CS)(kS) core.
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2.3 Experimental

2.3.1 General Considerations

All manipulations were carried out with standard Schlenk, high vacuum line,
and glovebox techniques. Pentane, diethyl ether, tetrahydrofuran, and toluene were
dried by passing the solvent through activated aluminum columns followed by a
nitrogen purge to remove dissolved oxygen. THF-dg was predried over potassium
metal and stored under vacuum over Na/K. CD,Cl, was predried with P2Os and stored
under vacuum over 4 A molecular sieves. CsDs Was predried with sodium metal and
stored under vacuum over Na/K. CrCls (anhydrous) and sodium metal were purchased
from Strem Chemical Co.. CrCl3(THF)s, and the diimine ligand was prepared by
literature procedures.4748 All other reagents were purchased from Aldrich or Acros
and dried using standard procedures when necessary.

NMR spectra were recorded on a Bruker DRX-400 spectrometer and were
referenced to the residual protons of the solvent (THF-dg, 1.73 and 3.58 ppm; CD2Cl>,
5.32 ppm; CDCl3, 7.27 ppm; CeDs, 7.15 ppm). FTIR spectra were taken on a Nicolet
Magna- IR E. S. P. 560 spectrometer. UV/vis spectra were taken on a Thermo UV-1
spectrophotometer. Mass spectral data were collected at the University of Delaware
Mass Spectrometry Facility in electron ionization mode (+15eV). Room-temperature
magnetic susceptibility (ym) measurements were carried out using a Johnson Matthey
magnetic susceptibility balance unless otherwise stated. Molar magnetic
susceptibilities were corrected for diamagnetism using Pascal constants and converted

into effective magnetic moments (LLeff).
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2.3.2 Preparation of [FL"P"Cr]2(itCO) (1)

To a 50 ml Et,0 solution of (pentin*-HL"™),Cr2 (250 mg, 0.291 mmol), 1 eq. of
CO was added at -78<C. After stirring for 3h, the solution slowly turn from green into
teal color. The remaining CO and Et>O was removed via vacuum at -78<C and crude
product was extracted with pentane. The solution was filtered, concentrated and
cooled to -30 °C to yield teal crystals of 1 (141 mg, 55 % yield). *H NMR (CgDé):
6.99-6.75 (12H, Ar), 5.62, 3.31 (8H, iPr), 1.41 (24H, iPr), 1.03, 0.75 (24H, iPr) ppm.
IR (KBr; cm™®): 3058 (w), 3016(w), 2956 (s), 2923 (m), 2865 (m), 1758 (m), 1525 (s),
1460 (m), 1432 (m), 1359 (m), 1321 (m), 1245 (s), 1230 (s), 1186 (s), 1099 (m), 1058
(w), 935 (w), 869 (w), 796 (m), 752 (s). UV/Vis (pentane; Amax, nm (g, Mlcm™)): 620
(5310), 704 (4867). M.p.: 91<C decomp.

2.3.3 Preparation of (L-C0O2)2Cr2(2)

At room temperature, a 50 ml E2O solution of (pent:n®-"L"™")2Cr, (250 mg,
0.291 mmol) was exposed to 1 atm of CO2. An immediate color change from green to
blue to red can be observed. After stirring for 1h, the CO, and Et2O were removed
under vacuum. The residue was extracted by pentane. The solution was filtered,
concentrated and cooled to -30 °C to yield red crystals of 2 (240 mg, 87 % yield). 'H
NMR (CsDe): 7.34-6.57 (12H, Ar), 1.95 (12H, iPr), 1.73 (12H, iPr), 1.41 (12H, iPr),
1.00 (12H, iPr) ppm. IR (KBr; cm™): 3062 (w), 2960 (s), 2927 (m), 2867 (m), 1758
(m), 1525 (m), 1465 (m), 1440 (m), 1384 (m), 1361 (m), 1324 (m), 1257 (m), 1240
(m), 1186 (m), 1110 (m), 1058 (m), 939 (m), 798 (M), 754 (m). UV/Vis (g, Mlcm™)
624 (989), 907 (643). perr (294K) = 1.2(1) ps. M.p.: 186 <T.
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2.3.4 Preparation of ["L"P"Cr]2(en?:p?-CS)(1£S) (3)

To a 50 ml Et,0 solution of (pentn-HL"™),Cr, (250 mg, 0.291 mmol), 1 eq. of
CS2 (17.6 1L, 0.291 mmol) was added at -78 <C. After stirring for 1h, the solution
slowly turned from green to brown. Then the solution was allowed to warm up to
room temperature. The remaining CS» and Et2O was removed under vacuum and
crude product was extracted by pentane. The solution was filtered, concentrated and
cooled to -30 °C to yield yellow to brown crystals of 3 (195 mg, 72 % vyield). *H NMR
(CeDe): 16.49 (4H, Ar), 10.74 (4H, Ar), 1.17 (48H, iPr), -3.32 (4H, Ar), -13.10 (4H,
Ar), ppm. IR (KBr; cm™): 3062 (w), 2964 (s), 2927 (m), 2867 (m), 1737 (w), 1652
(W), 1627 (W), 1461 (m), 1443 (m), 1384 (m), 1363 (m), 1326 (w), 1257 (m), 1220
(W), 1180 (w), 1110 (m), 1058 (w), 1022 (w), 1014 (w), 937 (w), 800 (m), 755 (m).
UV/Vis (e, Mem™). perr (294K) = 2.0(1) ps. M.p.: 213 <T.

2.3.5 General considerations for X-ray diffraction

Single crystal X-ray diffraction studies were performed under the following
conditions. Crystals were selected, sectioned as required, and mounted on MiTeGen™
plastic mesh with viscous oil and flash-cooled to the data collection temperature.
Diffraction data were collected on a Bruker-AXS APEX CCD diffractometer with
graphite-monochromated Mo-Ka radiation (A\=0.71073 A). The data-sets were treated
with SADABS absorption corrections based on redundant multiscan data4®.

The structures were solved using direct methods and refined with full-matrix,
least squares procedures on F2. Unit cell parameters were determined by sampling
three different sections of the Ewald sphere. Nonhydrogen atoms were refined with

anisotropic displacement parameters. Hydrogen atoms were treated as idealized
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contributions. Structure factors and anomalous dispersion coefficients are contained in

the SHELXTL 6.12 program library*°,

2.3.6 Single crystal X-ray diffraction studies

The unit cell parameters and systematic absences in the diffraction data were
consistent for space groups P21/n for 1; P-1 for 3; P21/c for 3. No symmetry higher
than triclinic was observed in the diffraction data for 3. Structural solution in the
centrosymmetric space group options yielded chemically reasonable and
computationally stable results of refinement. The toluene solvent molecule in 1 and
the diethyl ether solvent molecule in 2 and 3 had slight yet unresolvable disorder and

was treated with idealized geometry.
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Table 2.5

Crystallographic data for complexes 1-3

1 (kla0597) 2 (kla0946) 3 (kla0613)
Formula CeoHsoCr2N4O C112H154Cr4NgOg Cs5H77CraN4O0.50S2
Formula Wt. 977.28 1964.42 970.32
Space group P2./n P-1 P2i/c
Color Teal Red Brown
a, A 13.551(5) 12.6918(5) 21.025(3)
b, A 19.991(8) 14.4241(6) 13.169(2)
c, A 20.998(8) 15.9069(7) 20.782(3)
a, deg 90 71.960(1) 90
B, deg 104.226(18) 82.160(2) 108.010(4)
Y, deg 90 75.896(1) 90
V, Ag 5514.(4) 2679.55(19) 5472.1(14)
z 4 1 2
D(calcd), geem™ 1.177 1.217 1.178
(Mo Ka), mm? 0.436 0.454 0.512
Temp., K 200 200 200
Trnax/ Tmin 0.952/0.905 0.746/0.697 0.977/0.927
no. data/params 12677/606 15965/614 12605/613
GOF on F, 0.713 1.007 1.014
R(F), %* 6.97 5.43 6.81
Rw(F2), %° 19.25 14.60 16.63
a Quantity minimized: R,, (F?) = X[w(E2 — F2)?/ SIwF2?T"* R = $A/ X(F,),

A= |(Fo _Fc)l
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Chapter 3

THE SYNTHESIS OF THE DINUCLEAR CHROMIUM ALKYL/ARYL
HYDRIDE COMPLEXES SUPPORTED BY a-DIIMINE LIGANDS

3.1 Introduction

Direct functionalization of C-H bonds is one of the most attractive fields of
synthetic and organometallic chemistry, which could free chemists from tedious
functional group transformation in classical cross coupling catalysis and maximize
atom- and step- economy. Due to the high strength of C-H bonds ( ~100 kcal/mol
typically), harsh conditions such as high temperature, strong base or acid and strong
oxidants or reductants are unavoidable in most reactions involving C-H activations.
The application of those processes in organic synthesis was also directly limited due to
poor functional group tolerance and selectivity. In the early stage of C-H activation,
the efforts were mainly directed to discovery of catalytic systems involving direct
insertion of metal catalyst into the C-H bond and functionalization of the resulting
hydridoalkyl metal intermediate. In 1955 Shunsuke Murahashi reported the first C-H
functionalization reaction of carbonylative ring closure of (E)-N,1-
diphenylmethanimine toward 2-phenylisoindolin-1-one catalyzed by Co2(CO)s.1
Joseph Chatt reported the formation of formation of Ru(dmpe)2(H)(2-naphthyl)
complex by treating RuClz(dmpe). with sodium reduced naphthalene (dmpe = 1,2-
bis(dimethylphosphino)ethane).2 The direct insertion of Ru center into C-H bond
clearly showed the cleavage of C-H bond and could not be done without strong

reductant. Irradiation could also promote the C-H activation. In 1982, R.G. Bergman3
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and W.A.G. Graham# independently reported the synthesis of hydrido alkyl Ir
complexes from Cp*Ir(PMe3)(H). (Bergman) or Cp*Ir(CO), (Graham) in present of
cyclohexane and neopentane by high pressure Hg lamp irradiation. C-H
functionalization has gained incredible progress in the past 15 years.> Nowadays, more
and more attention has been focused on design and develop new protocols of efficient
catalytic C-H activation under mild conditions.67

However, without a clear guideline, those discoveries were quite unpredictable
sometimes. To date, no widespread application of C-H activation has been found
under mild conditions with high selectivity and efficiency. Thus, the fundamental
understanding of the C-H activation process is certainly the key to the discovery of
new transition-metal catalysts for this promising transformation. In order to address
this issue, one strategy is to synthesize the key intermediate of metal alkyl hydrides
and to study their reactivities. The field of C-H activation is still dominated by second-
row transition metals such as Pd, Ru and Rh. The use of cost-effective and abundant
first row transition metals such as Cr, Mn, Fe, Co, Ni and Cu is largely unexplored,
especially for Cr.

As the reductive elimination of alkane (or arene) is both thermodynamically
favorable and kinetically facile, there are few examples of stable and isolable alkyl- or
aryl-hydrido complexes of first-row transition metal 2°191112 Conversely, these can be
considered the product of transition metal C-H activation. By synthesizing and
studying the stable alkyl- or aryl-hydride, we could have a clearer understanding of C-
H activation via abundant and unexpensive first row transition metals. Until recently,
there were only a few stable first row transition metal alkyl-(aryl-) hydrides reported.

In 2003, Hagadorn and McNevin synthesized and isolated a titanium dinuclear
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complex featuring a Ti"'(peMe) (eH) Ti'™! core (Scheme 3.1 a).8 In the same year,
MacAdams from our group reported the first chromium alkyl hydride, [(2,6-
MezPh)znacnacCr]z(peH) (JeCH2SiMes) (Scheme 3.1 b).® Previously, in our group,
Monillas et al. reported a pair of isomers which included a phenyl-hydride chromium
complex, namely [(2,6-iPrPh).nacnacCr]2(jeH)()ePh) and [(2,6-i1PrPh)z2nacnacCr]2(k
1n%:1°-Ph) (Scheme 3.1 ¢).19 All these alkyl hydrides were synthesized by
hydrogenation of the their alkyl precursor. To our surprise, the Cr alkyl hydrides
supported by NacNac ligands showed extraordinary thermal stability. No reductive
elimination was observed on the NacNac Cr alkyl hydrides. For example, the pair of
isomers, [(2,6-iPrPh)znacnacCr]2(eH)(ItPh) and [(2,6-iPrPh)znacnacCr]z(jen®:nt-Ph)
(Scheme 3.1 c), could not be converted one into the other under conditions before their
total decomposition. The DFT calculations carried out by Theopold et al. regarding
the relative stabilities (in terms of enthalpy) of various NacNac Cr alkyl hydrides
suggested that the binuclear alkyl hydrides, at least for NacNac systems, might be
perfectly stable against reductive elimination of R-H (Scheme 3.2). However,
differences in molecular and electronic structure might provide informative
differences in reactivity. a-Diimine ligands, as bidentate nitrogen donors, are
structurally closely related to the NacNac ligands, but their well-established redox
non-innocent characters show significant different electronic structures. Thus, the
synthesis of a-diimine Cr alkyl hydrides is not only synthetic interesting but also
provide an excellent comparison to its closely related NacNac Cr systems.

First row transition metal alkyl hydrides could also be synthesized by other
methods. In 2007, Jagner et al. reported the synthesis of hydridoalkylzincates

involving B-H elimination of trialkylzincate (Scheme 3.3 a).11 Recently, Okuda et al.
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also reported the synthesis of a Sc complex featuring a Scz(j+H)(Et) core by ethylene
insertion of its hydrido precursor (Scheme 3.3 b).12 Due to the limited numbers of
alkyl(aryl)-hydride complexes, one of our main purpose is to expand the scope of this
chemistry. And inspired by the successful synthesis of various alkyl hydride featured
diverse ligand/metal systems via different synthetic routs described above, the

synthesis of a-diimine Cr alkyl hydrides may well be feasible.
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Scheme 3.1  Synthesis of first row transition metal alkyl hydride complexes via
hydrogenation
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This chapter is organized into two parts, addressing the synthesis, isolation and
characterization of chromium alkyl(aryl)-hydrides bearing a-diimine ligands and their
properties. The first part focus on the synthesis of a series of chromium alkyl(aryl)-
hydrides containing different bridging alkyl(aryl)- ligands. The second part discusses
their kinetic properties of reductive elimination and attempted hydride abstraction with

MeszOBF,.

3.2 Results and Discussion

As shown in Scheme 3.1, hydrogenation of metal alkyls may generate
binuclear bridging alkyl hydrides in both chromium and titanium chemistry. Inspired
by those results, neutral chromium mono-alkyl complexes supported by a-diimine
ligands were prepared and the hydrogenation of Cr alkyl toward alkyl hydride was
tested. The initial attempts to synthesize an alkyl-hydride complex by exposure of a
diethyl ether solution of (HL™'Cr)(CH2TMS)(THF) to 1 atm of hydrogen did not work
as we planned. Instead, the dinuclear hydride complex ("L'™'Cr)2(jeH)2 (4) was
synthesized and isolated (Scheme 3.4). After standard work up, 4 was recrystallized
out of pentane solution at -30<C in 80% yield and characterized by X-ray diffraction
crystallography. The solid state structure, bond distances, and angles of 4 are

displayed in Figure 3.1 and Table 3.1 respectively.
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Figure 3.1 Molecular structure of (FLP'Cr)2(jeH)2 (4) with thermal ellipsoids at
the 30% probability level. H1 has been located on a difference map.
Isopropyl groups and hydrogen atoms have been omitted for clarity.

Table 3.1 Interatomic distances (A) and angles (9 for (FLP*Cr)2(jtH)2 (4)

Distance (A)
Cri-N1 2.000(2) Cri-N2 2.010(2)
cri-Ccrl 2.6831(5) Cri-H1 1.80(2)
N1-C8 1.433(2) N1-C1 1.336(2)
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N2-C20 1.432(2) N2-C2 1.336(2)
C3-C4 1.396(3) C1-C2 1.394(3)
C3-C10' 1.520(7) C3-C8 1.407(3)
C4-C5 1.378(3) C3-C10 1.53(2)
C6-C7 1.397(3) C5-C6 1.380(3)
C7-C13 1.516(3) C7-C8 1.405(2)
Cl13-Cl14 1.522(3) Cl12-C13 1.516(3)
C15-C20 1.409(2) C15-C16 1.397(3)
C16-C17 1.380(3) C15-C22 1.522(3)
C18-C19 1.391(2) C17-C18 1.384(3)
C19-C25 1.522(2) C19-C20 1.405(2)
C22-C23 1.509(4) C21-C22 1.509(4)
C25-C26 1.522(3) C24-C25 1.522(3)
C27-C32 1.402 C27-C28 1.397
C29-C30 1.396 C28-C29 1.397
C31-C32 1.402 C30-C31 1.396
C9-C10 1.53(2) C32-C33 1.507
C9'-C10' 1.523(8) C10-C11 1.54(1)
C10-C11' 1.532(8)

Angles (9
N1-Cr1-N2 80.32(6) N1-Crl-Crl 138.52(4)
N1-Cri-H1 174.8(7) N2-Cr1-H1 98.6(7)
N2-Crl1-Crl 140.89(4) H1-Crl-H1 84.6(7)
C1-N1-C8 118.9(2) C8-N1-Crl 128.4(1)
C1-N1-Crl 112.6(1) C2-N2-Crl 112.3(1)
C2-N2-C20 119.0(2) N1-C1-C2 116.5(2)
C20-N2-Crl 128.2(1) C4-C3-C8 117.7(2)
N2-C2-C1 116.5(2) C8-C3-C10' 122.0(4)
C4-C3-C10' 120.2(4) C8-C3-C10 121.2(7)
C4-C3-C10 120.8(6) C4-C5-C6 120.0(2)
C5-C4-C3 121.4(2) C6-C7-C8 117.9(2)
C5-C6-C7 121.2(2) C8-C7-C13 121.5(2)
C6-C7-C13 120.5(2) C7-C8-N1 119.4(2)
C7-C8-C3 121.6(2) C12-C13-C7 110.4(2)
C3-C8-N1 118.9(2) C7-C13-C14 112.9(2)
C12-C13-C14 111.3(2) C16-C15-C22 119.6(2)
C16-C15-C20 118.2(2) C17-C16-C15 121.1(2)
C20-C15-C22 122.1(2) C17-C18-C19 120.9(2)
C16-C17-C18 120.1(2) C18-C19-C25 119.9(2)
C18-C19-C20 118.7(2) C19-C20-C15 120.9(2)
C20-C19-C25 121.3(2) C15-C20-N2 119.1(2)
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C19-C20-N2 112.0(2) C23-C22-C15 112.9(2)

C23-C22-C21 110.3(3) C19-C25-C26 112.7(2)
C21-C22-C15 111.6(2) C26-C25-C24 110.7(2)
C19-C25-C24 109.9(2) C27-C28-C29 120.1
C28-C27-C32 121.1 C31-C30-C29 120.1
C30-C29-C28 1195 C31-C32-C27 118.1
C30-C31-C32 121.1 C27-C32-C33 120.9
C31-C32-C33 121 C3-C10-C11 113(2)
C3-C10-C9 110(1) C3-C10-C9' 113.4(7)
C9-C10-C11 109.9(9) C9-C10'-C11' 112.6(5)
C3-C10-C11' 108.9(5)

Complex 4 crystallized in the monoclinic space group P2:/c and contains a
crystallographically imposed C2 axis bisecting the C1-C1 and C2-C2 vectors and
perpendicular to Cr1-H1-Cr1-H1 plane. The bridging hydride H1 was located on a
difference map. Despite the unavoidable systematic error associated with bond
distances and angles of H atoms determined by X-ray crystallography, the Cr1-H1
bond length of 1.80(2) is comparable to other reported bridging hydride chromium
complexes.3 The Cr-N bond length of 2.000(2) and 2.010(1) A are in the range of o-
diimine Cr complexes. The two Cr centers are 2.6831(5) A away from each other. The
average C-N bond length of 1.336(2) A and C-C bond length of 1.394(3) A of the
ligand’s backbone indicated that the ligand is monoanionic. Thus, 4 should be
considered a Cr(I1)-Cr(I1) complex. The square planar coordination geometry of the Cr
center, with ligand angles range from 98.6(7) to 80.32(6) < is consistent with the
Cr(1l) oxidation state assignment.

A green CgDs solution of 4 showed broadened *H-NMR chemical shifts at
27.90, 4.47, 2.17, 2.16 and 0.20 ppm. The magnetic moment of dinuclear 4 in the solid
state at room temperature was measured to be e (298 K) = 2.3(1) 1B (1.6(1) 1 for

each Cr), which is much lower than the spin only moment for a Cr(ll), d* ion (4.8 s,
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S =1). This is presumably due to the strongly antiferromagnetic coupling between Cr
atoms.

Close monitoring of the hydrogenation reaction of ("L'™"Cr)(CH2.TMS)(THF)
by H-NMR revealed that several intermediates were generated as the reaction
proceeded (see Figure 3.2). Presumably, there might be a chromium alkyl hydride
intermediate formed before complete hydrogenation (Scheme 3.4). Although the
efforts to isolate the intermediates failed, it implied that the existence of a diimine

ligand supported chromium alkyl hydride is possible.
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Figure 3.2 Tracking 'H-NMR spectra of (FL"P'Cr)(CH2TMS)(THF) reacting
with 1 atm of Hz in CeDs at room temperature. (a) The full NMR
spectra range from -120 to 130 ppm to exhibit the reaction progress
of hydrogenation. (b) The NMR spectra range from -25 to 20 ppm to
exhibit the growth and disappearance of two peaks potentially
associated with intermediates at -21 and 16 ppm. (c) The NMR
spectra range from -1 to 10 ppm to exhibit the increasing of two
peaks at 3.8 and 5.4 ppm. The (*) denotes the characteristic peak
belong to (HL'P"Cr)(CH2TMS)(THF) and the (#) denotes the
characteristic peak belong to 4.

With 4 in hand, the alkene insertion method, as shown in Scheme 3.3 b, was
tested. A green Et20 solution of 4 was exposed to 1 atm of ethylene at room
temperature. The *H-NMR monitoring experiment was performed in a J-Young tube
with CsDs as solvent. No obvious color change was observed, but the *H-NMR spectra

showed that an oligomerization of ethylene was promoted by 4 and a new complex
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was generated (Figure 3.3). All attempts to isolate the new complex by crystallization
only resulted in recovery of 4 as identified product. Presumably, the excess ethylene
drove the reaction toward dimerization or trimerization of ethylene and 4 was
recovered at the end via B-hydrogen elimination (Scheme 3.5). Thus, a stoichiometric
amount of ethylene was introduce into a Et.O solution of 4 in order to prevent
oligomerization. The *H-NMR monitoring experiment in a J-Young tube showed that
with limited amount of ethylene the oligomerization was suppressed and that a new
complex was generated (Figure 3.2). Unfortunately, only 4 could be crystallized out
and identified by X-ray diffraction. The reactions of 4 with ethylene implied the
existence of a hydridoethyl chromium complex. Thus, 1 eq. of styrene and
cyclohexene were separately reacted with 4 at room temperature and low temperature
(-78 <C). The reaction with styrene lead to rapid polymerization of styrene and the
reaction with cyclohexene still yielded 4 as the only crystallized product. Considering
the rapid p-elimination has been a problem to isolate the potential hydridoalkyl Cr
complex, the strategy of olefin insertion (as shown in Scheme 3.3 b) was ruled out and

only alkyls without B-H were applied in later syntheses.
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Figure 3.3 'H-NMR of ethylene insertion and oligomerization with 4 in CeDe.

The (*) denotes the characteristic peak belong to 4 and the (#)

denotes the characteristic peak belong to 1-hexene. The (a) denotes
the unknow complex a and the (b) denotes the unknow complex b.
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Scheme 3.5 Reaction of 4 with ethylene.

Since the methods reported in the literature (as shown in Scheme 3.1 and 3.3)
did not work for the a-diimine Cr system, a new strategy of synthesizing chromium
alkyl hydrides via alkylation was explored. As reported by Kreisel et al., the reactions
of LoCra(lCl)2 with 3 eq. of MeLi or LiBEtsH resulted in LoCro(JeR)3[Li(THF)4] (R
= Me or H).1® Presumably, the formation of LoCrz(jxMe)s resulted from the
methylation of LoCr2(peMe). intermediate with MeLi. Thus, the methylation of
LoCra2(peH)2 should give a LoCro(leMe)(jeH)2” complex. Reaction of 4 with 1 eq. of
MeL.i at -30<C in a mixed solvent of pentane and 5 drops of THF gave a violet slurry
after stirring for 15 min. The solvent needed to be removed immediately after the
reaction was done in order to prevent side-reactions. Thereafter, the dark violet solid
was washed with pentane, extracted with THF and recrystallized by layering with
pentane to give a diimine ligand supported binuclear chromium bis(hydrido)methyl
complex [(PL™'Cr)2(peMe) (eH)2] [Li(THF)4]* (5) in 63% crystalline yield. In a

similar fashion, 4 could react with wide scope of lithium alkyls and thereby gave
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[("LP'Cr)2(ePh)(eH)2] [LI(THF)a]* (6), [(TL™'Cr)2(prCH2TMS)(peH)2]
[Li(THF)3(EtO)]* (7), [(FLP'Cr)2(jeCH2'BU)(eH)2] [Li(THF)3(Et20)]* (8) and
[(FLP'Cr)2(eCHPh) (e H)2] TLI(THF)4]* (9) in moderate to good yield (65% - 72%,
crystalline yield) (Scheme 3.6). The solid state structures, bond distances, and angles

of 5-9 are displayed in Figure 3.4 - 3.8 and Tables 3.2 - 3.6 respectively.

_ +
—\ Li(THF),
. . . . L THF)3(Et,O
’Pr@’PrJZPr‘@’Pr i 20)
N

N )
. . H . . ipr
'Pr. t ,'Pr Pr. i ,Pr ( N\ HZC N )
6 I: /Cr\ :l
H
ipr H/

'Pr, i K
LiCgHs LiCH,TMS

(THF 3(Et20H)

—
<
(2}
'5

LiCH,'Bu N HzC N
Vd
K o, ? / J

Scheme 3.6  Reaction of ("L'P"Cr)2(tH) 2 with lithium alkyls
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Figure 3.4 Molecular structure of [("L"P"Cr)2(eMe)(eH)2] [Li(THF)4]* (5) with
thermal ellipsoids at the 30% probability level. H1 H2 have been
located on a difference map. Isopropyl groups and hydrogen atoms
have been omitted for clarity.
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Table 3.2 Interatomic distances (A) and angles (9 for [("LPrCr)2(eMe) (e H)2]
[Li(THF)4]* (5)

Distance (A)

Cri-N1 1.956(3) Cr1-N2 1.959(4)
Cr1-C1A 2.236(9) Cr1-C1B 2.303(9)
Cr1-Cr2 2.442(1) Cr2-N4 1.960(4)
Cr2-N3 1.966(4) Cr2-C1B 2.224(9)
Cr2-C1A 2.31(1) N1-C1 1.364(6)
N1-C8 1.433(6) N2-C2 1.373(6)
N2-C20 1.432(5) N3-C27 1.367(6)
N3-C34 1.431(6) N4-C28 1.369(6)
N4-C46 1.435(6) C1-C2 1.330(7)
C3-C4 1.391(7) C3-C8 1.411(7)
C3-C10 1.520(7) C4-C5 1.374(8)
C5-C6 1.374(9) C6-C7 1.392(7)
C7-C8 1.397(7) C7-C13 1.524(7)
C9-C10 1.535(9) C10-C11 1.504(8)
C12-C13 1.540(8) C13-C14 1.502(8)
C15-C16 1.406(7) C15-C20 1.407(7)
C15-C22 1.519(8) C16-C17 1.376(8)
C17-C18 1.359(8) C18-C19 1.408(7)
C19-C20 1.406(7) C19-C25 1.511(7)
C21-C22 1.50(1) C22-C23 1.52(1)

C24-C25 1.518(8) C25-C26 1.503(8)
C27-C28 1.331(7) C29-C30 1.386(8)
C29-C34 1.400(8) C29-C36 1.521(9)
C30-C31 1.38(1) C31-C32 1.36(1)

C32-C33 1.416(8) C33-C34 1.407(8)
C33-C39 1.513(9) C35-C36 1.49(1)

C36-C37 1.54(1) C39-C40 1.47(1)

C39-C38 1.53(1) C41-C42 1.392(7)
C41-C46 1.413(7) C41-C48 1.524(7)
C42-C43 1.368(8) C43-C44 1.373(8)
C44-C45 1.404(7) C45-C46 1.394(7)
C45-C51 1.518(7) C47-C48 1.511(8)
C48-C49 1.511(9) C50-C51 1.522(8)
C51-C52 1.525(8) Li1-01 3 1.91(2)

Li1-01_2 1.93(2) Li1-01_4 1.94(2)

Li1-CI1_1 2.27(2) Li2-01_ 5 1.91(2)

Li2-01_7 1.91(2) Li2-01_6 1.97(2)

Li2-CI1_1 2.26(2) 01 2-C4 2 1.408(9)
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01 2-Cl2 1.441(8) Cl1.2-C2_2 1.465(9)
C2_2-C3_2 1.488(9) C3 2-C4.2 1.464(9)
01 3-C4_3 1.399(8) 01 3-Cl 3 1.423(9)
Cl 3-C2_3 1.447(9) C2_3-C3_3 1.468(9)
C3_3-C4_3 1.468(9) 01 4-C1 4 1.420(9)
01 4-C4 4 1.45(1) Cl 4-C2 4 1.53(1)
C2_4-C3 4 1.39(1) C3 4-C4 4 1.46(1)
01 5-C4B_5 1.34(3) 01.5-C1 5 1.428(8)
O1 5-C4A_5 1.57(5) C1.5-C2 5 1.459(8)
C2_5-C3_5 1.495(9) C3_5-C4A 5 1.35(3)
C3_5-C4B_5 1.56(4) 01_6-C4 6 1.442(9)
01 6-C1 6 1.444(9) Cl1 6-C2 6 1.44(2)
C2_6-C3_6 1.45(1) C3_6-C4 6 1.48(1)
01 _7-C4 7 1.380(8) 01 _7-C1_7 1.451(8)
C1.7-C2_7 1.423(9) C2_7-C3_7 1.478(9)
C3 7-C4 7 1.447(9)
Angles (9

N1-Cr1-N2 80.6(2) N1-Cr1-C1A 117.8(4)
N2-Cr1-C1A 114.8(3) N1-Cr1-C1B 142.7(3)
N2-Cr1-C1B 97.2(3) N1-Cr1-Cr2 140.5(1)
N2-Cr1-Cr2 138.5 (1) C1A-Crl1-Cr2 58.9(2)
C1B-Crl1-Cr2 55.8(2) N4-Cr2-N3 80.6(2)
N4-Cr2-C1B 116.4(4) N3-Cr2-C1B 115.5(3)
N4-Cr2-C1A 141.4(3) N3-Cr2-C1A 97.8(3)
N4-Cr2-Crl 139.7 (1) N3-Cr2-Crl 139.4 (1)
C1B-Cr2-Crl 58.9(2) C1A-Cr2-Crl 56.1(2)
Cr1-C1A-Cr2 65.0(3) Cr2-C1B-Crl 65.3(3)
C1-N1-C8 117.0(4) C1-N1-Crl 113.2(3)
C8-N1-Crl 128.6(3) C2-N2-C20 116.3(4)
C2-N2-Crl 113.8(3) C20-N2-Crl 128.9(3)
C27-N3-C34 117.1(4) C27-N3-Cr2 113.5(3)
C34-N3-Cr2 128.8(3) C28-N4-C46 116.9(4)
C28-N4-Cr2 113.3(3) C46-N4-Cr2 128.8(3)
C2-C1-N1 117.1(4) C1-C2-N2 115.0(4)
C4-C3-C8 119.0(5) C4-C3-C10 119.6(5)
C8-C3-C10 121.4(4) C5-C4-C3 120.8(5)
C6-C5-C4 120.1(5) C5-C6-C7 121.2(5)
C6-C7-C8 118.9(5) C6-C7-C13 120.0(5)
C8-C7-C13 121.1(4) C7-C8-C3 120.0(4)
C7-C8-N1 121.3(4) C3-C8-N1 118.7(4)
C11-C10-C3 113.7(5) C11-C10-C9 111.5(6)

70



C3-C10-C9
C14-C13-C12
C16-C15-C20
C20-C15-C22
C18-C17-C16
C20-C19-C18
C18-C19-C25
C19-C20-N2
C21-C22-C15
C15-C22-C23
C26-C25-C24
C28-C27-N3
C30-C29-C34
C34-C29-C36
C32-C31-C30
C34-C33-C32
C32-C33-C39
C29-C34-N3
C35-C36-C29
C29-C36-C37
C40-C39-C38
C42-C41-C46
C46-C41-C48
C42-C43-C44
C46-C45-Ca4
C44-C45-C51
C45-C46-N4
C49-C48-CA7
C47-C48-C41
C45-C51-C52
01_3-Li1-01 2
01 2-Li1-01_4
01_2-Li1-CI1_1
01 5-Li2-01_7
01_7-Li2-01_6
01 7-Li2-Cl1_1
Li2-CI1_1-Lil
C4_2-01 2-Lil
01_2-C1 2-C2.2
C4_2-C3 2-C2 2
C4_3-01_3-C1_3
C1 3-01 3-Lil
C1 3-C2 3-C3 3

109.8(5)
110.8(6)
118.4(5)
121.3(4)
120.5(5)
118.0(5)
119.5(5)
118.8(4)
111.2(5)
111.0(6)
111.1(5)
115.9(4)
118.4(6)
121.8(5)
121.2(6)
118.3(6)
119.2(6)
118.9(5)
113.6(7)
112.7(6)
110.9(9)
117.9(5)
122.0(4)
120.0(5)
118.3(5)
120.0(5)
120.6(4)
111.5(7)
111.6(5)
111.4(5)
109(1)

112(1)

109.4(8)
109.7(9)
111.4(8)
108.4(7)
167.3(6)
129.0(7)
105.7(6)
105.1(7)
105.3(7)
120.6(8)
105.7(7)
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C14-C13-C7
C7-C13-C12
C16-C15-C22
C17-C16-C15
C17-C18-C19
C20-C19-C25
C19-C20-C15
C15-C20-N2
C21-C22-C23
C26-C25-C19
C19-C25-C24
C27-C28-N4
C30-C29-C36
C31-C30-C29
C31-C32-C33
C34-C33-C39
C29-C34-C33
C33-C34-N3
C35-C36-C37
C40-C39-C33
C33-C39-C38
C42-C41-C48
C43-C42-C41
C43-C44-C45
C46-C45-C51
C45-C46-C41
C41-C46-N4
C49-C48-C41
C45-C51-C50
C50-C51-C52
01_3-Li1-01 4
01 3-Li1-Cl1_1
01_4-Li1-CI1_1
01 5-Li2-01_6
01 5-Li2-CI1_1
01 6-Li2-Cl1_1
C4_2-01_2-C1 2
C1 2-01 2-Lil
C1 2-C2 2-C3 2
01 2-C4 2-C3 2
C4_3-01 _3-Lil
01_3-C1_3-C2_3
C2 3-C3 3-C4 3

111.3(5)
111.6(5)
120.3(5)
120.8(5)
121.5(5)
122.4(4)
120.7(4)
120.4(4)
110.8(7)
112.7(5)
112.0(4)
116.5(4)
119.7(6)
121.1(6)
120.0(6)
122.5(5)
120.9(5)
120.3(5)
111.5(7)
113.1(6)
112.2(7)
120.1(5)
121.8(5)
121.1(5)
121.7(4)
120.9(4)
118.5(4)
110.7(5)
111.7(5)
110.8(6)
103.8(9)
114.0(9)
108.7(9)
104.4(8)
116.3(8)
106.7(7)
110.0(6)
121.0(7)
103.8(6)
106.6(6)
126.0(8)
105.1(7)
105.0(7)



O1_3-C4 3-C3.3  106.3(7) Cl 4-O1_4-C4_ 4  111.5(8)

C1_4-0O1 4-Lil 126.1(9) C4_4-01_4-Lil 112.6(9)
01 4-C1 4-C2.4  99.8(7) C3 4-C2 4-C1 4  107.6(7)
C2 4-C3 4-C4 4  110.3(8) Ol 4-C4 4-C3 4  98.4(7)

C4B 5-01 5-C1 5  105(1) C1 5-01 5-C4A_5  107(1)

C4B 5-01 5-Li2 127 (2) C1 5-01 5-Li2 123.5(7)
C4A_5-01_5-Li2 118 (2) 01 5-C1 5-C2.5  105.8(6)
C15C25C35  105.4(6) C4A 5-C3 5-C2 5 112.(2)

C2 5-C3 5-C4B 5 101 (2) C3 5-C4A 5-01 5 104 (2)

01 5-C4B 5-C3 5 105 (2) C4 6-01 6-C1 6  105.9(7)
C4_6-01_6-Li2 119.0(7) C1_6-01 _6-Li2 120.7(7)
C2 6-C1 6-01 6  106.8(7) C1 6-C2 6-C3 6  106.2(7)
C2 6-C3 6-C4 6  107.4(7) 01 6-C4 6-C3.6  103.8(7)
C4 7-01. 7-CL7  108.8(6) C4_7-01 7-Li2 131.2(7)
C1_7-01_7-Li2 118.7(7) C2 7-C1 7-01.7  107.0(6)
C1 7-C2 7-C3.7  105.7(6) C4 7-C3 7-C2_7  105.9(6)

O1_7-C4_7-C3_7  108.7(6)

Due to the fact that 5 often crystallized in long needle or thin plate form,
crystal that is suitable for X-ray diffraction was hard to obtain. The structure in Figure
3.4 and data in Table 3.3 are the best results from many trials. 5 crystallized in triclinic
space group P-1, and the methyl group has added across the two Cr centers resulting
in a bridging methyl di(hydrido) complex. The crystal structure contained a
Li(THF)3CILi(THF)s cation, which was unexpected. The products of alkyl lithium and
a-diimine Cr complexes typically pair with a Li(THF)4 or Li(THF)3(Et20) counterion
as shown in literatures.'® The LiCl contamination was likely from impure ("L™'Cr)a(pe
H)2 precursor. Thus the formula of 5 is still best described as [(HL™'Cr)2(jxMe)(j+
H)2][Li(THF)4]. The bridging methyl was split into C1A and C1B positions due to
disorder of the crystal structure. The bridging hydrides H1 and H2 were localized by
difference map, yet the methyl protons were unable to be refined due to disorder of
methyl carbon. The ligand backbone average C-C length of 1.330(7) A and C-N length

of 1.368(6) A indicate that both diimine ligands are dianionic, thus 5 is best described
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as a Cr(I1)-Cr(111) complex. Due to binding of the three bridging ligand, the geometry
around each Cr is distorted from ideal form. In order to address this issue, the s
parameter was used. This was first proposed by Addison et al., to distinguish
coordination geometries of 5-coodinate compounds.14 15 equals the difference of the
two greatest valence angles of the coordination center divided by 60< When 15 is close
to 0 the geometry is similar to square pyramidal, while if 15 is close to 1 the geometry
is similar to trigonal bipyramidal. Thus, the geometry around Cr1 is closer to trigonal
bipyramidal with axis of H2-Cr1-N2 and 15 value of 0.56, and the Cr2 shows a twisted
square pyramidal geometry with a tilted axis of Cr2-C1A and 15 value of 0.26. The Cr-
C distances are 2.236(9) A and 2.308(9) A. The bridging ligands held the chromium
atoms at a short distance of 2.4420(10) A from one to another, suggesting the
possibility of an unusual metal-metal bonding of Cr(I11)-Cr(I11). The THF solvated
lithium cation does not exhibit any close contact with the anion. Room temperature
magnetic measurement of 5 gave low s values of 2.1(1) e per Cr, likely due to
antiferromagnetic coupling between the chromium ions. The complex showed
broadened paramagnetic *H-NMR resonances at 7.78, 5.60, 3.39 and 1.67 ppm in
CeDe.
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C27

C28

Figure 3.5 Molecular structure of [(HL"P"Cr)2(pePh)(eH)2] [Li(THF)4]* (6) with
thermal ellipsoids at the 30% probability level. H1 has been located

on a difference map. Isopropyl groups and hydrogen atoms have
been omitted for clarity.
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Table 3.3 Interatomic distances (A) and angles (9 for [(FLPrCr)2(ePh)()eH)2]
[Li(THF)4]* (6)

Distance (A)

Cr1-N2 1.965(3) Cri-N1 1.965(3)
Cr1-C53 2.216(5) Cr1-Cr2 2.4823(7)
Cr1-H1 1.71(3) Cr1-H2 1.70(3)
Cr2-N4 1.948(3) Cr2-N3 1.977(3)
Cr2-C53 2.181(4) Cr2-H1 1.67(3)
Cr2-H2 1.61(3) N1-C1 1.377(4)
N1-C8 1.430(4) N2-C2 1.382(4)
N2-C20 1.433(4) N3-C27 1.375(5)
N3-C34 1.427(4) N4-C28 1.382(4)
N4-C46 1.434(4) C1-C2 1.360(4)
C3-C10 1.517(5) C3-C4 1.402(5)
C3-C8 1.400(4) C4-C5 1.364(6)
C7-C13 1.504(5) C5-C6 1.376(6)
C12-C13 1.496(6) C6-C7 1.394(5)
C13-Cl14 1.539(6) C7-C8 1.407(4)
C15-C20 1.409(5) C9-C10 1.523(6)
C16-C17 1.396(6) C10-C11 1.522(6)
C17-C18 1.363(6) C15-C16 1.394(5)
C18-C19 1.413(4) C15-C22 1.509(5)
C19-C20 1.403(5) C19-C25' 1.503(5)
C19-C25 1.503(5) C21-C22 1.521(7)
C24-C25 1.53(1) C22-C23 1.527(7)
C25-C26 1.57(1) C24'-C25' 1.582(8)
C27-C28 1.350(5) C25'-C26' 1.526(8)
C29-C30 1.403(6) C29-C34 1.393(5)
C29-C36 1.540(7) C29-C36' 1.540(7)
C33-C39 1.520(5) C30-C31 1.357(7)
C35'-C36' 1.535(9) C31-C32 1.361(6)
C36'-C37' 1.57(1) C32-C33 1.386(5)
C41-C42 1.394(5) C33-C34 1.407(5)
C41-C48' 1.507(5) C35-C36 1.56(2)
C42-C43 1.373(6) C36-C37 1.56(2)
C43-C44 1.374(6) C38-C39 1.508(6)
C44-C45 1.399(5) C39-C40 1.518(6)
C45-C46 1.408(5) C41-C46 1.404(5)
C45-C51 1.512(5) C41-C48 1.507(5)
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C47'-C48' 1.524(7) C45-C51" 1.512(5)
C48'-C49' 1.537(8) C47-C48 1.49(1)
C50'-C51" 1.535(7) C48-C49 1.52(1)
C51'-C52' 1.580(7) C50-C51 1.53(1)
C53-C58 1.426(6) C51-C5h2 1.52(1)
C59-C60 1.47(2) C53-C54 1.358(7)
C60'-C61' 1.416(9) C54-C55 1.437(7)
C61-C62 1.47(2) C55-C56 1.29(1)
C63-C64 1.51(1) C56-C57 1.38(1)
C65-C66 1.45(1) C57-C58 1.392(8)
C67'-C68' 1.48(1) C59'-C60 1.43(1)
C68-C69 1.51(2) C60-C61 1.46(1)
C69'-C70’ 1.47(1) C61'-C62' 1.47(1)
C72-C73 1.470(9) C64-C65 1.40(2)
Li1-01' 1.905(9) C67-C68 1.50(2)
Li1-O3' 1.915(9) C68'-C69' 1.47(1)
Li1-O4 1.921(8) C69-C70 1.51(2)
01'-C62' 1.447(8) C71-C72 1.482(8)
01-C62 1.43(2) C73-C74 1.417(9)
02-C66 1.425(7) Li1-O1 1.905(9)
03'-C67' 1.420(9) Li1-02 1.919(8)
03-C70 1.44(2) Li1-03 1.915(9)
04-C74 1.434(7) 01'-C59 1.424(8)
03-C67 1.44(2) 01-C59 1.45(1)
03'-C70' 1.421(9) 02-C63 1.429(7)
04-C71 1.413(6)

Angles (9
N2-Cr1-N1 80.7 (1) N2-Cr1-C53 121.6(2)
N1-Cr1-C53 117.4(2) N2-Cr1-Cr2 139.94(8)
N1-Cr1-Cr2 138.79(8) C53-Cr1-Cr2 55.0(1)
N2-Crl-H1 159(1) N1-Crl-H1 98(1)
C53-Cr1-H1 77(2) Cr2-Crl-H1 42(1)
N2-Cr1-H2 100(1) N1-Crl-H2 166(1)
C53-Cr1-H2 74(1) Cr2-Crl-H2 40(1)
H1-Crl-H2 76(2) N4-Cr2-N3 80.4(1)
N4-Cr2-C53 138.1(2) N3-Cr2-C53 103.7(2)
N4-Cr2-Crl 139.32(8) N3-Cr2-Crl 139.16(9)
C53-Cr2-Crl 56.3(1) N4-Cr2-H1 96(1)
N3-Cr2-H1 176(1) C53-Cr2-H1 79(1)
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Cr1-Cr2-H1
N3-Cr2-H2
Crl1-Cr2-H2
C1-N1-C8
C8-N1-Cr1
C2-N2-Crl
C27-N3-C34
C34-N3-Cr2
C28-N4-Cr2
C11-C10-C9
C12-C13-C7
C15-C22-C21
C16-C15-C20
C18-C17-Cl6
C18-C19-C25
C18-C19-C25'
C19-C20-N2
C19-C25-C24
C19-C25'-C26'
C20-C15-C22
C20-C19-C18
C21-C22-C23
C24-C25-C26
C26'-C25'-C24'
C28-C27-N3
C29-C34-N3
C29-C36'-C35'
C2-C1-N1
C30-C29-C36
C30-C29-C36'
C30-C31-C32
C32-C33-C34
C34-C29-C30
C34-C33-C39
C35-C36-C29
C35'-C36'-C37'
C37-C36-C35
C38-C39-C40
C3-C10-C11
C3-C8-N1
C40-C39-C33

43(1)
102(1)
43(1)
116.3(3)
129.5(2)
114.02)
118.2(3)
128.0(2)
114.9(2)
110.1(3)
115.0(4)
112.0(4)
118.9(3)
120.2(3)
120.3(3)
120.3(3)
120.5(3)
116.(2)
116.0(5)
121.5(3)
117.7(3)
110.3(4)
110(1)
109.4(5)
115.7(3)
120.8(3)
117.2(7)
115.4(3)
121.4(4)
121.4(4)
119.2(4)
118.6(4)
117.7(4)
120.9(3)
101 (2)
108.2(7)
108(2)
109.9(4)
111.3(4)
119.9(3)
109.4(4)
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N4-Cr2-H2
C53-Cr2-H2
H1-Cr2-H2
C1-N1-Crl
C2-N2-C20
C20-N2-Crl
C27-N3-Cr2
C28-N4-C46
C46-N4-Cr2
C12-C13-C14
C15-C16-C17
C15-C20-N2
C15-C22-C23
C16-C15-C22
C17-C18-C19
C19-C20-C15
C19-C25'-C24'
C19-C25-C26
C1-C2-N2
C20-C19-C25
C20-C19-C25'
C27-C28-N4
C29-C34-C33
C29-C36'-C37"
C31-C30-C29
C31-C32-C33
C32-C33-C39
C33-C34-N3
C34-C29-C36
C34-C29-C36'
C37-C36-C29
C38-C39-C33
C3-C10-C9
C3-C8-C7
C41-C46-C45
C41-C48'-C49'
C42-C41-C48
C42-C41-C48'
C43-C42-C41
C43-C44-C45
C44-C45-C51

144(1)
77(1)
79(2)
114.1(2)
114.6(3)
129.9(2)
113.8(2)
114.9(3)
129.5(2)
110.9(4)
120.4(4)
118.4(3)
111.8(4)
119.6(3)
121.7(4)
121.1(3)
107.1(8)
104(1)
115.5(3)
121.9(3)
121.9(3)
115.1(3)
120.2(3)
110(1)
122.4(4)
121.9(4)
120.4(4)
118.8(3)
120.8(4)
120.8(4)
115.(3)
114.7(4)
112.1(3)
121.3(3)
120.5(3)
109.3(5)
120.0(3)
120.0(3)
121.8(4)
122.0(4)
120.7(3)



C41-C46-N4
C41-C48'-CAT
C41-C48-C49
C42-C41-C46
C42-C43-C44
C44-C45-C46
C45-C51'-C50
C45-C51-C52
C46-C41-C48
C46-C41-C48'
C46-C45-C51
C46-C45-C51'
C47-C48-C41

C4T7'-C48'-C49'

C4-C3-C10
C4-C5-C6

C50'-C51'-C52'

C52-C51-C50
C53-C54-C55
C54-C53-C58
C55-C56-C57
C57-C58-C53
C58-C53-Crl
C58-C53-Cr2
C59-01'-Lil
C59-01-Li1

C60'-C61'-C62'
C61'-C60'-C59'

C62-01-C59
C63-02-Li1
C66-02-C63
C67-C68-C69
C67'-03'-C70’
C67-03-Li1
C68-C69-C70
C6-C7-C8
C70'-03'-Lil
C71-04-Li1
C73-C72-C71
C73-C74-04
C74-C73-C72

119.7(3)
111.4(4)
111(1)
118.5(3)
119.2(3)
118.0(3)
108.5(5)
115(1)
121.5(3)
121.5(3)
121.2(3)
121.2(3)
116.7(9)
110.5(6)
119.6(3)
120.5(4)
108.0(5)
113(1)
121.9(6)
117.4(5)
124.8(7)
120.2(6)
109.7(3)
118.6(4)
120.8(6)
132(1)
109.1(8)
108.9(7)
95(2)
126.7(4)
108.0(5)
98(1)
106.6(7)
133(1)
96(1)
118.0(3)
121.5(5)
127.4(4)
105.6(5)
108.9(6)
107.1(6)
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C44-C45-C5T
C45-C46-N4
C45-C51-C50
C45-C51'-C52'
C47-C48-C49
C54-C53-Crl
C54-C53-Cr2
C56-C55-C54
C56-C57-C58
C59'-01'-C62'
C5-C4-C3
C5-C6-C7
C60-C61-C62
C61-C60-C59
C62'-01'-Lil
C62-01-Li1
C64-C65-C66
C65-C64-C63
C66-02-Li1
C67-03-C70
C67'-03'-Lil

C68'-C69'-C70'
C69'-C68'-C6 7"

C6-C7-C13
C70-03-Li1
C71-04-C74
C74-04-Li1
C7-C8-N1
C8-C3-C10
Cr2-C53-Crl
01-C59-C60
01-C62-C61
O1'-Li1-02
O1'-Li1-03'
O1'-Li1-O4
02-C63-C64
02-C66-C65
03'-C67'-C68'
03-C70'-C69'
03'-Li1-02
03'-Li1-04

120.7(3)
119.7(3)
115 (1)

111.4(4)
112(1)

118.3(4)
114.7(4)
117.5(8)
117.9(7)
111.2(7)
121.2(4)
121.0(4)
103(1)

102(1)

127.2(5)
123(1)

101.1(8)
111.9(8)
125.2(5)
100(2)

130.8(5)
99.9(8)

103.7(8)
119.9(3)
119.2(9)
108.6(4)
122.9(4)
118.8(3)
122.4(3)
68.7(1)

107(2)

109(2)

111.1(4)
110.9(4)
107.9(4)
102.6(7)
111.0(7)
106.1(7)
108.2(8)
110.4(4)
107.7(4)



C7-C13-C14 110.4(3) 0O4-Li1-02 108.7(4)

C8-C3-C4 118.0(3) 01-Li1-04 107.9(4)
C8-C7-C13 122.1(3) 03-C67-C68 108(1)

01'-C59'-C60' 106.2(7) 03-C70-C69 95.4(18)
01'-C62'-C61' 103.7(7) 03-Li1-02 110.4(4)
01-Li1-02 111.1(4) 03-Li1-04 107.7(4)
01-Li1-03 110.9(4) 04-C71-C72 107.7(5)

Phenylation of ("L™""Cr)2(jH)2 in a mixed solvent of pentane and a few drops
of THF gave a purple to violet slurry. After washing with pentane and extraction with
THF, [(HL™"Cr)2(ePh)(eH)2] [Li(THF)4]* (6) was crystallized by layering with
pentane at -30<C. Complex 6 crystallized in the monoclinic space group P2i1/n as an
asymmetric dinuclear complex with two diimine chromium fragments, two bridging
hydrides and one bridging phenyl ligand. The coordination geometry around each Cr
is best described as square pyramidal with two severely tilted axial vectors of Cr1-C53
and Cr2-C53. The ts values of two Cr centers are 0.11 for Crl and 0.54 for Cr2. The
distances from the chromium to the bridging phenyl’s ipso carbon are 2.216(5) and
2.181(4) A, and fall within the range of other bridging aryl complexes of chromium.15
The Cr-H bond lengths ranged from 1.61(3) to 1.71(3) A and are similar to the
analogous Cra(peH)s complex.16 The Cr-N distances in 6 (1.948(3) — 1.977 (3) A) are
close to those in 5. The ligand backbone’s average C-N bond length of 1.379(4) A and
average C-C bond length of 1.355(5) A suggested that the a-diimine ligands have
formal charge of -2. Combining of three bridging ligand and one lithium counterion,
the two chromium centers are best described as Cr(l11)-Cr(l11). The *H-NMR shows
four broad shifts in THF-dg solution at 7.86, 6.70, 4.13 and 1.19 ppm, which are
considered as the a-diimine ligand proton signals. No bridging ligand close to the core

area could be observed on the resonance from 120 to -110 ppm. The magnetic moment

79



measurement of 6 at room temperature was 3.4(1) . The lower value was

presumably due to antiferromagnetic coupling between chromium atoms.

C44

c45@

C28

C27

Figure 3.6 Molecular structure of [("L"P"Cr)2(ltCH2TMS)(eH)2]
[Li(THF)3(Et20)]* (7) with thermal ellipsoids at the 30% probability
level. Lithium atoms, isopropyl groups, most of the hydrogen atoms
and solvent molecules have been omitted for clarity. H1, H2, H53A
and H53B have been located on a difference map.
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Table 3.4 Interatomic distances (A) and angles (9 for [(FLPrCr)2(jx
CH2TMS)(JeH)2] [Li(THF)3(Et20)]* (7)
Distance (A)

Cr1-N2 1.958(1) Cr1-N1 2.000(1)
Cr1-C53 2.197(2) Cr1-Cr2 2.4850(3)
Crl-H1 1.74(1) Cr1-H2 1.73(1)
Cr2-N3 1.970(1) Cr2-N4 2.000(1)
Cr2-C53 2.304(2) Cr2-H1 1.73(1)
Cr2-H2 1.74(1) Si1-C53 1.847(2)
Si1-C56 1.870(2) Si1-C54 1.869(2)
Si1-C55 1.886(2) N1-C1 1.371(2)
N1-C8 1.429(2) N3-C27 1.372(2)
N3-C34 1.420(2) N2-C2 1.378(2)
N2-C20 1.433(2) N4-C28 1.378(2)
N4-C46 1.420(2) C1-C2 1.352(2)
C3-C4 1.391(2) C3-C8 1.408(2)
C3-C10 1.519(2) C4-C5 1.380(3)
C7-C13 1.511(2) C5-C6 1.376(3)
C12-C13 1.526(3) Ce6-C7 1.393(2)
C13-C14 1.530(3) C7-C8 1.409(2)
C15-C20 1.404(2) C9-C10 1.509(3)
C16-C17 1.374(3) C10-C11 1.519(3)
C17-C18 1.375(3) C15-C16 1.400(2)
C18-C19 1.397(3) C15-C22 1.512(2)
C19-C20 1.408(2) C19-C25 1.511(3)
C21-C22 1.524(3) C24-C25 1.507(3)
C22-C23 1.513(3) C25-C26 1.523(3)
C27-C28 1.345(2) C29-C34 1.400(2)
C29-C30 1.402(3) C29-C36 1.516(3)
C30-C31 1.372(3) C33-C39 1.511(3)
C31-C32 1.375(3) C38-C39 1.527(3)
C32-C33 1.388(3) C39-C40 1.526(3)
C33-C34 1.417(2) C41-C46 1.413(2)
C35-C36 1.501(3) C42-C43 1.362(4)
C36-C37 1.535(3) C43-C44 1.372(4)
C41-C42 1.385(3) C44-C45 1.398(3)
C41-C48 1.509(3) C45-C46 1.404(2)
C45-C51 1.514(3) C47-C48 1.520(3)
C50-C51 1.528(3) C48-C49 1.511(4)
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C51-C5h2 1.544(3) C53-H53A 0.96(2)
C53-H53B 0.95(2)

Angles (9
N2-Cr1-N1 80.68(5) N2-Cr1-C53 134.47(6)
N1-Cr1-C53 102.38(6) N2-Crl1-Cr2 139.11(4)
N1-Cr1-Cr2 139.46(4) C53-Cr1-Cr2 58.56(4)
N2-Cr1-H1 95.0(4) N1-Crl-H1 172.1(5)
C53-Cr1-H1 85.4(5) Cr2-Crl-H1 44.2(4)
N2-Crl1-H2 139.8(5) N1-Crl-H2 103.2(5)
C53-Cr1-H2 84.5(5) Cr2-Crl-H2 44.5(4)
H1-Cr1-H2 75.8(7) N3-Cr2-N4 80.16(5)
N3-Cr2-C53 167.45(6) N4-Cr2-C53 97.83(6)
N3-Cr2-Crl 130.20(4) N4-Cr2-Crl 148.64(4)
C53-Cr2-Crl 54.45(4) N3-Cr2-H1 95.0(5)
N4-Cr2-H1 158.3(5) C53-Cr2-H1 82.3(5)
Crl-Cr2-H1 44.5(4) N3-Cr2-H2 110.2(5)
N4-Cr2-H2 125.8(5) C53-Cr2-H2 81.1(5)
Cr1-Cr2-H2 44.2(4) H1-Cr2-H2 75.7(7)
C53-Si1-C56 111.64(9) C53-Si1-C54 110.01(9)
C56-Si1-C54 109.9(1) C53-Si1-C55 109.27(9)
C56-Si1-C55 107.1(2) C54-Si1-C55 108.9(1)
C1-N1-C8 116.7(1) N4-C46-C41 119.3(2)
C8-N1-Crl 130.6(1) Si1-C53-Cr2 122.95(8)
C27-N3-Cr2 114.3(1) Si1-C53-H53A 109(1)
C2-N2-C20 115.6(1) C1-N1-Crl 112.6(1)
C20-N2-Crl 128.05(9) C27-N3-C34 117.2(1)
C28-N4-Cr2 113.0(1) C34-N3-Cr2 127.8(1)
C7-C13-C12 111.1(2) C2-N2-Crl 114.2(1)
Cr1-C53-Cr2 66.98(4) C28-N4-C46 115.5(1)
Cr1-C53-H53A 91(1) C46-N4-Cr2 131.5(1)
Cr2-C53-H53B 71(2) C1-C2-N2 115.7(1)
Si1-C53-Crl 117.07(8) C4-C3-C10 120.1(2)
Si1-C53-H53B 105(1) C5-C4-C3 121.7(2)
C2-C1-N1 116.5(1) C5-C6-C7 121.6(2)
C4-C3-C8 118.7(2) C6-C7-C13 119.3(2)
C8-C3-C10 121.2(2) C3-C8-C7 120(12)
C4-C5-C6 119.3(2) C7-C8-N1 120.7(2)
C6-C7-C8 118.8(2) C9-C10-C3 111.2(2)
C8-C7-C13 122.0(1) C7-C13-C14 111.5(2)
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C3-C8-N1 119.4(1) C15-C20-C19 120.6(2)

C9-C10-C11 110.5(2) C16-C15-C22 120.2(2)
C11-C10-C3 113.3(2) C17-C16-C15 121.4(2)
C12-C13-C14 110.8(2) C17-C18-C19 121.4(2)
C15-C20-N2 118.3(1) C18-C19-C25 120.9(2)
C15-C22-C21 111.6(2) C19-C20-N2 121.1(2)
C16-C15-C20 118.3(2) C23-C22-C21 110.6(2)
C16-C17-C18 119.8(2) C24-C25-C26 110.3(2)
C18-C19-C20 118.4(2) C27-C28-N4 116.2(2)
C19-C25-C26 113.9(2) C29-C34-C33 121(2)
C20-C15-C22 121.4(2) C31-C30-C29 121.3(2)
C20-C19-C25 120.7(2) C31-C32-C33 121.6(2)
C23-C22-C15 112.1(2) C32-C33-C39 121.7(2)
C24-C25-C19 111.2(1) C33-C34-N3 118.6(2)
C28-C27-N3 116.0(2) C33-C39-C38 111.4(2)
C29-C34-N3 120.4(2) C34-C29-C36 122.6(2)
C29-C36-C37 111.1(2) C35-C36-C37 111.9(2)
C30-C29-C36 119.4(2) C41-C48-C47 113.5(2)
C30-C31-C32 120.1(2) C42-C41-C48 120(2)
C32-C33-C34 118.0(2) C43-C42-C41 121.4(2)
C33-C39-C40 114.0(2) C43-C44-C45 121.4(2)
C34-C29-C30 118.0(2) C44-C45-C51 119.5(2)
C34-C33-C39 120.3(2) C45-C46-N4 120.9(2)
C35-C36-C29 112.1(3) C45-C51-C52 111.8(2)
C40-C39-C38 109.3(2) Cr1-C53-H53B 132(1)
C41-C48-C49 109.8(2) Cr2-C53-H53A 128(1)
C42-C41-C46 119.0(2) H53A-C53-H53B  96(2)
C42-C43-C44 120.1(2) C46-C41-C48 121.0(2)
C44-C45-C46 118.4(2) C46-C45-C51 122.1(2)
C45-C46-C41 119.8(2) C49-C48-C47 109.7(2)
C45-C51-C50 112.2(2) C50-C51-C52 109.5(2)

The TMS(CH,) ligand bridging complex [(*L™'Cr)2(jrCH2TMS)(eH)2]
[Li(THF)3(Et20)]" (7) was synthesized via a similar procedure as 6. Dark violet solid
of 7 precipitated out of pentane/THF mixed solvent. Complex 7 was crystallized from
a THF solution layered with pentane at -30<C in 70% yield. The solid state structure of
7 shows an asymmetric dinuclear complex with one TMS(CHy) bridging alkyl ligand

and two bridging hydrides. The asymmetry is presumably introduced by the repulsion
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between bridging TMS(CH>) ligand and aryl groups on diimine ligands. The t5 values
of Crl and Cr2 are 0.55 and 0.15 respectively. Thus, Cr2 is best described as strongly
distorted square pyramidal with tilted axial vector of Cr2-H2, while Cr1 barely shows
a square pyramidal geometry with axial vector of Cr1-C53. The Cr-H bond length
ranged from 1.73(1) to 1.74(1) A and are slightly longer than those in 6, but still in the
range of chromium bridging hydrides.®%® The longer distances between Cr and
hydride presumably come from the larger size of TMS(CH>) ligand. Likewise, the
average Cr-N bond length of 1.981(1) A is mildly longer than those in 6. Two
chromium centers are 2.4850(3) A away from each other. The *H-NMR spectrum
showed the ligand chemical shifts at 8.52, 4.65, 3.55, 1.84 and 1.32 ppm. No bridging
hydride or methylene signal can be observed in the spectrum from 120 to -110 ppm.
The C-N bond lengths of ligand backbone ranged from 1.371(2) to 1.378(2) A and the
C-C bond lengths are 1.352 (2) and 1.345(2) A respectively. The C-C double bond
order and C-N single bond order clearly indicated that both ligands are dianionic and
gave a Cr(111)-Cr(111) core. Due to the antiferromagnetic coupling between two Cr
centers, in solid state complex 7 showed a low magnetism measurement of 2.1(1) & at

room temperature.
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Figure 3.7 Molecular structure of [(FL"P"Cr)2(eCH2'Bu)(leH)2]
[Li(THF)3(Et20)]* (8) with thermal ellipsoids at the 30% probability
level. Lithium atoms, isopropyl groups, most of the hydrogen atoms
and solvent molecules have been omitted for clarity. H1, H2, H53A
and H53B have been located on a difference map.

Table 3.5 Interatomic distances (A) and angles (9 for [(HLP"Cr)2(eCH2'Bu)(LE
H)2] [Li(THF)3(Et20)]* (8)

Distance (A)

Cri-N2 1.960(1) Cr1-N1 1.992(1)
Cr1-C53 2.170(2) Cr1-Cr2 2.4763(3)
Cri-H1 1.76(2) Cri-H2 1.72(2)
Cr2-N3 1.954(1) Cr2-N4 2.003(1)
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Cr2-C53 2.337(2) Cr2-H1 1.67(2)

Cr2-H2 1.69(2) Cr2-H53B 2.03(2)
N1-C1 1.381(2) N1-C8 1.420(2)
N2-C2 1.387(2) N2-C20 1.430(2)
N3-C27 1.377(2) N3-C34 1.425(2)
N4-C28 1.374(2) N4-C46 1.429(2)
C1l-C2 1.347(2) C3-C4 1.399(2)
C3-C8 1.411(2) C3-C10 1.523(3)
C4-C5 1.378(3) C7-C13 1.514(3)
C5-C6 1.366(3) C12-C13 1.541(3)
C6-C7 1.393(2) C13-C14 1.535(3)
C7-C8 1.417(2) C15-C20 1.411(2)
C9-C10 1.517(4) Cl16-C17 1.373(3)
Cl0-C11 1.520(4) C17-C18 1.365(3)
C15-C16 1.397(2) C18-C19 1.397(3)
C15-C22 1.518(2) C19-C20 1.410(2)
C19-C25 1.513(3) C21-C22 1.516(3)
C24-C25 1.526(3) C22-C23 1.522(3)
C25-C26 1.535(3) C27-C28 1.355(2)
C29-C30 1.394(2) C29-C34 1.412(2)
C29-C36 1.512(2) C30-C31 1.376(3)
C33-C39 1.520(2) C31-C32 1.372(3)
C38-C39 1.533(3) C32-C33 1.396(2)
C39-C40 1.512(3) C33-C34 1.408(2)
C41-C46 1.411(2) C35-C36 1.528(2)
C42-C43 1.373(3) C36-C37 1.521(2)
C43-C44 1.373(3) C41-Cc42 1.401(3)
C44-C45 1.397(2) C41-C48 1.509(3)
C45-C46 1.414(2) C45-C51 1.515(3)
C47-C48 1.506(3) C50-C51 1.535(3)
C48-C49 1.529(3) C51-C52 1.534(3)
C53-C54 1.544(3) C53-H53A 1.00(2)
C53-H53B 0.99(2) C54-C57 1.517(3)
C54-C55 1.532(3) C54-C56 1.550(3)
Angles (9

N2-Cr1-N1 81.31(5) N2-Cr1-C53 127.98(6)
N1-Cr1-C53 102.13(6) N2-Cr1-Cr2 138.21(4)
N1-Cr1-Cr2 140.32(4) C53-Cr1-Cr2 59.97(4)
N2-Cr1-H1 149.8(5) N1-Crl-H1 103.5(5)
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C53-Cr1-H1
N2-Crl1-H2
C53-Cr1-H2
H1-Crl1-H2
N3-Cr2-C53
N3-Cr2-Crl
C53-Cr2-Cr1
N4-Cr2-H1
Cr1-Cr2-H1
N4-Cr2-H2
Cr1-Cr2-H2

N3-Cr2-H53B
C53-Cr2-H53B
H1-Cr2-H53B

C1-N1-C8
C8-N1-Crl
C2-N2-Crl
C27-N3-C34
C34-N3-Cr2
C28-N4-Cr2
C2-C1-N1
C4-C3-C8
C8-C3-C10
C6-C5-C4
C6-C7-C8
C8-C7-C13
C3-C8-N1
C9-C10-C11
C11-C10-C3
C7-C13-C14
C14-C13-C12
C16-C15-C20
C20-C15-C22
C18-C17-C16
C18-C19-C20
C20-C19-C25
C19-C20-N2
C21-C22-C15
C15-C22-C23
C19-C25-C24
C24-C25-C26

80.8(5)
95.7(5)
87.6(5)
74.2(7)
164.52(6)
130.06(3)
53.51(4)
119.6(5)
45.2(5)
163.1(5)
44.0(5)
149.9(6)
25.1(6)
91.3(8)
117.7(1)
130.69(9)
112.95(9)
117.3(1)
128.12(9)
112.47(9)
117.0(1)
118.6(2)
122.7(2)
120.0(2)
118.8(2)
122.95(15)
119.48(14)
111.03)
112.3(2)
111.5(2)
109.7(2)
118.6(2)
121.2(1)
119.7(2)
118.6(2)
122.1(2)
121.9(1)
112.1(2)
114.7(2)
111.3(2)
110.02)
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Cr2-Cri1-H1
N1-Cr1-H2
Cr2-Cr1-H2
N3-Cr2-N4
N4-Cr2-C53
N4-Cr2-Crl
N3-Cr2-H1
C53-Cr2-H1
N3-Cr2-H2
C53-Cr2-H2
H1-Cr2-H2

N4-Cr2-H53B
Cr1-Cr2-H53B
H2-Cr2-H53B

C1-N1-Cr1
C2-N2-C20
C20-N2-Crl
C27-N3-Cr2
C28-N4-C46
C46-N4-Cr2
C1-C2-N2
C4-C3-C10
C5-C4-C3
C5-C6-C7
C6-C7-C13
C3-C8-C7
C7-C8-N1
C9-C10-C3
C7-C13-C12
C16-C15-C22
C17-C16-C15
C17-C18-C19
C18-C19-C25
C19-C20-C15
C15-C20-N2
C21-C22-C23
C19-C25-C26
C27-C28-N4
C30-C29-C36
C31-C30-C29
C31-C32-C33

42.5(5)
169.6(5)
42.8(5)
80.47(5)
99.81(5)
148.31(4)
116.0(5)
77.5(5)
92.3(5)
83.1(5)
77.3(8)
74.8(6)
77.9(6)
106.6(8)
111.40(9)
118.0(1)
128.52(9)
114.38(9)
116.2(1)
130.89(9)
115.7(1)
118.7(2)
121.4(2)
121.6(2)
118.3(2)
119.8(2)
120.8(2)
111.02)
112.4(2)
120.2(2)
121.5(2)
121.8(2)
119.3(2)
119.7(2)
118.4(2)
108.5(2)
112.2(2)
116.3(2)
121.3(2)
121.1(2)
121.4(2)



C28-C27-N3 115.4(2) C32-C33-C39 120.1(2)

C30-C29-C34 118.4(2) C33-C34-C29 120.7(2)
C34-C29-C36 120.2(2) C29-C34-N3 118.5(2)
C32-C31-C30 120.2(2) C29-C36-C35 114.02)
C32-C33-C34 118.2(2) C40-C39-C38 110.5(2)
C34-C33-C39 121.7(2) C42-C41-C48 120.8(2)
C33-C34-N3 120.8(2) C43-C42-C41 121.6(2)
C29-C36-C37 111.02) C43-C44-C45 121.02)
C37-C36-C35 110.8(2) C44-C45-C51 118.3(2)
C40-C39-C33 112.6(2) C41-C46-C45 120.5(2)
C33-C39-C38 109.3(2) C45-C46-N4 120.0(2)
C42-C41-C46 117.9(2) C47-C48-C49 111.02)
C46-C41-C48 121.3(2) C45-C51-C50 111.9(2)
C42-C43-C44 120.4(2) C54-C53-Cr2 124.3(1)
C44-C45-C46 118.6(2) C54-C53-H53A 109(1)

C46-C45-C51 123.1(2) Cr2-C53-H53A 126(1)

C41-C46-N4 119.4(2) Cr1-C53-H53B 124(1)

C47-C48-CA1 111.2(2) H53A-C53-H53B  105(2)

C41-C48-C49 114.2(2) C57-C54-C53 109.5(2)
C45-C51-C52 111.7(2) C57-C54-C56 111.1(2)
C52-C51-C50 109.9(2) C53-C54-C56 108.1(2)
C54-C53-Crl 118.4(2) Cr2-C53-H53B 60.0(11)
Cr1-C53-Cr2 66.53(4) C57-C54-C55 109.3(2)
Cr1-C53-H53A 94(1) C55-C54-C53 110.7(2)
C54-C53-H53B 103(1) C55-C54-C56 108.1(2)

Complex [(MLP'Cr)2(eCH2'Bu)(LeH)2] [Li(THF)s(Et20)]* (8) as the analog 7
could be prepared by reacting 4 with neopentyl lithium reagent in the same manner as
described above. The dark violet solid of 8 was crystallized out of THF solution by
layering with pentane. As an analog of 7 with only one atom different from each other,
7 and 8 shares many similarities in solid state structure. Both Cr centers showed a
square pyramidal geometry with s values of 0.33 for Cr1 and 0.01 for Cr2. The axial
vectors of Cr1-C53 and Cr2-H1 are tilted because C53 and H1 are bridging atoms. The
bridging methylene centered on C53 is slightly closer to Cr1 (Cr1-C53 = 2.170(2) A)
than Cr2 (Cr2-C53 = 2.337(2) A), which may be the result of the combination of
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distorted coordination geometry and trans influence of N3. It’s noticeable that the C53
is on the axis of square pyramid of Crl and is on the edge of square pyramid of Cr2.
Both the bridging hydrides and bridging methylene protons were located on a X-ray
difference map. The Cr-H distances range from 1.67(2) to 1.76(2) A and are slightly
shorter than those in 7 (1.73(1) — 1.74(1) A). Yet, they do not bring two Cr centers
(Cr1-Cr2 = 2.4763(3) A) noticeably closer. The Cr-N distances are in the expected
range of 1.961(1) to 2.003(1) A. The two dianionic a-diimine ligands showed
backbone average C-N bond length of 1.380(2) A and average C-C bond length of
1.351(2) A. The 'H-NMR also only showed a-diimine chemical shifts at 8.53, 4.81,
3.55 and 1.81 ppm. The room temperature magnetic moment of 3.1(1) e is higher
than 7 of 2.1(1) pe, but still showed antiferromagnetic coupling between two Cr

atoms.
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Figure 3.8 Molecular structure of [(HLP"Cr)2(peCH2Ph)(eH)2] [Li(THF)4]* (9)
with thermal ellipsoids at the 30% probability level. Lithium atoms,
isopropyl groups, most of the hydrogen atoms and solvent molecules
have been omitted for clarity. H1, H2, H53A and H53B have been
located on a difference map.
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Table 3.6 Interatomic distances (A) and angles (9 for [(FLPrCr)2(eCH2Ph)(Le
H)2] [Li(THF)4]* (9)

Distances (A)

Cri-N1 1.958(2) Cri-N2 2.017(2)
Cr1-C53 2.325(2) Cr1-Cr2 2.4948(4)
Cri-H1 1.75(2) Cri-H2 1.75(2)
Cr2-N4 1.951(2) Cr2-N3 2.010(2)
Cr2-C53 2.251(2) Cr2-H1 1.73(2)
Cr2-H2 1.70(2) Li1-01 1.927(5)
Li1-03 1.935(5) Li1-03 1.935(5)
Li1-04 1.944(5) Li1-02 1.940(5)
N1-C1 1.373(2) N1-C8 1.430(2)
N2-C2 1.380(2) N2-C20 1.432(2)
N3-C27 1.377(3) N3-C34 1.430(2)
N4-C28 1.382(2) N4-C46 1.432(2)
01-C63 1.435(3) 01-C60 1.428(3)
02-C67 1.396(4) 02-C64 1.419(4)
04-C72 1.424(4) 04-C75 1.444(4)
C1-C2 1.357(3) C3-C4 1.397(3)
C3-C8 1.402(3) C3-C10 1.523(3)
C4-C5 1.374(4) C7-C13 1.511(3)
C5-C6 1.382(4) C12-C13 1.534(4)
C6-C7 1.399(3) C13-C14 1.527(3)
C7-C8 1.411(3) C15-C20 1.407(3)
C9-C10 1.531(3) C16-C17 1.373(3)
C10-C11 1.527(3) C17-C18 1.380(4)
C15-C16 1.401(3) C18-C19 1.392(3)
C15-C22 1.518(3) C19-C20 1.422(3)
C19-C25 1.511(3) C21-C22 1.534(3)
C24-C25 1.523(4) C22-C23 1.535(3)
C25-C26 1.528(4) C27-C28 1.348(3)
C29-C30 1.406(3) C29-C34 1.409(3)
C29-C36 1.512(4) C30-C31 1.359(4)
C33-C39 1.523(3) C31-C32 1.373(4)
C38-C39 1.527(3) C32-C33 1.394(3)
C39-C40 1.526(3) C33-C34 1.410(3)
C41-C46 1.400(3) C35-C36 1.533(4)
C42-C43 1.375(3) C36-C37 1.524(4)
C43-C44 1.375(3) C41-C42 1.402(3)
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C44-C45 1.398(3) C41-C48 1.514(3)
C45-C46 1.415(3) C45-C51 1.518(3)
C47-C48 1.520(3) C50-C51 1.526(3)
C48-C49 1.516(4) C51-C52 1.539(3)
C53-C54 1.490(3) C53-H53A 0.99(3)
C53-H53B 1.04(3) C54-C59 1.398(3)
C54-C55 1.402(3) C55-C56 1.381(4)
C60-C61 1.511(4) C56-C57 1.371(5)
C62-C63 1.418(5) C57-C58 1.390(5)
C65-C66 1.395(6) C58-C59 1.395(3)
C72-C73 1.485(5) C61-C62 1.487(5)
C74-C75 1.484(5) C64-C65 1.442(5)
03-C71 1.529(5) C66-C67 1.390(6)
C69-C70 1.377(7) C73-C74 1.484(5)
03-C71' 1.430(8) 03-C68 1.431(7)
C68'-C69' 1.44(1) C68-C69 1.403(8)
C70-C71 1.42(1) C70-C71 1.412(6)
C69'-C70’ 1.31(1) 03'-C68' 1.45(1)
Angles (9

N1-Cr1-N2 80.87(6) N1-Cr1-C53 169.48(7)
N2-Cr1-C53 99.43(7) N1-Cr1-Cr2 127.21(5)
N2-Cr1-Cr2 149.22(5) C53-Cr1-Cr2 55.54(5)
N1-Crl-H1 109.6(7) N2-Crl-H1 121.1(7)
C53-Cr1-H1 79.3(7) Cr2-Crl-H1 43.8(7)
N1-Crl-H2 94.8(7) N2-Crl-H2 162.7(7)
C53-Cr1-H2 81.7(7) Cr2-Crl-H2 42.9(7)
H1-Crl-H2 76(1) N4-Cr2-N3 80.53(7)
N4-Cr2-C53 134.77(7) N3-Cr2-C53 100.07(7)
N4-Cr2-Crl 138.99(5) N3-Cr2-Crl 140.19(5)
C53-Cr2-Crl 58.41(5) N4-Cr2-H1 142.3(7)
N3-Cr2-H1 104.4(7) C53-Cr2-H1 81.9(7)
Crl-Cr2-H1 44 .A(7) N4-Cr2-H2 94.7(7)
N3-Cr2-H2 174.6(7) C53-Cr2-H2 85.0(7)
Crl-Cr2-H2 44.A(7) H1-Cr2-H2 77.9(10)
O1-Li1-03' 106.3(3) O1-Lil1-03 106.3(3)
O1-Li1-04 103.4(2) 03'-Li1-04 117.3(3)
03-Li1-04 117.3(3) O1-Li1-02 110.9(3)
03'-Li1-02 113.4(2) 03-Lil-02 113.4(2)
04-Li1-02 105.0(2) C1-N1-C8 115.8(2)
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C1-N1-Crl
C2-N2-C20
C20-N2-Crl
C27-N3-Cr2
C28-N4-C46
C46-N4-Cr2
C63-01-Li1
C67-02-C64
C64-02-Li1
C72-04-Li1
C2-C1-N1
C4-C3-C8
C8-C3-C10
C4-C5-C6
C6-C7-C8
C8-C7-C13
C3-C8-N1
C9-C10-C11
C11-C10-C3
C7-C13-C14
C14-C13-C12
C16-C15-C20
C20-C15-C22
C16-C17-C18
C18-C19-C20
C20-C19-C25
C15-C20-N2
C15-C22-C21
C21-C22-C23
C19-C25-C26
C26-C25-C24
C28-C27-N3
C30-C29-C34
C34-C29-C36
C30-C31-C32
C32-C33-C34
C34-C33-C39
C33-C34-N3
C29-C36-C37
C37-C36-C35
C40-C39-C38

114.2(1)
113.7(2)
134.3(2)
112.3(2)
115.6(3)
129.9(2)
126.5(3)
107.2(3)
124.1(2)
125.7(3)
116.4(2)
118.6(2)
122.2(2)
120.3(2)
118.0(2)
120.7(2)
119.2(2)
110.2(2)
111.6(2)
114.02)
110.0(2)
118.6(2)
123.3(2)
119.5(2)
118.4(2)
121.1(2)
120.9(2)
111.6(2)
109.0(2)
110.8(2)
110.8(2)
116.3(2)
117.8(2)
122.1(2)
119.7(2)
119.02)
120.6(2)
119.5(2)
112.2(3)
110.5(2)
109.8(2)
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C8-N1-Crl
C2-N2-Crl
C27-N3-C34
C34-N3-Cr2
C28-N4-Cr2
C63-01-C60
C60-01-Li1
C67-02-Li1
C72-04-C75
C75-04-Li1
C1-C2-N2
C4-C3-C10
C5-C4-C3
C5-C6-C7
C6-C7-C13
C3-C8-C7
C7-C8-N1
C9-C10-C3
C7-C13-C12
C16-C15-C22
C17-C16-C15
C17-C18-C19
C18-C19-C25
C15-C20-C19
C19-C20-N2
C15-C22-C23
C19-C25-C24
C27-C28-N4
C30-C29-C36
C31-C30-C29
C31-C32-C33
C32-C33-C39
C33-C34-C29
C29-C34-N3
C29-C36-C35
C40-C39-C33
C42-C41-C48
C43-C42-C41
C43-C44-C45
C44-C45-C51
C41-C46-C45

127.8(2)
112.02)
116.6(2)
131.1(2)
114.4(2)
106.9(2)
123.8(2)
128.4(3)
105.3(2)
126.3(2)
116.3(2)
119.3(2)
121.02)
121.1(2)
121.2(2)
121.02)
119.8(2)
111.1(2)
110.3(2)
118.1(2)
121.7(2)
121.8(2)
120.4(2)
120.0(2)
119.1(2)
111.8(2)
114.02)
115.8(2)
120.1(2)
122.3(2)
121.3(2)
120.3(2)
119.9(2)
120.6(2)
111.5(2)
110.4(2)
120.2(2)
121.1(2)
121.3(2)
121.1(2)
120.7(2)



C38-C39-C33 114.3(2) C45-C46-N4 119.3(2)

C42-C41-C46 118.6(2) C41-C48-C49 111.4(2)
C46-C41-C48 121.2(2) C45-C51-C52 113.6(2)
C44-C43-C42 120.2(2) C54-C53-Crl 121.0(2)
C44-C45-C46 118.2(2) C54-C53-H53A 110(2)

C46-C45-C51 120.7(2) Cr1-C53-H53A 127(2)

C41-C46-N4 120.0(2) Cr2-C53-H53B 131(2)

C41-C48-C47 112.3(2) H53A-C53-H53B  113.(2)

C47-C48-C49 110.4(2) C59-C54-C53 122.4(2)
C45-C51-C50 109.5(2) C56-C55-C54 121.4(3)
C50-C51-C52 109.6(2) C56-C57-C58 118.5(3)
C54-C53-Cr2 115.5(2) C58-C59-C54 121.0(2)
Cr2-C53-Crl 66.06(5) C68-03-Lil 125.5(4)
Cr2-C53-H53A 80(2) C69-C68-03 109.3(5)
C54-C53-H53B 105(2) C70-C69-C68 111.3(5)
Cr1-C53-H53B 69(2) C69-C70-C71 106.5(5)
C59-C54-C55 116.9(2) C70-C71-03 107.9(4)
C55-C54-C53 120.7(2) C71'-03'-C68' 98.0(7)

C57-C56-C55 121.4(3) C68-03'"-Lil 130.8(5)
C57-C58-C59 120.7(3) C74-C73-C72 105.6(3)
01-C60-C61 106.2(2) C73-C74-C75 105.4(3)
C62-C61-C60 103.5(3) 04-C75-C74 104.3(3)
C63-C62-C61 108.4(3) C68-03-C71 101.7(4)
C62-C63-01 108.5(3) C71-03-Lil 122.4(3)
02-C64-C65 106.5(3) C71-03"-Lil 123.1(4)
C66-C65-C64 108.6(4) C69'-C68'-03' 109.5(8)
C67-C66-C65 107.2(4) C70'-C69'-C68' 105.5(8)
C66-C67-02 110.5(4) C69-C70-C71" 109.5(7)
04-C72-C73 104.0(3) 03-C71-C70' 108.9(7)

The benzyl group can also be added to the CrzH: core by treating (HL™P'Cr)2(jt
H)2 (4) with benzyl lithium in pentane/THF. After standard work up, [(HL™"Cr)2(jx
CH2Ph)()eH)2] [LI(THF)4]™ (9) crystallized out of THF solution layered with pentane.
In the solid state, 9 exhibits an asymmetric dinuclear structure of two Cr diimine
fragments and three bridging ligands in monoclinic P21/n space group. The bridging

hydrides and methylene protons were located on a X-ray difference map. The
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distances of bridging methylene carbon to chromium atoms are Cr1-C53 2.325(2) A
and Cr2-C53 2.251(2) A. The distances between Cr and the bridging hydrides range
from 1.70(2) to 1.75(2) A and fall in the typical range of Cr bridging hydride
complexes. The three bridging ligands strongly twisted the square pyramidal
coordination geometry around both Cr centers, and gave 15 value of 0.12 for Crl with
axial vector of Cr1-H1 and 15 value of 0.53 for Cr2 with axial vector of Cr2-C53. The
Cr1-Cr2 distance of 2.4948(4) A is only a little longer than the other five complexes.
The chromium nitrogen bond lengths range from 1.951(2) to 2.0017(2) A, as expected.
And the ligand backbone average C-N bond length of 1.378(3) A and average C-C
bond length of 1.3552(3) A implied dianionic charge for both diimine ligand. The low
magnetic moment of 2.5(1) e per complex at room temperature was presumably due
to strong Cr-Cr antiferromagnetic coupling. The paramagnetic feature of 9 also
exhibits broad *H-NMR peaks at 8.21, 5.34, 3.53 and 1.75 ppm.

The reaction of (HL™P'Cr)2(eH)2 with methyl lithium or phenyl lithium in pure
THF yielded a complementary series of hydrido-bis(alkyl) chromium complexes,
namely [("L'™"Cr)2(peMe)2(eH)] [Li(THF)3(Et20)]* (10) and [(FL™"Cr)2(jePh)2(eH)]
[Li(THF)]" (11) (Scheme 3.7). After standard work up, 10 and 11 were crystallized
from pentane/THF solution at -30<C in 40% and 30% vyield. To our surprise, X-ray
crystallography revealed that both 10 and 11 gave a Crz(jtR)2(jeH) core, yet their tH-
NMR spectra are identical to those of 5 and 6. The solid state structures, bond
distances, and angles of 10 and 11 are displayed in Figures 3.7 and 3.8 and Tables 3.7

and 3.8 respectively.
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Scheme 3.7  Reaction of ("L"P"Cr)2(eH)2 with lithium reagent in THF

96



C5 C16 @M@C17
C4

C15 C18

c3 & H27C
' C19

H27B

C27 £ N2

) C2

N c1
C27 W
- N1

C1

C2

N2\@ C'1%H278 T H27A
C20 ol y C8
H27C
C18 c7 2 C3
C15
C17 Co @ > C4
C16 ce

Figure 3.9 Molecular structure of [(L"P"Cr)2(eMe)2(eH)] [Li(THF)3(Et20)]*
(10) with thermal ellipsoids at the 30% probability level. Lithium
atoms, isopropyl groups, most of the hydrogen atoms and solvent
molecules have been omitted for clarity. H1, H27A, H27B and H27C
have been located on a difference map.
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Table 3.7 Interatomic distances (A) and angles (9 for [("LPrCr)2(peMe)2(eH)]
[Li(THF)3(Et20)]* (10)
Distance (A)

Cr1-N2 1.968(2) Cr1-N1 1.994(2)
Cr1-C27 2.220(4) Cr1-C27 2.231(4)
Cri-Crl 2.4542(8) Crl-H1 1.65(3)
Li1-01' 1.942(6) Li1-01 1.942(6)
Li1-01 1.942(6) Li1-01' 1.942(6)
Li1-02 1.956(6) Li1-02' 1.956(6)
Li1-02' 1.956(6) Li1-02 1.956(6)
N1-C1 1.372(4) N1-C8 1.411(4)
N2-C2 1.374(4) N2-C20 1.431(4)
C1-C2 1.342(5) C3-C4 1.406(6)
C3-C8 1.419(5) C3-C10 1.508(7)
C4-C5 1.366(8) C7-C13 1.508(5)
C5-C6 1.365(7) C12-C13 1.533(5)
C6-C7 1.397(5) C13-C14 1.538(5)
C7-C8 1.408(5) C15-C20 1.403(6)
C9-C10 1.530(9) C16-C17 1.361(7)
C10-C11 1.543(9) C17-C18 1.364(8)
C15-C16 1.395(5) C18-C19 1.408(6)
C15-C22 1.518(7) C19-C20 1.409(6)
C19-C25 1.514(7) C21-C22 1.530(8)
C24-C25 1.518(8) C22-C23 1.523(8)
C25-C26 1.504(8) C27-Crl 2.219(4)
C27-H27A 0.87(5) C27-H27B 0.87(5)
C27-H27C 1.04(5) 01-C28 1.44(2)
01-C31 1.52(1) C28-C29 1.46(2)
C29-C30 1.52(2) C30-C31 1.47(2)
o1'-C31 1.41(1) 01'-Cc28' 1.47(2)
Cc28'-C29' 1.48(2) C29'-C30' 1.54(2)
C30-C31' 1.46(2) 02-C32 1.379(9)
02-C35 1.428(9) C33-C34 1.43(2)
C33-C32 1.44(2) C34-C35 1.45(2)
02'-C35' 1.38(2) 02'-C32' 1.44(2)
C33-C32' 1.42(2) C33-C34' 1.41(2)
C34'-C35' 1.45(2)



Angles (9

N2-Cr1-N1
N1-Crl1-C27
N1-Crl1-C27
N2-Cr1-Crl
C27-Cri1-Cr1
N2-Crl1-H1
C27-Crl1-H1
Cr1-Cri1-H1
O1'-Li1-01'
01-Li1-02
01'-Li1-02'
01'-Li1-02'
01-Li1-02
02-Li1-02
C1-N1-Cr1
C2-N2-C20
C20-N2-Cr1
C1-C2-N2
C4-C3-C10
C5-C4-C3
C5-C6-C7
C6-C7-C13
N1-C8-C7
C7-C8-C3
C9-C10-C11
C7-C13-C12
Cl16-C15-C22
C17-Cl16-C15
C17-C18-C19
C18-C19-C25
C15-C20-C19
C19-C20-N2
C15-C22-C21
C19-C25-C24
Cr1-C27-H27A
Cr1-C27-H27B
H27A-C27-H27B
Crl-C27-H27C
H27B-C27-H27C

80.0(1) N2-Cr1-C27
98.9(2) N2-Cr1-C27
173.1(2) C27-Cr1-C27
148.71(8) N1-Cr1-Crl
56.8(1) C27-Crl-Crl
137.3(8) N1-Crl-H1
84.5(9) C27-Crl-H1
42(2) 01-Li1-01
113.1(5) 01-Li1-02
108.3(2) O1'-Li1-02"
108.3(2) O1'-Li1-02"
108.4(2) 02"-Li1-02"
108.3(2) 01-Li1-02
110.3(5) C1-N1-C8
113.3(2) C8-N1-Crl
115.7(3) C2-N2-Crl
130.3(2) C2-C1-N1
116.2(3) C4-C3-C8
120.4(4) C8-C3-C10
121.9(4) C6-C5-C4
121.2(4) C6-C7-C8
119.5(3) C8-C7-C13
121.2(3) N1-C8-C3
119.9(3) C9-C10-C3
111.8(5) C3-C10-C11
112.9(3) C7-C13-C14
119.8(4) C14-C13-C12
121.7(5) C16-C15-C20
121.7(5) C20-C15-C22
120.9(4) C16-C17-C18
120.5(3) C18-C19-C20
118.6(4) C20-C19-C25
112.0(5) C15-C20-N2
113.2(5) C15-C22-C23
78.(3) C23-C22-C21
140.(3) C19-C25-C26
108.(4) C26-C25-C24
107.(3) Cr1-C27-Crl
98.(4) Cr1-C27-H27A
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138.1(2)
93.5(2)
87.6(2)
129.59(7)
56.3(1)
99(1)
84.1(9)
113.1(5)
108.4(2)
108.4(2)
108.3(2)
110.3(5)
108.4(2)
118.3(2)
126.9(2)
114.02)
115.9(3)
117.7(4)
121.8(4)
120.2(4)
119.0(4)
121.5(3)
118.9(3)
111.5(6)
111.7(4)
111.4(3)
109.0(3)
118.5(4)
121.7(3)
119.9(4)
117.7(5)
121.3(3)
120.9(3)
111.6(4)
111.5(5)
112.8(6)
110.0(5)
66.9(1)
140.(3)



C28-01-Lil 132.7(9) Cr1-C27-H27B 90.(3)

01-C28-C29 103(1) Cr1-C27-H27C 119.(3)
C28-C29-C30 110(1) H27A-C27-H27C  105.(4)
C31-C30-C29 105(1) C28-01-C31 107(1)
C30-C31-01 106(1) C31-01-Lil 119.4(5)
C31-01'-C28' 110(1) C31-01"-Lil 125.4(5)
C28-01"-Lil 121.2(8) 01'-C28'-C29' 104(1)
C32-02-Lil 139.6(5) C28-C29-C30' 106(1)
C34-C33-C32 104.8(7) C31'-C30-C29' 103(1)
02-C32-C33 114.4(8) 01'-C31'-C30' 105(1)
C33-C34-C35 105.7(8) C32-02-C35 102.9(6)
02-C35-C34 111.3(7) C35-02-Lil 117.4(5)
C35'-02'-C32' 118(2) C35-02"-Lil 123(1)
C32-02"-Lil 113.2(9) C32'-C33-C34 109(2)
C33-C34'-C35' 109(2) 02'-C32-C33' 99(2)
02'-C35-C34' 98(2)

Complex 10 crystallized in the orthorhombic space group C222; and contains a
crystallographic C; axis going through hydride H1 and perpendicular to the Cr1-Crl
vector. Due to the symmetry, the coordination geometry around the Cr is best
described as trigonal bipyramidal with axial vector of N1-Cr1-C27 and the calculated
15 value is 0.58. Complex 10 has two bridging methyl groups and one bridging hydride
in between two a-diimine chromium fragments. The bridging hydride and methyl
protons were located by X-ray difference map. The Cr-C bond lengths are 2.220(4)
and 2.231(4) A respectively. The Cr-H distance of 1.65(3) A is within the range of
bridging hydride complex of chromium. Unexceptionally, the Cr-N bong lengths are
1.968(2) A for Cr1-N1 and 1.994(2) A for Cr1-N2. The dianionic assignment for a-
diimine ligand agrees with the C-N single bond length of 1.372(4) and 1.374(4) A and
C-C double bond length of 1.342(5) A. The Cr-Cr distance of 2.4542(8) A in 10 is
lightly longer than that in 5. The room temperature magnetic moment of 10 was 3.1(1)

e per complex, presumably due to antiferromagnetic coupling. Because only diimine
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ligand signals can be observed in *H-NMR, 10 shows an identical spectrum to that of
5 with broad resonance and chemical shifts at 7.78, 5.60, 3.39 and 1.67 ppm.
C67

@ C68

Figure 3.10 Molecular structure of [(HLP"Cr)2(pePh)2(eH)] [Li(THF)]* (11) with
thermal ellipsoids at the 30% probability level. H1 has been located
on a difference map. Isopropyl groups and hydrogen atoms have
been omitted for clarity.
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Table 3.8 Interatomic distances (A) and angles (9 for [(FLPrCr)2(ePh)2(eH)]
[LI(THF)]* (11)

Distance (A)

Cr1-N2 2.005(2) Cr1-N1 2.038(2)
Cr1-C64 2.091(2) Cr1-C58 2.121(2)
Cr1-Cr2 2.5852(4) Cri-Lil 2.679(4)
Cri-H1 1.68(2) Cr2-N3 2.004(2)
Cr2-N4 2.025(2) Cr2-C64 2.343(2)
Cr2-C58 2.384(2) Cr2-H1 1.74(2)

Li1-01 1.880(4) Li1-C1 2.184(5)
Li1-N1 2.213(4) Li1-C2 2.233(5)
Li1-N2 2.300(4) N1-C1 1.395(2)
N1-C8 1.435(2) N2-C2 1.396(2)
N2-C20 1.434(2) N3-C27 1.348(3)
N3-C34 1.434(3) N4-C28 1.355(3)
N4-C46 1.439(3) 01-C65 1.444(3)
01-C68 1.449(3) C1-C2 1.342(3)
C3-C4 1.394(3) C3-C8 1.409(3)
C3-C10 1.518(3) C4-C5 1.374(4)
C7-C13 1.517(3) C5-C6 1.371(4)
C12-C13 1.535(4) C6-C7 1.399(3)
C13-C14 1.530(4) C7-C8 1.405(3)
C15-C20 1.406(3) C9-C10 1.533(3)
C16-C17 1.387(4) C10-C11 1.534(3)
C17-C18 1.369(4) C15-C16 1.396(3)
C18-C19 1.402(3) C15-C22 1.517(3)
C19-C20 1.410(3) C19-C25 1.510(4)
C21-C22 1.514(4) C24-C25 1.533(4)
C22-C23 1.523(4) C25-C26 1.531(4)
C27-C28 1.366(3) C29-C30 1.393(3)
C29-C34 1.410(3) C29-C36 1.519(4)
C30-C31 1.377(4) C33-C39 1.530(4)
C31-C32 1.369(4) C38-C39 1.533(4)
C32-C33 1.407(3) C39-C40 1.528(4)
C33-C34 1.396(3) C41-C46 1.408(3)
C35-C36 1.530(3) C42-C43 1.375(4)
C36-C37 1.524(4) C43-C44 1.374(4)
C41-C42 1.395(4) C44-C45 1.398(3)
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C41-C48 1.525(3) C45-C46 1.408(3)
C45-C51 1.507(3) C47-C48 1.528(5)
C50-C51 1.522(4) C48-C49 1.550(4)
C51-C52 1.530(4) C53-C54 1.386(3)
C53-C58 1.417(3) C59-C64 1.406(3)
C54-C55 1.370(4) C60-C61 1.374(4)
C55-C56 1.391(4) C61-C62 1.378(4)
C56-C57 1.394(3) C62-C63 1.384(3)
C57-C58 1.411(3) C63-C64 1.413(3)
C59-C60 1.394(3) C65-C66 1.480(4)
C66-C67 1.491(5) C67-C68 1.506(4)
Angles (9

N2-Cr1-N1 78.56(6) N2-Cr1-C64 109.58(7)
N1-Cr1-C64 108.96(7) N2-Cr1-C58 152.82(8)
N1-Cr1-C58 97.34(7) C64-Cr1-C58 97.22(8)
N2-Cr1-Cr2 131.32(5) N1-Cr1-Cr2 149.25(5)
C64-Cr1-Cr2 59.02(5) C58-Cr1-Cr2 59.90(5)
N2-Crl-Lil 56.7(1) N1-Crl-Lil 53.9(1)
C64-Crl-Li1 72.6(1) C58-Crl-Li1 140.5(1)
Cr2-Crl-Lil 130.9(1) N2-Crl-H1 93.7(8)
N1-Crl-H1 165.6(8) C64-Crl1-H1 85.0(8)
C58-Cr1-H1 83.9(8) Cr2-Crl-H1 41.8(8)
Li1-Cr1-H1 131.1(8) N3-Cr2-N4 80.41(7)
N3-Cr2-C64 155.51(7) N4-Cr2-C64 104.96(7)
N3-Cr2-C58 116.31(7) N4-Cr2-C58 113.70(7)
C64-Cr2-C58 83.90(7) N3-Cr2-Crl 132.23(5)
N4-Cr2-Crl 146.41(5) C64-Cr2-Crl 49.91(5)
C58-Cr2-Crl 50.34(5) N3-Cr2-H1 95.0(7)
N4-Cr2-H1 171.2(7) C64-Cr2-H1 76.3(7)
C58-Cr2-H1 75.0(7) Crl-Cr2-H1 40.1(7)
O1-Lil-C1 129.4(2) O1-Lil-N1 143.0(2)
C1-Li1-N1 36.99(9) O1-Lil1-C2 130.1(2)
C1-Li1-C2 35.3(1) N1-Li1-C2 63.1(2)
O1-Lil-N2 144.6(2) C1-Li1-N2 62.9(2)
N1-Lil-N2 69.1(2) C2-Li1-N2 35.82(9)
O1-Lil-Crl 156.8(2) Cl-Li1-Cr1 72.4(2)
N1-Li1-Crl 48.08(9) C2-Li1-Cr1 71.5(2)
N2-Li1-Crl 46.71(8) C1-N1-C8 113.3(2)
C1-N1-Crl 113.9(2) C8-N1-Crl 129.3(2)
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C1-N1-Lil
Cr1-N1-Lil1
C2-N2-Crl
C2-N2-Lil
Cr1-N2-Lil
C27-N3-Cr2
C28-N4-C46
C46-N4-Cr2
C65-01-Li1
C2-C1-N1
N1-C1-Lil
C1-C2-N2
N2-C2-Lil
C4-C3-C8
C8-C3-C10
C6-C5-C4
C6-C7-C8
C8-C7-C13
C7-C8-N1
C3-C10-C9
C9-C10-C11
C7-C13-C14
C14-C13-C12
C16-C15-C20
C20-C15-C22
C18-C17-C16
C18-C19-C20
C20-C19-C25
C15-C20-N2
C21-C22-C15
C15-C22-C23
C19-C25-C26
C26-C25-C24
N3-C27-C28
C30-C29-C34
C34-C29-C36
C32-C31-C30
C34-C33-C32
C32-C33-C39
C33-C34-N3
C29-C36-C37

70.4(2)

78.02)

115.5(2)
69.5(2)

76.6(2)

111.9(2)
114.8(2)
133.7(2)
122.3(2)
116.3(2)
72.6(2)

115.4(2)
74.7(2)

118.9(2)
121.5(2)
119.6(2)
118.6(2)
122.2(2)
118.7(2)
114.1(2)
110.1(2)
112.6(2)
110.1(2)
118.9(2)
121.7(2)
119.3(2)
118.6(2)
122.4(2)
118.5(2)
113.3(2)
110.0(2)
109.9(2)
110.1(2)
116.6(2)
118.7(2)
121.3(2)
119.9(3)
118.4(2)
117.8(2)
122.2(2)
113.7(2)

104

C8-N1-Lil
C2-N2-C20
C20-N2-Crl
C20-N2-Li1
C27-N3-C34
C34-N3-Cr2
C28-N4-Cr2
C65-01-C68
C68-01-Li1
C2-C1-Li1
C1-C2-Li1
C4-C3-C10
C5-C4-C3
C5-C6-C7
C6-C7-C13
C7-C8-C3
C3-C8-N1
C3-C10-C11
C7-C13-C12
C16-C15-C22
C17-C16-C15
C17-C18-C19
C18-C19-C25
C15-C20-C19
C19-C20-N2
C21-C22-C23
C19-C25-C24
N4-C28-C27
C30-C29-C36
C31-C30-C29
C31-C32-C33
C34-C33-C39
C33-C34-C29
C29-C34-N3
C29-C36-C35
C40-C39-C38
C42-C41-C48
C43-C42-C41
C43-C44-C45
C44-C45-C51
C45-C46-C41

136.0(2)
114.6(2)
127.8(2)
136.0(2)
118.1(2)
130.0(2)
110.4(2)
108.9(2)
128.7(2)
74.3(2)

70.3(2)

119.6(2)
121.4(2)
121.6(2)
119.2(2)
119.9(2)
121.4(2)
109.4(2)
110.9(2)
119.3(2)
121.4(3)
121.8(2)
118.9(2)
120.0(2)
121.5(2)
111.4(2)
113.2(2)
117.8(2)
119.7(2)
121.2(3)
121.3(3)
123.9(2)
120.5(2)
117.3(2)
109.8(2)
109.9(2)
119.5(2)
121.6(2)
121.1(2)
121.1(2)
120.6(2)



C37-C36-C35 110.4(2) C41-C46-N4 118.9(2)

C40-C39-C33 112.5(2) C41-C48-C49 110.1(2)
C33-C39-C38 110.5(2) C45-C51-C52 111.02)
C42-C41-C46 118.2(2) C55-C54-C53 120.6(2)
C46-C41-C48 122.3(2) C55-C56-C57 119.9(2)
C44-C43-C42 119.9(2) C57-C58-C53 114.6(2)
C44-C45-C46 118.5(2) C53-C58-Crl 121.8(2)
C46-C45-C51 120.4(2) C53-C58-Cr2 122.8(2)
C45-C46-N4 120.5(2) C60-C59-C64 122.1(2)
C41-C48-C47 113.6(3) C60-C61-C62 120.0(2)
C47-C48-C49 109.4(3) C62-C63-C64 122.1(2)
C45-C51-C50 113.4(2) C59-C64-Crl 125.2(2)
C50-C51-C52 110.1(2) C59-C64-Cr2 110.0(2)
C54-C53-C58 122.7(2) Cr1-C64-Cr2 71.07(6)
C54-C55-C56 119.3(2) C59-C64-C63 115.7(2)
C56-C57-C58 122.8(2) C63-C64-Crl 118.3(2)
C57-C58-Crl 122.4(2) C63-C64-Cr2 98.4(2)

C57-C58-Cr2 90.1(2) 01-C65-C66 106.8(2)
Cr1-C58-Cr2 69.76(6) C65-C66-C67 104.0(3)
C61-C60-C59 120.0(2) C66-C67-C68 102.9(2)
C61-C62-C63 120.1(2) 01-C68-C67 104.6(2)

Complex 11 crystallized in monoclinic space group P21/n and gave an
unexpected crystal structure compared to the other six complexes. Other than two
bridging phenyl rings and one bridging hydride in between diimine chromium
fragments, there is a direct interaction between the lithium counterion and one of the
diimine ligand. This diimine-lithium interaction was unusual in our chemistry, yet
examples of similar coordination exist.*®17 The Li(THF) fragment is coordinated to
the diimine ligand in a n*-manner with an average Li-N distance of 2.2565(4) A and
average Li-C distance of 2.2085(4) A. The lithium coordinated diimine ligand is
extremely reduced and exhibits an average C-N bong length of 1.395(2) A and C-C
bond length of 1.342(3) A. The other diimine ligand shows a less reduced feature with
average C-N bond length of 1.3515(3) A and C-C bond length of 1.366(3) A. Yet the
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Cr-N distances in the two diimine chromium fragments are not noticeable different
and range from 2.004(2) to 2.038(2) A. The Cr1-Cr2 distance of 2.5852(4) A is the
longest among those seven molecules (5-11). The two bridging phenyl rings are
obviously leaning toward Cr2 and have shorter Cr1-Cipso bond length. The bridging
carbon are about 0.2 A closer to Crl than Cr2 with 2.121(2) A, 2.091(2) A for Cr1-
C53, Cr1-C64 and 2.384(2) A, 2.343(2) A for Cr2-C53, Cr2-C64. On the other hand,
the Cr2-H1 bond length of 1.68(2) A is slightly shorter than Cr1-H1 bond length of
1.74(2) A. Despite the structural differences between 5 and 11, they share identical
'H-NMR spectra with broad resonance and chemical shifts at 7.86, 6.70, 4.13 and 1.19
ppm in THF-ds. Presumably, the lithium-diimine coordination only exist in solid state
11, while in THF solvent, 11 will share the similar structure of 5 as lithium cation
coordinated by four THF molecules. Thus, complex 11 is also assigned as Cr(l11)-
C(I11) dinuclear complex. The low room temperature magnetism of 3.4(1) & is also
due to antiferromagnetic coupling between two Cr(111) ions.

Similar reactions did not happen with the other lithium reagents mentioned
earlier (CH2SiMes, Np, Bz.). The yields of 10 and 11 are significantly lower than 5
and 6. Possibly, the formation of dialkyl(diaryl) hydrides could go through a

dissociation-association-alkylation process after 5 or 6 were generated (Scheme 3.8).
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Scheme 3.8  Plausible mechanism of formation of chromium di-phenyl hydride
complex

Presumably, the smaller bridging ligands of methyl and phenyl would leave a
coordination site open on the chromium center for coordinating solvent, such as THF.
After the coordination of one or more THF molecules, complex 5 would dissociate
into two monomers in a weak dissociation equilibrium. The re-association of
chromium mono-phenyl and chromium hydride would give a neutral binuclear
chromium aryl hydride, which would be captured by another equivalent of PhLi to
generate the final chromium bis(aryl)hydrido complex 11. While in a less polar
solvent system (e.g. pentane), the anionic complex 5 and 6 would precipitate out and
prevent any further reaction. In additional, no such bis(alkyl) hydride was observed in
reactions with TMS(CH_)Li, t-Bu(CH>)Li or Ph(CH>)Li, plausibly due to stronger

steric hindrance preventing solvent coordination.
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Table 3.9  Selected bond distances (A) of the diimine backbone, Cr-Cr
distances, intramolecular bond distances, 1s values and room
temperature magnetic moment per Cr () for complexes 5-11

Compound 5 6 7 8

Cr-Cr 2.4420(1) 2.4823(7) 2.4850(3) 2.4763(3)

Cr-C 2.236(9) 2.216(5) 2.197(2) 2.170(2)
2.31(1) 2.181(4) 2.304(2) 2.337(2)

Cr-H 1.69(3) 1.71(3) 1.74(2) 1.76(2)
1.68(3) 1.70(3) 1.73(2) 1.72(2)
1.69(2) 1.67(3) 1.74(2) 1.67(2)
1.68(4) 1.61(3) 1.73(2) 1.69(2)

Cr-N 1.956(4) 1.965(3) 1.958(2) 1.961(2)
1.959(4) 1.965(3) 1.999(2) 1.992(2)
1.966(4) 1.948(3) 1.970(2) 1.954(2)
1.960(4) 1.977(3) 2.000(2) 2.003(2)

C-N 1.364(6) 1.377(4) 1.371(2) 1.381(2)
1.373(6) 1.382(4) 1.372(2) 1.387(2)
1.367(6) 1.375(5) 1.378(2) 1.377(2)
1.369(6) 1.382(4) 1.378(2) 1.374(2)

Cc-C 1.330(7) 1.360(4) 1.352(2) 1.347(2)
1.331(7) 1.350(5) 1.345(2) 1.355(2)

15 (Crl) 0.56 0.11 0.55 0.33

15 (Cr2) 0.26 0.54 0.15 0.01

bt 2.9(1) 3.4(1) 2.1(1) 3.1(1)
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Table 3.9  Selected bond distances (A) of the diimine backbone, Cr-Cr
distances, intramolecular bond distances, ts values and room
temperature magnetic moment per Cr () for complexes 5-11

(continue)
Compound 9 10 11
Cr-Cr 2.4948(4) 2.4542(8) 2.5852(4)
Cr-C 2.325(2) 2.220(4) 2.121(2)
2.251(2) 2.231(4) 2.091(2)
2.384(2)
2.343(2)
Cr-H 1.75(2) 1.65(3) 1.68(2)
1.75(2) 1.74(2)
1.70(2)
1.73(2)
Cr-N 1.958(2) 1.968(2) 2.005(2)
2.017(2) 1.994(2) 2.038(2)
1.951(2) 2.025(2)
2.010(2) 2.004(2)
C-N 1.373(2) 1.372(4) 1.395(2)
1.380(2) 1.374(4) 1.396(2)
1.377(2) 1.348(3)
1.382(2) 1.355(3)
C-C 1.357(3) 1.342(5) 1.342(3)
1.348(3) 1.366(3)
15 (Crl) 0.12 0.58 0.22
15 (Cr2) 0.53 0.58 0.27
ket 2.5(1) 3.1(1) 3.4(1)

With a series of a-diimine chromium alkyl hydride complexes in hand, it is
interesting to make a solid state structural comparison of all first row transition metal
alkyl hydrides we know so far. Among a-diimine supported chromium alkyl hydride
complexes series, complexes 6, 9, 11 crystallized in the monoclinic space group P21/n
while 5, 7 and 8 crystallized in the triclinic space group P-1. Complex 10 crystallized
in the monoclinic space group C222;. Similarly, the bridging alkyl or aryl group sits
between two chromium centers, and forms a Cr2 binuclear core. All diimine ligands

are in dianionic form according to bond length of C-N (average 1.378(5) A) and C-C
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(average 1.352(5) A) bonds on the ligand backbones. Therefore, complexes 5-11 are
all Cr(I11)-Cr(111) dinuclear complexes and share similar distorted trigonal bipyramidal
/ square pyramidal coordination geometry around two chromium ions. Mindful of the
limitations of X-ray crystallography for locating hydrogen atoms, the bridging hydride
ligand range from 1.61(3) A to 1.75(2) A and are comparable to other reported
bridging hydride chromium complexes. Likewise, antiferromagnetic coupling between
chromium ions gave complex 5-11 magnetic moment measurement of 2.9(1), 3.4(1),
2.1(1), 3.1(1), 2.5(1), 3.1(1) and 3.4(1) . respectively at room temperature. Because

of the structural similarity of 5-11, they show similar *H-NMR spectra (Figure 3.11).

45 40 35 30 25 20 1.5 1.0 05 0.0

95 90 85 80 75 70 65 60 55 5.0
f1 (ppm)

Figure 3.11 'H-NMR spectra of 5,7,8,9 in CsDs and 6 in THF-ds due to poor
solubility in CeDe.

110



In order to make a comparison of complexes with similar alkyl hydride
systems, complex 10 is selected to make a comparison to McNevin’s
[bis(amidinate)] Ti2Cp2(jtMe)(jeH) complex. Complex 6 and 11 are compared to
Monillas’ (nacnac'™Cr)z(jePh)(eH) complex. And complex 7 is compared to
McAdams’ (nacnacMeCr),(leCH2TMS)(eH) complex. For both titanium methyl
hydride and chromium methyl hydride complexes, each metal ion has the same
oxidation state of +3 and five coordinated ligands. Presumably due to difference of
ligand systems and covalent radii (covalent radii: Ti = 1.60(8) A v.s. Cr = 1.39(5) A),
the Cr-Cr distance of 2.4542(8) A in 10 is significantly shorter than the Ti-Ti distance
of 2.9788(6) A in titanium complex.18 The bridging methyl is also closer to Cr center
(average Cr-C = 2.225(4) A) with smaller metal-C-metal angle (Cr1-C27-Cr2 =
66.9(1) 9 than those in Tiz(peMe)(eH) complex (average Ti-C = 2.273(3) A, Ti-C-Ti
=81.85(9) 9. The Cr-H bond length of 1.65(3) A is shorter than Ti-H average bond
length of 1.85(4) A. The Cr1-H1-Cr1 angle of 96.2(9) is sharper than Ti-H-Ti angle

of 107(2) <as well. The bond distances and angles are summed up in Scheme 3.9.
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Scheme 3.9  Selected bond distances and angles in Crz2(peMe)2(jeH) and Tiz2(j
Me)(leH) core

The solid state structures of 6 and 11 are more comparable to (nacnacCr)z(jt
Ph)(lH), due to their closely related ligand system. The bidentate nacnac ligand has a
fixed formal charge of -1. Thus, (nacnac'™Cr),(jePh)(ieH) exhibit a Cr(11)-Cr(11) core
with Cr-Cr distance of 2.68(1) A. The Cr(111)-Cr(I11) complex 6 and 11 show shorter
distances between two chromium ions of 2.4823(7) and 2.5852(4) A respectively,
presumably due to the face-sharing geometry in 6 and 11. The bridging ipso carbon of
phenyl ligands keep about the same distances to chromium centers in both ligand
systems with average Cr-Cipso bond length of 2.198(5) A for 6, 2.234(2) A for 11 and
2.211(2) A for nacnac’™ Cr complex. The Cr-H bond length are even similar and range
from 1.61(3) to 1.71(3) A for 6, from 1.68(2) to 1.74(2) A for 11 and from 1.70(3) to

1.69(3) A for nacnac’™ Cr complex. The bridging carbon angles are slightly sharper in
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6 (68.7(1)9 and 11 (69.76(6) < 71.07(6) 9 than that in (nacnac™™Cr)2(jtPh)(eH)

(72.86(8) 9. The selected atom distances and angles are summed up in Scheme 2.10.

@Q@

v
68.74(12)°
Cr .Cr
"//H WY I
Pr. 97.3(12° 7 N %.4
H H
Nec-zz 69 76(6
’ \r,,LI (THF)
"N /) Cr,, 9% 07(11

'/,, \\\
1, W
//H\\

71.07(6)°
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Scheme 3.10 Selected bond distances and angles in Crz2(jePh)(leH)2, Cra(e
Ph)2(jeH) and Crz(jPh)(jeH) core
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Scheme 3.11 Selected bond distances and angles in Crz(peCH2TMS)(jeH)2 and
Cr2(JtCH2TMS)(peH) core

Similarly, the Cr-Cr distance of 2.4850(3) A in 7 is shorter than that of
2.6026(9) A in MacAdams’ (nacnacMCr),(rCH2TMS)(eH). The difference might
result from the combination of the face-sharing geometry of Cr(I11)-Cr(l11) core in 7
and the edge-sharing geometry of Cr(11)-Cr(11) core in (nacnacMeCr)(JxCH2TMS) (e
H). The chromium bridging carbon distances are very close in both ligand systems
with average Cr-C bond length of 2.250(2) A for 7 and 2.239(4) A for nacnac™® Cr
complex. The Cr-H bond lengths are also very similar and range from 1.73(1) to
1.74(1) A'in 7 and from 1.67(7) to 1.78(7) A in (nacnac™eCr)2(tCH2TMS)(jtH).
Presumably, due to the face-sharing geometry of 7, all the angles of bridging ligands

are more acute in 7 than those in nacnac'™ system (Scheme 3.11).
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The synthesis and isolation of neutral chromium alkyl-hydride supported by
diimine ligand is still outstanding. Attempts of mixing bis-alkyl hydride with
(HL™P"Cr)(eCl)2 did not give any desired complex, but only unidentifiable chromium
diimine fragments and free ligands. Similar decomposition results also were observed
when 7 was oxidized by lead(Il) chloride, silver triflate, ferrocenium triflate or
aminium radical cation (magic blue). Serval cationic carbon reagents and stable
radicals, like triphenylmethyl halide, trimethyloxonium, (2,2,6,6-tetramethylpiperidin-
1-yl)oxyl (TEMPO), were tested to generate neutral chromium alkyl(aryl)-hydride
complexes via hydride abstraction. Only trimethyloxonium tetrafluoroborate reacted
with [("L™"Cr)2(peCH2TMS) (eH)2] [Li(THF)3(Et20)]* (7) resulting a clean product
(Scheme 3.12). 1 eq. of Me3OBF4 was added to a THF solution of 7 at -30<C. After 5
min stirring, the reaction was complete and changed color from violet to brown. The
THF was removed under vacuum and the remaining solid was extracted with pentane.
Complex 12 was recrystallized out of pentane solution at -30<C in 79% yield. Instead
of getting a neutral alkyl-hydride LoCrz2(jprCH2.TMS)(tH), X-ray crystallography
revealed that the methyl cation attacked one carbon on the diimine ligand backbone
and left the Cr2(jeH)(eCH2TMS) core intact. The solid state structure, bond

distances, and angles of 12 are displayed in Figure 3.12 and Table 3.9 respectively.

r@ ’Pr@ Q ’Pr@’Pr
Me3OBF,, THF H

(ol e
rt, 5min N \ / N Me

r. f,’Pr r. f, ipr, f,’Pr H ipr, i,’Pr

Scheme 3.12 Reaction of [(HLP'Cr)2(tCH2TMS)(tH)2]" with MesOBF4

N LJir(THF)3(Et20)
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Figure 3.12 Molecular structure of ("L*P'Cr) (MeH2LPrCr)(eCH2TMS)(jeH):2
(12) with thermal ellipsoids at the 30% probability level. H1, H2,
H27A, H27B, H53A, H53B, H57A, H57B and H57C have been
located on a difference map. Isopropyl groups and hydrogen atoms
have been omitted for clarity.

116



Table 3.10 Interatomic distances (A) and angles (9 for (FLP*Cr) (MeH2LIPrCr) (e
CH2TMS)(leH)2 (12)

Distances (A)

Cri-N1 1.986(2) Cri-N2 2.020(2)
Cr1-C53 2.424(2) Cr1-Cr2 2.5100(5)
Cr1-H1 1.82(2) Cr1-H2 1.75(2)
Cr2-N3 1.917(2) Cr2-N4 2.107(2)
Cr2-C53 2.130(2) Cr2-H1 1.70(2)
Cr2-H2 1.71(2) Si1-C56 1.865(3)
Si1-C53 1.867(2) Si1-C55 1.878(3)
Si1-C54 1.884(3) N1-C1 1.361(3)
N1-C8 1.440(3) N2-C2 1.333(3)
N2-C20 1.438(3) N3-C34 1.444(3)
N3-C27 1.445(3) N4-C28 1.271(3)
N4-C46 1.463(3) C1-C2 1.368(3)
C3-C4 1.404(4) C3-C8 1.408(3)
C3-C10 1.520(4) C4-C5 1.359(4)
C7-C13 1.520(4) C5-C6 1.376(4)
C12-C13 1.530(4) C6-C7 1.401(4)
C13-Cl14 1.521(4) C7-C8 1.396(3)
C15-C20 1.402(3) C9-C10 1.522(4)
C16-C17 1.363(5) C10-C11 1.524(4)
C17-C18 1.374(5) C15-C16 1.396(4)
C18-C19 1.390(4) C15-C22 1.512(4)
C19-C20 1.410(3) C19-C25 1.521(4)
C21-C22 1.524(4) C24-C25 1.534(3)
C22-C23 1.527(4) C25-C26 1.535(4)
C27-C28 1.503(3) C27-H27A 0.94(3)
C27-H27B 0.97(3) C28-C57 1.498(3)
C29-C30 1.401(4) C29-C34 1.402(4)
C29-C36 1.519(4) C30-C31 1.363(5)
C33-C39 1.521(4) C31-C32 1.361(5)
C38-C39 1.494(5) C32-C33 1.404(4)
C39-C40 1.535(4) C33-C34 1.408(4)
C41-C46 1.407(3) C35-C36 1.528(4)
C42-C43 1.370(4) C36-C37 1.528(4)
C43-C44 1.378(4) C41-C42 1.392(3)
C44-C45 1.391(3) C41-C48 1.522(3)
C45-C46 1.398(3) C45-C51 1.518(3)
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C47-C48 1.530(4) C50-C51 1.536(4)
C48-C49 1.519(4) C51-C52 1.529(4)
C53-H53A 0.99(3) C53-H53B 1.05(3)
Angles (9
N1-Cr1-N2 79.97(7) N1-Cr1-C53 124.66(8)
N2-Cr1-C53 119.24(8) N1-Cr1-Cr2 139.25(5)
N2-Cr1-Cr2 140.32(6) C53-Cr1-Cr2 51.12(6)
N1-Crl-H1 157.9(7) N2-Cr1-H1 99.5(7)
C53-Cr1-H1 75.1(7) Cr2-Crl-H1 42.6(7)
N1-Crl-H2 96.7(8) N2-Cr1-H2 165.7(7)
C53-Cr1-H2 74.1(7) Cr2-Crl-H2 42.9(8)
H1-Cr1-H2 78(1) N3-Cr2-N4 80.42(7)
N3-Cr2-C53 134.98(8) N4-Cr2-C53 100.89(8)
N3-Cr2-Crl 140.98(6) N4-Cr2-Crl 136.33(5)
C53-Cr2-Crl 62.35(6) N3-Cr2-H1 95.5(8)
N4-Cr2-H1 173.1(8) C53-Cr2-H1 85.9(8)
Crl-Cr2-H1 46.4(8) N3-Cr2-H2 141.6(7)
N4-Cr2-H2 97.0(8) C53-Cr2-H2 83.3(7)
Cr1-Cr2-H2 44.1(8) H1-Cr2-H2 83(2)
C56-Si1-C53 107.7(2) C56-Si1-C55 109.5(2)
C53-Si1-C55 109.9(2) C56-Si1-C54 109.2(2)
C53-Si1-C54 113.5(2) C55-Si1-C54 107.0(2)
C1-N1-C8 114.8(2) C1-N1-Crl 113.8(2)
C8-N1-Crl 130.6(2) C2-N2-C20 117.6(2)
C2-N2-Crl 112.9(2) C20-N2-Crl 129.4(2)
C34-N3-C27 111.3(2) C34-N3-Cr2 130.8(2)
C27-N3-Cr2 116.6(2) C28-N4-C46 118.9(2)
C28-N4-Cr2 114.7(2) C46-N4-Cr2 126.3(2)
N1-C1-C2 115.8(2) N2-C2-C1 117.4(2)
C4-C3-C8 117.4(2) C4-C3-C10 120.3(2)
C8-C3-C10 122.3(2) C5-C4-C3 121.4(2)
C4-C5-C6 120.6(3) C5-C6-C7 120.9(3)
C8-C7-C6 118.0(2) C8-C7-C13 121.9(2)
C6-C7-C13 120.1(2) C7-C8-C3 121.6(2)
C7-C8-N1 120.3(2) C3-C8-N1 118.0(2)
C3-C10-C11 112.2(2) C3-C10-C9 111.7(2)
C11-C10-C9 110.5(2) C7-C13-C12 113.4(2)
C7-C13-C14 110.3(2) C16-C15-C22 120.1(3)
C14-C13-C12 109.5(2) C17-C16-C15 121.9(3)
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C16-C15-C20 117.8(3) C17-C18-C19 121.3(3)

C20-C15-C22 122.1(2) C18-C19-C25 118.3(2)
C16-C17-C18 119.9(3) C15-C20-C19 120.7(2)
C18-C19-C20 118.3(3) C19-C20-N2 121.0(2)
C20-C19-C25 123.4(2) C15-C22-C21 114.0(3)
C15-C20-N2 118.2(2) C19-C25-C26 111.3(2)
C15-C22-C23 110.5(2) N3-C27-H27A 117(2)
C23-C22-C21 110.8(2) N3-C27-H27B 114(2)
C19-C25-C24 112.4(2) H27A-C27-H27B  98.(2)
C24-C25-C26 108.9(2) N4-C28-C27 116.2(2)
N3-C27-C28 111.4(2) C30-C29-C34 118.5(3)
C28-C27-H27A 107(2) C34-C29-C36 121.8(2)
C28-C27-H27B 108(2) C32-C31-C30 120.5(3)
N4-C28-C57 127.2(2) C32-C33-C34 118.1(3)
C57-C28-C27 116.6(2) C34-C33-C39 122.4(2)
C30-C29-C36 119.6(3) C29-C34-N3 121.2(2)
C31-C30-C29 121.2(3) C37-C36-C29 111.3(3)
C31-C32-C33 121.3(3) C29-C36-C35 113.2(3)
C32-C33-C39 119.5(3) C38-C39-C33 111.5(3)
C29-C34-C33 120.3(2) C33-C39-C40 112.2(3)
C33-C34-N3 118.5(2) C42-C41-C46 116.8(2)
C37-C36-C35 109.7(2) C46-C41-C48 122.2(2)
C38-C39-C40 109.7(3) C42-C43-C44 120.1(2)
C42-C41-C48 121.0(2) C44-C45-C46 118.1(2)
C43-C42-C41 122.1(2) C46-C45-C51 123.3(2)
C43-C44-C45 120.8(2) C45-C46-N4 120.6(2)
C44-C45-C51 118.6(2) C49-C48-C41 112.1(2)
C45-C46-C41 122.1(2) C41-C48-C47 111.7(2)
C41-C46-N4 117.3(2) C45-C51-C52 111.8(2)
C49-C48-C47 111.4(2) C52-C51-C50 109.0(2)
C45-C51-C50 111.2(2) Si1-C53-Cr2 112.3(2)
Si1-C53-Crl 129.2(2) Cr2-C53-Crl 66.53(6)
Si1-C53-H53A 110(2) Cr2-C53-H53A 105(2)
Cr1-C53-H53A 120(2) Si1-C53-H53B 99(2)
Cr2-C53-H53B 125(2) Cr1-C53-H53B 59(2)

H53A-C53-H53B  105(2)

12 crystallized in monoclinic space group C2/c. The bridging alkyl group, two

bridging hydrides and one diimine-chromium fragment remained the same as those in
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complex 7, while the other diimine ligand is methylated on a backbone carbon. The
square pyramidal geometry around Crl with ts value of 0.15 has a tilted axial vector
of Cr1-C53. The coordination geometry around Cr2 is best described as distorted
trigonal bipyramidal with axial vector of N4-Cr2-H1 and 15 value of 0.50. The
bridging hydrides, methylene protons and protons on the methylated ligand backbone
were located on a X-ray difference map. Compared to complex 7, the bridging carbon
C53 moves even further away from Cr1 with Cr1-C53 bond length of 2.424(2) A and
closer toward Cr2 with Cr2-C53 bond length of 2.130(2) A. The Cr-H distances of the
bridging hydrides range from 1.70(2) A to 1.82(2) A. The distance between two
chromium atoms (Cr1-Cr2 = 2.5100(5) A\) is slightly shorter than that in 7 (Cr1-Cr2 =
2.4850(3) A). The unreacted ligand is still dianionic with average C-N bond length of
1.347(3) A and C-C bond length of 1.368(3) A. Instead, the other ligand has a methyl
group on C28 and two protons on C27. Thus, the M&H2IP" was functionalized and
became a monoanionic amine-imine ligand with a N3-C27 single bond of 1.445(3) A,
a C27-C28 single bond of 1.503(3) A and a N4-C28 double bond of 1.271(3) A.
Presumably, after the bond formation of methylene carbon C28 and methyl C57, the
proton migrated onto adjacent C27. Therefore, complex 11 has one dianionic diimine
ligand, one monoanionic amine-imine ligand, one bridging alkyl ligand and two
bridging hydrides for two Cr(l11) ions. The ligand activation is similar to CO and
(FsC)C=C(CFs3) addition onto the ligand of (Lent:n*-HL"™),Cr.. The electron rich
ligand backbone is more attractive to the electron deficient Me*. The brown CsDs
solution of 12 showed a very similar *tH-NMR spectrum as 7 with broad resonance and

chemical shift at 21.26, 9.33, 3.87 and 1.54-1.25 ppm. The room temperature magnetic
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moment of 3.6(1) 1B per complex is consistent with antiferromagnetic coupling of

chromium atoms in a-diimine chromium alkyl-hydride series.
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Figure 3.13 'H-NMR spectra of reductive elimination of 7. The (#) denotes the
characteristic peak belong to 7, the (*) denotes the chemical shift of
tetramethylsilane and (x) denotes the coordinated solvent of 7

Given the successful synthesis and isolation of those first row transition metal
alkyl(aryl) hydride complexes, the question about their stability/reactivity becomes
more pressing, as the reductive elimination reaction is expected to be
thermodynamically favorable and kinetically facile. As a series of chromium

alkyl(aryl) hydride complexes supported by redox non-innocent diimine ligands were
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synthesized successfully and isolated in good yield, the study of the reactivity of those
complex 5-11 become possible. Monitored by *H-NMR spectroscopy, all anionic
alkyl(aryl) hydride complexes would undergo reductive elimination at certain
temperature and gave corresponding alkane/arene as the major organic product (take 7
for example as shown in Figure 3.13). Due to the paramagnetism of the chromium a-
diimine complexes, the inorganic product could not be easily identified. With the help
of crystallization and X-ray crystallography, a dianionic (HL*'Cr)a(eH)2(LiTHF),
complex was identified as a major inorganic product. However, no meaningful
inorganic product could be isolated or identified for 10 and 11. One possible
mechanism of the thermal decomposition reaction of complex 5-9 is best described as
reductive elimination followed reassembly of inorganic fragments (Scheme 3.12 a). It
is also possible that the reductive elimination occurs after the dissociation of Cr

alkyl(aryl) hydride complex (Scheme 3.12 b).
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Scheme 3.13 Plausible mechanisms of decomposition reaction of 5-9
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According to the hypothesis a) stated above, the decomposition rates of a-
diimine Cr alkyl/aryl hydride complexes should be controlled by the reductive
elimination step. Therefore, the observed decomposition rate of alkyl/aryl hydrides
may represent the rate of reductive elimination and was predicted to be first order
reaction. If mechanism b) is operative, the observed rate law of decomposition could
be more complicated. The thermal stability of complexes 5-11 was monitored by *H-
NMR in CeéDs (5, 7, 8, 9, 10) and THF-d8 (6, 11) in sealed J-Young tubes. The
bridging alkyl/aryl ligands show strong impact on the thermal stability of Cr alkyl/aryl
hydride complexes. Complex 5 and 10 have the same thermal stability and would not
undergo reductive elimination or any reaction until heated up to 85<C. Judged by the
integration of *H-NMR spectra, even at that high temperature, both complexes remain
remarkable inert and only show <5% decomposition over 48h. Complex 6 and 11 are
the second most stable with <20% decomposition at 75<C over 6 h in THF-ds. At the
same temperature over 70% of 7 decomposed within 6 h in CéDe. The most reactive
two are complex 8 and 9. At room temperature, less than 30% of 8 and over 60% of 9
had decomposed in C¢Ds solution after 6 days. The other Cr alkyl hydrides did not
decompose at room temperature.

The most interesting comparison lies in the big difference of decomposition
rates between complex 7 and 8, despite their difference of only one atom. Due to the
inaccuracy of integration of broad and overlapping *H-NMR resonances, the
decomposition rates were measured by UV-Vis spectroscopy. A THF solution (3ml)
of 7 (8.06><10°M) or 8 (8.16<10°M) were warmed up to 40 <C and were measured by

UV-Vis. The decay of samples were monitored by the absorption band at 530 nm.
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Equation y=a+b*
Plot LN[TMS] LN[tBu]

| Weight No Weighting
21 0 - Intercept 202575 £0.00112 2.09049 £ 6.40726E—4
Slope ~93252E-7+347238E-8  —1.79689E6 £ 1.96246E-8
. & Residual Sum of Squares 0.00276 9.2115E-4
- Pearson's r -0.94174 -0.9945
2.08 4 R-Square(COD) 0.88687 0.98903
’ Adj. R-Square 0.88564 0.98891
2.06 = LN[TMS]
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Figure 3.14 First order decay of 7 and 8 in THF

Figure 3.14. shows the best fitting for first order reaction, and the
decomposition rates for 7 and 8 are 9.3x107s and 18.0x<107" s* respectively. The
linear fitting for O order or 2" order reaction were less correlated. Despite the poor
linear fitting, the decomposition of a-diimine alkylhydrido chromium is best described
as 1% order reaction and implied that hypothesis a) is more likely. The faster
decomposition rate of 7 than that of 8 is plausibly due to the beta-silicon effect via
silicon hyperconjugation. It has been established that a -silyl group can efficiently
stabilize cationic carbon in organic chemistry.19-20:21 But no such argument has been

discussed in inorganic chemistry based on literature investigation. Hypothetically, the
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trimethylsilyl group stabilized the Cr(I11) cation and lower the energy state of 7. Thus
the reductive elimination activation energy of 7 is slightly higher than 8, which results
in higher stability of 7.

In conclusion, alkylation of ("L'™"Cr)2(jeH)2 as a new strategy of synthesizing
alkyl hydrides was explored and a series of hydridoalkyl Cr complexes supported by
a-diimine ligand were synthesized, namely [("L™'Cr)z2(peMe)(eH)2] [Li(THF)4]* (5),
[("LP'Cr)2(ePh)(eH)2] [LI(THF)a]* (6), [(TL™'Cr)2(prCH2TMS) (peH)2]
[Li(THF)3(Et0)]* (7), [(HLP'Cr)2(jeCH2'BU)(eH)2] [Li(THF)s(Et.0)]" (8),
[("LP"Cr)2(CH2Ph) (eH)2] [LI(THF)4] " (9), [("L™'Cr)2(peMe)(1eH)]
[Li(THF)3(Et20)]* (10), [(HL™"Cr)2(ePh), ()eH)][Li(THF)]* (11) and (HL™'Cr)
(MeH2LPICr) (LeCHZ2TMS) (LeH)2 (12). Those new complexes are the first examples of
first row transition metal alkyl hydride complexes supported by redox noninnocent
ligand. The bridging alkyl ligand shown significant impact on the stability of
hydridobisalkyl chromium. And the decomposition of 7 and 8 were measured by UV-

Vis spectroscopy.
3.3 Experimental

3.3.1 General Considerations

All manipulations were carried out with standard Schlenk, high vacuum line,
and glovebox techniques. Pentane, diethyl ether, tetrahydrofuran, and toluene were
dried by passing the solvent through activated aluminum columns followed by a
nitrogen purge to remove dissolved oxygen. THF-dg was predried over potassium
metal and stored under vacuum over Na/K. CD,Cl, was predried with P2Os and stored

under vacuum over 4 A molecular sieves. CsDs Was predried with sodium metal and
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stored under vacuum over Na/K. CrCls (anhydrous) and sodium metal were purchased
from Strem Chemical Co.. CrCl3(THF)s, and diimine ligand was prepared by literature
procedures. All other reagents were purchased from Aldrich or Acros and dried using
standard procedures when necessary.

NMR spectra were recorded on a Bruker DRX-400 spectrometer and were
referenced to the residual protons of the solvent (THF-ds, 1.73 and 3.58 ppm; CD2Cl>,
5.32 ppm; CDCls, 7.27 ppm; Ce¢Ds, 7.15 ppm). FTIR spectra were taken on a Magna-
IR E. S. P. 560 spectrometer. UV/vis spectra were taken on a Thermo UV-1
spectrophotometer. Mass spectral data were collected at the University of Delaware
Mass Spectrometry Facility in electron ionization mode (+15eV); however no
chromium containing fragments were detected for any of the complexes. Elemental
analyses were performed by Robertson Microlit Laboratories Inc. (in Ledgewood, NJ).
Room-temperature magnetic susceptibility (ym) measurements were carried out using a
Johnson Matthey magnetic susceptibility balance unless otherwise stated. Molar
magnetic susceptibilities were corrected for diamagnetism using Pascal constants and

converted into effective magnetic moments (er).

3.3.2 Preparation of (FL"P"Cr)2(jeH)2 (4)

(HL™P"Cr(CH2TMS)(THF) (0.500 g, 0.852 mmol) was placed in an ampoule
with a stir bar and 25mL diethyl ether and attached to a vacuum manifold. Three
freeze-pump-thaw cycles were performed and then 1 atm of dry hydrogen was
admitted to the ampoule. The remaining hydrogen and diethyl ether were removed
after stirring overnight and the ampoule was brought back into the dry box, where the
residue was extracted with pentane. The solution was filtered, concentrated and cooled

to -30 °C to yield green crystals of 4 (0.292 g, 80 %). *H NMR (CsDs): 27.90 (4H,
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CH=CH), 9.48 (12H, aromatic), 4.47 (8H, iPr), 2.17, 2.15, 0.20 (48H, iPr) ppm. IR
(KBr; cm™®): 3064(w), 2962 (s), 2927 (m), 2867 (m), 1627 (w), 1579 (w), 1463 (m),
1438 (m), 1382 (m), 1361 (m), 1322 (m), 1261 (m), 1222 (w), 1178 (w), 1110 (w),
1058 (w), 1041 (w), 935 (w), 883 (w), 867 (w), 798 (m), 757 (m). Anal. Calcd. for
Cs2H74CroN4: C, 72.69; H, 8.68; N, 6.52. Found: C, 66.86; H, 7.91; N, 6.33. UV/Vis
(e, Mtem™) 426 (3124), 506 (1862), 647 (1006). Yefr (294K) = 2.3(1) ye. M.p.: 158
<C. Elemental analysis consistently gave values that were significantly low in carbon
and hydrogen and high in nitrogen. The exact cause is unknown, but could be due to

decomposition of the complex.

3.3.3 Preparation of [(HLP"Cr)2(jtMe)(eH)2] [Li(THF)4]* (5)

(HL™"Cr)2(jeH)2 (0.100 g, 0.116 mmol) was dissolved in mix solvent of Et,0O
(20 ml) with 3 drops of THF and cooled to -30°C. LiMe (0.5 M in Et,0, 0.232 ml,
0.116 mmol) was then added and the solution was stirred at room temp. for 10 min.
The solvent was removed, and the residue was washed with pentane and extracted into
THF. The THF solution was concentrated by vaccum and layered with pentane to give
[(HLPCr)2(eMe) (LeH)2] [Li(THF)a]* in 63% yield. 'H NMR (CsDe):.7.78 (12H,
aromatic), 5.60 (4H, HC=CH), 3.39 (8H, iPr), 3.26 (THF), 1.67 (48H, iPr), 1.29 (THF)
ppm.IR (KBr; cm™): 3051 (m), 2960 (s), 2928 (m), 2866 (m), 1622 (m), 1579 (m),
1460 (m), 1429 (m), 1380 (w), 1353 (w), 1245 (m), 1188 (m), 1175 (w), 1035 (m),
837 (w), 797 (m), 765 (M).. UV/Vis (THF, Amax, nm (g, Mlem™)) 461 (4973), 527
(6382), 612 (6879). per (294K) = 2.9(1) Ws. M.p.: 253 T
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3.3.4 Preparation of [(HLP"Cr)2(pePh)(LeH)2] [Li(THF)4]* (6)

(HL™P'Cr)2(eH)2 (0.100 g, 0.116 mmol) was dissolved in pentane (10 ml) with
3 drops of THF and cooled to -30°C. PhLi (1.8 M in Bu2O, 0.065 ml, 0.116 mmol)
was then added and the solution was stirred at room temp. for 10 min. The solvent was
removed, and the residue was washed with pentane and extracted into THF. The THF
solution was concentrated by vacuum and layered with pentane to give [("L™"Cr)a(Le
Ph)(LeH)2] [Li(THF)4]" in 60% yield.*H NMR (THF-ds): 7.86 (12H, aromatic), 6.70
(4H, HC=CH), 4.13 (8H, iPr), 1.19 (48H, iPr) ppm. IR (KBr; cm™): 3050 (w), 2956
(s), 2925 (m), 2867 (M), 1622 (m), 1571 (m), 1462 (m), 1435 (m), 1384 (m), 1361
(m), 1314 (m), 1252 (m), 1178 (m), 1104 (m), 1042 (m), 796 (M), 754 (m). UV/Vis
(THF, Amax, nm (g, Mlem™)) 463 (5133), 530 (5981), 617 (5240). Hett (294K) = 3.4(1)
Ws. M.p.: 226 °C

3.3.5 Preparation of [(HLP"Cr)2(tCH2TMS)(eH)2] [Li(THF)3(Et20)]*
(7)

(HL™P'Cr)2(eH)2 (0.100 g, 0.116 mmol) was dissolved in pentane (10 ml) with
3 drops of THF and cooled to -30°C. LiCH2SiMes (0.7 M in hexane, 0.166 ml, 0.116
mmol) was then added and the solution was stirred at room temp. for 10 min. The
solvent was removed, and the residue was washed with pentane and extracted into
THF. The THF solution was concentrated by vacuum and layered with pentane to give
[(FLP"Cr)2(LeCH2TMS) (LeH)2] [Li(THF)3(Et20)]* in 70% yield *H NMR (C¢Ds):.8.52
(12H, aromatic), 4.65 (4H, HC=CH), 3.55 (8H, iPr), 3.26 (THF), 1.84 (48H, iPr), 1.32
(THF), 1.10 (Et20) ppm. IR (KBr; cm™): 3050 (m), 2960 (s), 2927 (m), 2867 (m),
1622 (m), 1579 (m), 1462 (m), 1431 (m), 1380 (w), 1357 (w), 1240 (m), 1197 (m),
1170 (w), 1112 (m), 1034 (m), 839 (m), 796 (m), 765 (m), 695 (w). Anal. Calcd. for
C72H116Cr2LiIN4O4SI: C, 69.7; H, 9.42; N, 4.52. Found: C, 55.88; H, 7.56; N, 5.83.
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UV/Vis (THF, Amax, nm (g, Mlcm™)) 465 (5349), 527 (6334), 621 (5282). peft (294K)
=2.1(1) yg. M.p.: 170 <TC. Elemental analysis consistently gave values that were
significantly low in carbon and hydrogen and high in nitrogen. The exact cause is

unknown, but could be due to incomplete combustion of the cation/anion pair.

3.3.6 Preparation of [(HL'P"Cr)2(jtCH2'Bu)(LeH)2] [Li(THF)3(Et20)]* (8)

(HL™'Cr)2(eH)2 (0.100 g, 0.116 mmol) was dissolved in pentane (10 ml) with
3 drops of THF and cooled to -30°C. LiCH2CMez (0.2 M in Et20, 0.580 ml, 0.116
mmol) was then added and the solution was stirred at room temp. for 10 min. The
solvent was removed under vacuum, and the residue was washed with pentane and
extracted into THF. The THF solution was concentrated by vacuum and layered with
pentane to give [(HL™"Cr)2(jeCH2'Bu)(eH)2] [Li(THF)s(Et20)]* in 60% yield. *H
NMR (CeDs):.8.53 (12H, aromatic), 4.81 (4H, HC=CH), 3.55 (8H, iPr), 3.26 (THF),
1.81 (48H, iPr), 1.32 (THF), 1.10 (Et,0) ppm. IR (KBr; cm™): 3050 (m), 2960 (s),
2927 (m), 2867 (m), 1622 (m), 1579 (m), 1460 (m), 1431 (m), 1380 (w), 1353 (W),
1240 (m), 1200 (m), 1171 (w), 1112 (m), 1035 (m), 839 (M), 797 (M), 765 (M), 695
(W). UV/Vis (THF, Amax, nm (g, M'lem™)) 470 (4612), 534 (6149), 614 (5167). petr
(294K) = 3.1(1) ps. M.p.: 143 <C.

3.3.7 Preparation of [(FLP"Cr)2(leCH2Ph)(eH)2] [Li(THF)4]* (9)

(HL™"Cr),(eH)2 (0.100 g, 0.116 mmol) was dissolved in mix solvent of
pentane (10 ml) with 3 drops of THF and cooled to -30°C. LiCH2Ph (0.5 M in Et20,
0.232 ml, 0.116 mmol) was then added and the solution was stirred at room temp. for
10 min. The solvent was removed, and the residue was washed with pentane and

extracted into THF. The THF solution was concentrated by vacuum and layered with
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pentane to give [(HL"P"Cra(jeBz)(leH)2] Li*(THF)4 in 65% vyield. *H NMR
(CeDs):.8.21 (12H, aromatic), 5.34 (4H, HC=CH), 3.53 (8H, iPr), 3.26 (THF), 1.75
(48H, iPr), 1.32 (THF) ppm. IR (KBr; cm™): 3050 (w), 2954 (s), 2925 (m), 2866 (m),
1624 (m), 1570 (m), 1465 (m), 1433 (m), 1384 (m), 1360 (m), 1314 (m), 1256 (m),
1178 (m), 1105 (m), 1042 (m), 796 (m), 754 (m). Anal. Calcd. for C76H111Cr2LiN4Oa:
C,72.7; H,8.91; N, 4.46. Found: C, 60.24; H, 7.33; N, 5.17. UV/Vis (THF, Amax, NM
(e, Mlem™)) 470 (4583), 528 (5743), 617 (4858). Hett (294K) = 2.5(1) ps. M.p.: 163
<C. Elemental analysis consistently gave values that were significantly low in carbon
and hydrogen and high in nitrogen. The exact cause is unknown, but could be due to

incomplete combustion of the cation/anion pair.

3.3.8 Preparation of [(HL'P"Cr)2(ltMe)2(eH)] [Li(THF)3(Et20)]* (10)

(HL™P'Cr)2(eH)2 (0.100 g, 0.116 mmol) was dissolved in THF (10 ml) and
cooled to -30°C. LiMe (0.5 M in Et20, 0.464 ml, 0.232 mmol) was then added and the
solution was stirred at room temp. for 10 min. The THF was removed, and the residue
was washed with pentane and extracted into THF. The THF solution was concentrated
by vacuum and layered with pentane to give [(HL""Cr)2(eMe)2(eH)]
[Li(THF)3(Et.0)]* in 40% yield. 'H NMR (C¢Ds¢):.7.78 (12H, aromatic), 5.60 (4H,
HC=CH), 3.39 (8H, iPr), 3.26 (THF), 1.67 (48H, iPr), 1.32 (THF) ppm. IR (KBr; cm’
1): 3050 (M), 2960 (S), 2927 (M), 2867 (M), 1622 (M), 1579 (M), 1460 (M), 1431 (m),
1380 (w), 1353 (w), 1245 (m), 1191 (m), 1177 (w), 1035 (m), 839 (w), 797 (M), 765
(M).UV/Vis (THF, Amax, nm (g, Mlcm™)) 462 (4476), 527 (5807), 612 (5984). Wetr
(294K) = 3.1(1) ps. M.p.: 249 T
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3.3.9 Preparation of [(HLP'Cr)2(ltPh)2(eH)][Li(THF)]* (11)

(FL™P'Cr)2(peH)2 (0.100 g, 0.116 mmol) was dissolved in THF (10 ml) and
cooled to -30°C. PhLi (1.8 M in Bu0, 0.065 ml, 0.116 mmol) was then added and the
solution was stirred at room temp. for 10 min. The THF was removed, and the residue
was washed with pentane and extracted into THF. The THF solution was concentrated
by vacuum and layered with pentane to give [(HL"™'Cr)2(ePh)2(eH)] [Li(THF)]* in
30% yield. *H NMR (THF-ds): 7.86 (8H, iPr), 6.70 (4H, HC=CH), 4.13 (12H,
aromatic), 1.19 (48H, iPr) ppm. IR (KBr; cm™): 3050 (w), 2957 (s), 2927 (m), 2867
(m), 1620 (m), 1571 (M), 1462 (m), 1435 (m), 1384 (m), 1361 (m), 1314 (m), 1252
(m), 1178 (m), 1103 (m), 1042 (m), 796 (M), 754 (m). UV/Vis (THF, Amax, nm (€, M"
lem™)) 463 (4876), 528 (5801), 617 (4873). Werr (294K) = 3.4(1) ps. M.p.: 224 <TC.

3.3.10 Preparation of (L"P"Cr) (MeH2LPrCr)(eCH2TMS) (e H)2 (12)

[(FL™P'Cr)2(eCH2TMS) (eH)2] [Li(THF)3(Et20)]* (0.050 g, 0.040 mmol) and
MesOBF4 (0.006 g, 0.040 mmol) were dissolved in 20 ml of THF. The mixture was
allowed to stir at room temp. for 20 min. The THF was removed by vacuum and the
residue was extracted by pentane. The pentane solution was concentrated and cool into
-30°C to give (HL™P'Cr) (MeH2LP'Cr)(eCH.TMS)(LeH)2 in 79 % yield. *H NMR
(CeDe):.21.26 (2H, H2C-CMe), 9.33 (2H, HC=CH), 3.87 (4H, iPr), 1.54-1.25 (48H,
iPr) ppm.IR (KBr; cm™): 3051 (m), 2962 (s), 2927 (m), 2867 (m), 1622 (m), 1579 (m),
1462 (m), 1431 (m), 1380 (w), 1356 (w), 1240 (m), 1197 (m), 1171 (w), 1112 (m),
1036 (m), 839 (m), 796 (m), 767 (M), 696 (w). UV/Vis (g, Mlem™). perr (294K) =
3.6(1) pB. M.p.: 155 <C.
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3.3.11 General considerations for X-ray diffraction

Single crystal X-ray diffraction studies were performed under the following
conditions. Crystals were selected, sectioned as required, and mounted on MiTeGen™
plastic mesh with viscous oil and flash-cooled to the data collection temperature.
Diffraction data were collected on a Bruker-AXS APEX CCD diffractometer with
graphite-monochromated Mo-Ka radiation (A=0.71073 A). The data-sets were treated
with SADABS absorption corrections based on redundant multiscan22,

The structures were solved using direct methods and refined with full-matrix,
leastsquares procedures on F2. Unit cell parameters were determined by sampling
three different sections of the Ewald sphere. Nonhydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were treated as idealized
contributions. Structure factors and anomalous dispersion coefficients are contained in

the SHELXTL 6.12 program library?!

3.3.12 Single crystal X-ray diffration studies

The unit cell parameters and systematic absences in the diffraction data were
consistent for space groups P2:/n for 4; P21/c for 6, 9, 11; P-1 for 5, 7, 8; C222; for 10
and C2/c for 12. No symmetry higher than triclinic was observed in the diffraction
data for 7, 8. Structural solution in the centrosymmetric space group options yielded
chemically reasonable and computationally stable results of refinement. The data for 7
and 8 were treated with Squeeze23 to model, as diffused contributions, the severely
disordered Li(THF)3(Et20) counterion in 7 and 8. The data for 5, 6 and 12 were
treated with Squeeze?? to model, as diffused contributions, the severely disordered

THF solvent molecule in 5, 6 and 12.
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Table 3.11

Crystallographic data for complexes 4-12

4 (kla0641) 5 (kla0863) 6 (kla0858)
Formula CsoHg2CraN4 C77H125CICr,Li2N4Os Cs2H127Cr2LiN4Os
Formula Wt. 951.28 1356.13 1375.81
Space group P2./c P-1 P2i/n
Color Green Blue Purple
a, A 13.1344(7) 15.076(2) 19.6142(3)
b, A 14.5821(8) 16.199(2) 13.2598(2)
c, A 14.8733(8) 18.166(3) 32.4828(5)
a, deg 90 83.567(3) 90
B, deg 97.111(1) 73.110(3) 104.267(1)
Yy, deg 90 89.282(4) 90
V, Ag 2826.7(3) 4217.4(10) 8187.6(2)
Z 2 2 4
D(calcd), geem™ 1.118 1.066 0.999
(Mo Ka), mm? 0.422 0.336 2.503 (Cu Ka)
Temp., K 200 200 200
Trnax/ Tmin 0.746/0.628 0.745/0.667 0.754/0.542
no. data/params 5549/323 17433/844 16934/822
GOF on F, 1.014 1.079 0.995
R(F), %* 4.44 9.61 8.78
Rw(F2), %° 13.21 31.44 25.99
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Table 3.11  Crystallographic data for complexes 4-12 (continued)

7 (kla0688)

8 (kla0716)

9 (kla0727)

Formula

Formula Wt.
Space group
Color

b, A

D(calcd), gecm™
w(Mo Ka), mm™
Temp., K

Tmax/ Tmin

no. data/params
GOF on F,
R(F), %*
Rw(F2), %*?

Cr2H119CraLiN4O4Si

1243.73
P-1

Purple
11.7897(6)
18.0621(10)
18.119(1)
84.658(2)
78.063(2)
86.270(2)
3754.4(4)

2

0.837

0.333

200
0.746/0.690
17458/580
1.011

3.89

11.84

Cr3H119CroLiN4O,

1227.65
P-1

Purple
11.9078(5)
17.2068(7)
18.4228(8)
82.262(1)
78.716(1)
82.763(1)
3648.7(3)
2

0.847
0.326

200
0.746/0.701
18308/599
1.023

3.95

11.88

135

Cr5H113CroLiN4O.

1245.63
P21/n
Purple
12.9493(6)
28.9770(14)
19.8543(10)
90
103.160(1)
90
7254.3(6)

4

1.140

0.348

200
0.746/0.680
18177/800
1.005

5.44

15.85



Table 3.11  Crystallographic data for complexes 4-12 (continued)

10 (kla0706) 11 (kla0672) 12 (kla0731)
Formula C70H111Cr2LiN4O4 C7gH115Cr2LiN4O C118H184Cr4NgO,Si2
Formula Wt. 1183.56 1235.67 2010.90
Space group C222, P2:/n C2/c
Color Purple Purple Brown
a, A 15.3314(9) 13.3399(16) 39.728(3)
b, A 21.2363(12) 24.602(3) 13.3684(10)
c, A 1.8467(13) 23.247(3) 22.3141(16)
a, deg 90 90 90
B, deg 90 101.502(2) 103.423(2)
v, deg 90 90 90
V, As 7112.9(7) 7476.2(16) 5472.1(14)
Z 4 4 8
D(calcd), geem 1.105 1.098 1.108
w(Mo Ko), mm 0.351 0.334 0.434
Temp., K 200 200 200
Trnax/ Tmin 0.746/0.678 0.746/0.677 0.746/0.670
no. data/params 8162/402 17355/776 13366/595
GOFon F; 1.020 1.046 1.023
R(F), %? 4.25 5.01 5.12
Rw(F>), %? 12.06 15.32 15.06
a Quantity minimized: R,, (F?) = X[w(E2 — F2)2/ SIwF2?T"* R = A/ X(F,),

A= [(F, = F)
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Chapter 4

SYNTHESIS, ISOLATION AND CHARATERIZATION OF DIMETHYL-
OXA-NORBORNENE AND CATALYSTS SEARCH FOR AROMATIZATION
AND DIELAS-ALDER REACTIONS

4.1 Introduction

The worldwide consumption of polyethylene terephthalate (PET) has been
increasing steadily and rapidly, while p-xylene (pX), as the precursor of PET, is still
mainly produced from fossil fuels.1 The annual demand of pX has reached 36 million
tons in 2014 and is estimated to exceed 62 million tons by 2020.2 Conventionally,
xylenes are produced from petroleum refining or naphtha/gas oil cracking.!3 High
purity pX for PET synthesis can be obtained from the xylene rich mixture by either
crystallization or adsorptive separation. This process is not only consuming fossil fuel
but is also energetically costly. Due to the urgent need for sustainable production of p-
xylene, conversion of biomass-derived 2,5-dimethylfuran and ethylene into high purity
p-Xylene has attracted much attention as one of the most promising methods (Scheme
4.1).4 The 2,5-dimethylfuran can be produced from lignocellulose by several steps: 1)
hydrolysis of lignocellulose to glucose, 2) catalytic isomerization and dehydration of
glucose to 5-hydroxymethylfurfural (HMF) and 3) catalytic hydrodeoxygenation of
HMPF.>6 Then the biomass-derived dimethylfuran can be upgraded to pX via Diels-

Alder reaction with ethylene and dehydration/aromatization.
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hydrolysis 0 isomerization HO (0] H
Cellulose HO OH =—— H OA_oH
on OH HO H
Glucose Fructose
dehydration

HO/\QAO

hydrodeoxygenation 5-hydroxymethylfurfural

o) + Ethylene w - H,O
\@/ Zeolite Zeolite
2,5-dimethylfuran 1,4-dimethyl-7- p-xylene

oxabicyclo[2.2.1]hept-2-ene
(oxa-norbornene)

Scheme 4.1  Process steps for dimethylfuran production from cellulose and
synthesis of PX from dimethylfuran and ethylene with zeolite

Many catalysts have been developed and tested in order to promote the rate
and selectivity of converting dimethylfuran and ethylene into pX.78910 The CCEIl has
reported the use of beta-zeolite catalyst to convert 2,5-dimethylfuran and ethylene into
p-Xylene with impressive yield and selectivity. Yet, three challenges limited the
application of this approach: no noticeable catalysis for cycloaddition of 2,5-
dimethyfuran and ethylene;1! high energy and material demands (typical condition:
500 psi ethylene pressure and 300 <C or higher reaction temperature); and
decomposition of 2,5-dimethylfuran with water (as a byproduct from dehydration of
1,4-oxa-norbornene) into 2,5-diketohexa-3-ene at high temperature. Lowering the
activation energy between 2,5-dimethylfuran/ethylene and 1,4-dimethyl-oxa-

norbornene via catalyst promoted Diels-Alder reaction could decrease the temperature
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and ethylene pressure demands and boost the reaction rate. Under milder condition,
the hydrolysis of 2,5-dimethylfuran might also be less of a problem. Thus, finding a
method of promoting Diels-Alder reaction between 2,5-dimethylfuran an ethylene
would be a key toward industrialization of this process. According to computational
studies, the high activation energy (AG*s7sk= +33 kcal/ mol) and thermodynamically
up-hill (AG%y73k= +2 kcal/mol) from 2,5-dimethylfuran/ethylene to 1,4-dimethyl-oxa-
norbornene challenged the test of catalysts for the Diels-Alder reaction (Figure
4.1).1213 No literature has reported the experimental study of Diels-Alder reaction of
dimethylfuran and ethylene, and all attempts of synthesizing the 1,4-diemthyl-oxa-
norbornene directly from dimethylfuran and ethylene had failed. Thus, the synthesis of
dimethyl-oxa-norbornene would be the key to enable a search for a catalyst for the
retro-Diels-Alder reaction. By the principle of microscopic reversibility, such a
catalyst would also facilitate the forward-Diels-Alder reaction. Even though 1,4-
dimethyl-oxa-norbornene is widely accepted as the intermediate of the reaction, there
is no detailed experimental study of 1,4-dimethyl-oxa-norbornene. To our surprise,
while there are 949 isomers of CgH12O with experimental properties found in the
SciFinder database, 1,4-dimethyl-oxa-norbornene, such a simple compound, has never
been synthesized or characterized before. Therefore, we decided to synthesize 1,4-

dimethyl-oxa-norbornene and explore its kinetic data in detail.

141



J +58
non-catalyzed

AG(kcal/mol)

acid
catalyzed

=
o cat.
\@/ 4—_»
+H,0 cat.
(0]
\H/\)J\ oxa-norbornene

O

Figure 4.1 Computed free energy barriers of dimethylfuran converted to p-
xylene with ethylene and to 2,5-hexanedione with water at 300 <C in
H-BEA framework. All computed data are carried out calculations
at the M062X/6-311+G(d,p) theory level.

4.2 Results and Discussion

There is no reliable report for the synthesis of 1,4-dimethyl-oxa-norbornene or
its close analogues (only alkyl groups on 1,4-position)141516 and the attempts to
synthesize 1,4-dimethyl-oxa-norbornene from 2,5-dimethylfuran and ethylene by heat
(up to 300 <T) or/and pressure (up to 500 psi of ethylene pressure at room
temperature) produced no Diel-Alder adduct.17:1819 In a typical Diels-Alder reaction,
the electron rich diene has a high HOMO to interact with the low LUMO of the

electron deficient dienophile. In an inverse scenario, the low LUMO of the electron
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poor diene and the high HOMO of the electron rich dienophile also engage in a strong

interaction and facilitate the reaction (Figure 3.6).

Normal Electron Demand Inverse Electron Demand
g EWG g EDG
il l
EDG EWG

\ \
\ \
\
\ \
\ \
[ \

Diene  Dieneophile Diene  Dieneophile

HUMO A omo

HOMO L_ e 4
vy v

Figure 4.2 Electron demand for Diels-Alder reactions.

In the case of dimethylfuran and ethylene, the lack of strong electron donating
or withdrawing functional groups on both components makes the cycloaddition very
challenging. Since simply forcing the dimethylfuran and ethylene together did not
provide the desired cycloaddition product, a new synthetic strategy was required

toward this simple, yet "unknown™ compound.
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Scheme 4.2 Initial attempts of synthesizing dimethyl-oxa-norbornene

Our initial attempts included: 1) transition metal complexes catalyzed Diels-
Alder reaction, 2) single electron oxidant promoted [4+1] or [3+2] cycloaddition, 3)
Diels-Alder addition with nitro-ethylene followed by Nef reaction and reduction,20 4)
epoxidation of 1,4-dimethyl-hexa-1,3-diene, and 5) decarboxylation of dimethyl-oxa-

norbornene carboxylic acid precursor (Scheme 4.2).
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In 2006, Harman et al demonstrated that TpW(PMez)(NO)(furan) complex
could promote the Diels-Alder reaction with various dienophile via [3+2]
cycloaddition.2! The n-basic tungsten fragment could transfer the coordinated furan
into a carbonyl ylide form through shifting of coordination site and enable the 1,3-
dipolar cycloaddition with acrylonitrile (Scheme 4.3 a). Such reaction without W
complex could only obtain moderate yield (65%) under ultra-high pressure (1.5
GPa).}” TpW(PMes)(NO)(2,5-dimethylfuran) was prepared by following the literature
procedure and pressurized with ethylene gas to 80 psi in a Fisher tube at room
temperature in CH,Cly, but no reaction was observed by *H-NMR spectroscopy
(Scheme 4.3 a). Considering that ethylene is not a good dipolarophile, an acrylic
Barton ester was introduced for the [3+2] dipolar cycloaddition. We were hoping to
capture the W coordinated 2,5-dimethyl-oxa-norbornene via decarboxylation of its
Barton ester precursor (Scheme 4.3 b). Unfortunately, the decarboxylation led to a
complicated decomposition mixture and no desired product could be isolated. Similar
ideas of utilizing ethylene coordinating complexes to promote the Diels-Alder reaction

with 2,5-dimethylfuran also give no positive result.
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Single electron oxidation is another strategy of promoting electronically or
sterically unfavored Diels-Alder reactions. In 1981 Bauld et al. reported that cation-
radical salt tris(p-bromophenyl)aminium hexachlorostibnate (aka: magic blue) could
promote cycloaddition of 1,3-cyclohexadiene and 2,5-dimethyl-2,4-hexadiene under
mild reaction conditions (Scheme 4.4 a).22 Similar reactions could also be activated by
Ru photocatalyst as reported by Tehshik Yoon et al in 2011 (Scheme 4.4 b).23 In both
cases, the catalyst initiated a single electron oxidation and generated a cation-radical
of the diene (or dienophile), which would go through a [3+2] (or [4+1]) cycloaddition
and proceed to oxidize another reactant thereafter to give a neutral Diels-Alder
product (Scheme 4.4 c). Inspired by that, a test of Diels-Alder reaction between 2,5-
dimethylfuran and ethylene catalyzed by magic blue was performed in CD2Cl2 in a
sealed J-Young tube. One atmosphere of ethylene gas was introduced into the
degassed CD2Cl> solution of 2,5-dimethylfuran and magic blue (0.2 eq. based on 2,5-
dimethylfuran). The color change of deep blue to brown indicated the consumption of
aminium cation-radical. However, no cycloadduct was detected by *H-NMR or
GCMS. In order to rule out the possible cause of poor ethylene solubility, a degassed
CD:Cl; solution of 2,5-dimethylfuran and magic blue (0.2 eq. based on 2,5-
dimethylfuran) was pressurized with ethylene gas to 500 psi at room temperature in a
Parr bomb. Only 2,5-hexadione, as the hydrolysis product of 2,5-dimethylfuran, was
produced in the reaction. The water might come from moisture in the air due to the

handling of the Parr bomb in fume hood.
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Scheme 4.4 Examples of cation-radical catalyzed Diels-Alder reactions
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Nitroethylene, as a strong dienophile, was prepared and reacted with 2,5-
dimethylfuran. With the strong electron withdrawing ability of nitro group, the Diels-
Alder reaction of 2,5-dimethylfuran and nitroethylene is rapid and efficient (Scheme
4.5 a). Unfortunately, the strong electron withdrawing nitro group also facilitated the
retro-Diels-Alder reaction. The self-polymerization of nitroethylene even drave the
equilibrium further toward the retro-Diels-Alder products. The instability of 1,4-
dimethyl-2-nitro-oxa-norbornene prohibits the following reactions as planned. In most
cases, only decomposition compounds were detected.

Epoxidation of 1,4-dimethylhexa-1,3-diene was also repeated with the same
method reported by Maria Medeiros et al (Scheme 4.5 b). But no 1,4-epoxide

compound was observed by H-NMR.

a)
MeNO, +  paraformaldehyde —— > Ho/\/NO2
0]
’;O
(0]
O 0] 0 o
X \ /) self-polymerization
7 ~— _ SN0, Nn
NO, NO,
b)
NaBr,
Na, NHj (liquid) MeCN : H,O (4:1) na
s X
electrolysis

Scheme 4.5 Synthesis plans of 2,5-dimethyl-oxa-norbornene via nitroethylene
and epoxidation
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In 2011, Dean Toste et al reported a synthesis route of pX from 2,5-
dimethylfuran involving a 2,5-dimethyl-oxa-norbornene carboxylic acid precursor
(Scheme 4.6 a).24 Presumably, the 2,5-dimethyl-oxa-norbornene could be synthesized
by decarboxylation of its carboxylic acid precursor. The complicated synthesis route
and harsh condition of Toste’s method limited the investigation of decarboxylation.

Hisashi Yamamoto reported the catalytic effect of borane for the Diels-Alder
reaction of cyclopentadiene and acrylic acid in 1988 (Scheme 4.6 b).25 Luckily, the
tris-acylate borate as catalyst could also react with 2,5-dimethylfuran and gave the
desired 2,5-dimethyl-oxa-norbornene carboxylic acid (Scheme 4.6 c). The discovery
of borane catalyzed Diels-Alder reaction with acrylic acid greatly simplified the
preparation of 2,5-dimethyl-oxa-norbornene carboxylic acid and accelerated the study

of its decarboxylation toward 1,4-dimethyl-oxa-norbornene.

0 NaClO, (1.4 eq.) o
o 0 Sc(OTf)s (0.1 mol%) y H,0; (5 eq.) o
. 'a e, l’
\@/ ﬁ” MS(4A), CDCl, NaH,PO,
32eq. -55°C, 25h H,0/CH3CN
0°C, 5h

77% 2 steps overall

0
o 0 BHg-THF (1M in THF, 2 mol%) ,\\”\OH
+
\@/ ﬁOH -5°C—>-2°C, 16h @
56%

Scheme 4.6  Preparation of 1,4-dimethyl-oxa-norbornene-5-carboxylic acid
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Thus, our new synthesis strategy contained two steps: 1) Diels-Alder reaction
of 2,5-dimethylfuran and acrylic acid to give endo-1,4-dimethyl-7-
oxabicyclo[2,2,1]hept-5-ene-2-carboxylic acid, 13; and 2) reductive decarboxylation

of 13 to form 1,4-dimethyl-7-oxabicyclo[2,2,1]hept-2-ene, 15. (Scheme 4.7)

O

o
\@/ + KJ\OH - o @ OH 1)

13
0
e () e
15
Scheme 4.7  Synthetic strategy from dimethylfuran to oxa-norbornene

Compound 13 can be easily obtained via borane catalyzed Diels-Alder
reaction. By adding 2 mole % of borane-THF complex to a 3:1 (mole ratio) mixture of
2,5-dimethylfuran and acrylic acid under -5<C, we can get 13 in moderate yield (56%)
and high diastereo-purity (>99% endo selectivity). The retro-Diels-Alder
decomposition of 13 is relatively fast at room temperature and even faster at higher
temperature. This raised a severe practical problem: the conventional decarboxylation
techniques, like the Barton decarboxylation, could not be applied to 13 due to the
requirement for heating.26:27:28 |n order to address the issue, we investigate the kinetics

of the thermal retro-Diels-Alder reaction of 13. The retro-Diels-Alder reactions were
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carried out by heating a CeDs solution (0.6 ml) of 13 with 2.6 L of CHCI3 as internal

standard in a sealed J-Young tube to prevent solvent evaporation.

710 6.5 6.0 S.rS 5.l0 4?5 4.'0 3.r5 3:0 2j5 zfo 11.5 1j0
f1 (ppm)
Figure 4.3 First order decay of 13 monitored by *H-NMR at 19 <C over 172 h.
The time between two spectra is not fixed. (a) denotes the chemical
shifts of 13; (b) denotes the chemical shifts of 2,5-dimethylfuran; (c)
denotes the chemical shifts of acrylic acid.
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Figure 4.4 The rate measurements of thermal retro-Diels-Alder reaction of 13
at different temperature

Rate constants of thermal retro-Diels-Alder reaction of 13

Table 4.1
Equation Ln[13]o-Ln[13]t=k t
Temp. (C9 19 40 50 60 70
0.355 7.92 22.19 56.45 161.68
el
k(0% 5002 +0.04 +0.38 +1.88 +3.88
R?2 0.999 0.999 0.998 0.993 0.994
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Equation y =a+ b*
Plot Ln(k/T)
1 Weight No Weighting
-12 4 70 °C Intercept 21.96733 + 1.43535
N —11710.39695 + 458.32669
4 \\\ Slope L
Residual Sum of Squares 0.09724
0 |
-13 - \- 60 C Pearson's r 0.99771
1 S N R-Square(COD) 0.99543
N Adj. R-Square 0.9939
14 "N 50 OC ‘ J] q
.
\\
i
e R
S -15 4 R 0
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o N
| g
-16 4 \;\
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N
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|
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Figure 4.5 Linear fitting for Eyring equation of the first order decay of 13

Table 4.2 Rate constants and activation parameters of thermal retro-Diels-
Alder reaction of 13

Temp. Kkrt ti AH? AS* AG#

[C] [*<10-551] [kcal mol?]  [cal molt K] [kcal mol]

19 0.355+£0.002 56.6 h 24.2 +2.0

40 7.92 +0.04 2.4h 24.3+20

50 22,19 £0.38  52.1 min 23.2+0.9 -3.6 £2.9 24.4 +£2.0

60 56.45+1.88 20.5 min 24.4 2.0

70 161.68 +3.88 7.1 min 24.4 2.0

The first-order decay of 13 in C¢Ds monitored by *H-NMR spectroscopy at

different temperatures is presented in Figure 4.4, and the rate constants (k), half-lives

(ti2), and activation parameters (AG*, AH*, AS¥) at various temperatures were
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determined (Figue 4.5 and Table 4.2). Based on the AH* and AS* obtained from the
kinetic investigation, a suitable temperature for decarboxylation of 13 should be lower
than 15<C. Thus, several unconventional methods were tested on compound 13.29:30:31
But only trace amounts of 1,4-dimehtyl-oxa-norbornene were detected by *H-NMR
from an optimized Barton decarboxylation: low-temperature decarboxylation of
Barton-ester of 13 initiated by UV-light (256 nm) (Scheme 4.8). The corresponding
'H-NMR chemical shifts were very close to those of authentic 1,4-dimethyl-oxa-

norbornene, which was synthesized later.

HSi(TMS); 2eq.
I cat ‘a
CDCls, UV, 0°C, 2h

trace amount

Scheme 4.8  Barton decarboxylation of 13 initiated by UV-light

The complicated mixture of crude products involving unreacted chemicals and
many by-products raised significant questions regarding the isolation of the desired
product, 15. Due to the limited choices of decarboxylation techniques and the
difficulty of purification, we considered to solve the problem of the retro-Diels-Alder
decomposition via hydrogeneration of 13 to a much more stable 1,4-dimethyl-oxa-
norbornane-2-carboxylic acid, 14. Therefore, we proposed an alternative strategy: 1)
Diels-Alder reaction of 2,5-dimethylfuran and acrylic acid to construct endo-1,4-
dimethyl-7-oxabicyclo[2,2,1]hept-5-ene-2-carboxylic acid, 13; 2) hydrogenation of 13
to give endo-1,4-dimethyl-7-oxabicyclo[2,2,1]heptane-2-carboxylic acid, 14; 3)
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oxidative decarboxylation of 14 to form 1,4-dimethyl-7-oxabicyclo[2,2,1]hept-2-ene,
15 (Scheme 4.9).

0]

OH
W [ o l’ k

co,
H
oH 7z ‘a 3)

Scheme 4.9  Alternative synthetic strategy from dimethylfuran to oxa-
norbornene

o a O
|

The hydrogenation of 13 was simply conducted by bubbling H: gas into the
slurry of 13 and 2 mol% of palladium on activated carbon in methanol for 30 minutes.
After filtration and removing solvent via vacuum, the white solid of 14 was obtained
in high purity and yield (99%). Without double bond in the bicyclic ring, compound
14 is very stable and could not undergo retro-Diels-Alder dissociation at all. In order
to transform 14 into 1,4-dimethyl-oxa-norbornene, an oxidative decarboxylation is
required to re-form the double bond. There are only a few reported methods that can

remove the carboxylic acid and give an alkene as final product.32:33:34.35
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Decarboxylative halogenation followed by hydro halide elimination is one of the
options. But the synthesis of dimethyl-oxa-norbornyl halide encountered the problems
of low selectivity and purification difficulty. Fortunately, the oxidative
decarboxylation reported by J. Kochi using Lead(1V) acetate/Copper(ll) acetate
combination would successfully convert 14 into 15 under mild condition in high yield

(Scheme 4.10).36

0]
OH PbOAc, (1.1 eq.) / CuOAc, (10 mol%) w
pentane, 80°C, 6h
Pblll <+_e- PblV
N - o
N ’ O\
Pb“ H CU” Cu'
Pblll PblV

Scheme 4.10 Oxidative decarboxylation of 14

By heating a pentane solution of 14 with 1.1 eq. of Pb(OAc)s and 10 mol% of
Cu(OAC). to 80<C in a sealed vessel for 6 h, 15 was produced as a colorless liquid
with strong odor. The resulting blue slurry was degassed and vacuum transferred into
an ampule. The colorless mixture of 1,4-dimethyl-7-oxabicyclo[2,2,1]hept-2-ene,
acrylic acid as by-product and pentane in the ampule was washed with 10 ml saturated
NaHCO3 (ag.) 3 times and 10 ml of DI water. The organic phase was dried over

anhydrous MgSO3 and filtered. Then the colorless mixture of 1,4-dimethyl-oxa-
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norbornene (1,4-dimethyl-7-oxabicyclo[2,2,1]hept-2-ene) and pentane was gently
distilled at 45<C to remove most of the pentane solvent. The residue was collected as
crude product which still contains about 50 mol% of pentane. Analytically pure
samples can be prepared by cooling down the mixture to -100<C and removing all the
remaining pentane under high vacuum. Thus, for the first time, 1,4-dimethyl-oxa-
norbornene, the intermediate of 2,5-dimethylfuran/ethylene to p-xylene synthesis was
synthesized and isolated. Figure 4.5 shows its *H-NMR, *C-NMR and heteronuclear

single quantum correlation experiment (HSQC) spectra.
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Figure 4.6 NMR spectra of 15: (a) 1H-NMR spectrum of 15 in CDCI3; (b) 13C-
NMR spectrum of 15; (c) HSQC spectrum of 15.

Figure 4.6 shows the NMR spectra of dimethyl-oxa-norbornene in CDCls. Due
to its symmetry, 15 shows two singlet peaks of alkene protons at 6.08 ppm and of
methyl groups at 1.59 ppm, two pairs of methylene protons give two doublets of
doublets signal around 1.66 and 1.38 ppm (Figure 4.6 a). In the 3C-NMR spectrum
(Figure 4.6 b), only 4 peaks of 138.53, 85.74, 33.70 and 19.16 ppm show up. With the
help of HSQC (heteronuclear single quantum correlation experiment) (Figure 4.6 c),

those 4 peaks were signed as alkene carbon, tertiary carbon, methylene carbon and
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methyl carbon. High-resolution MS (Thermo Q-Exactive Orbitrap) give a peak of
125.09593 Da for CgH130* (m+1, Calculated: 125.09609 Da).

With isolated 15 in hand, we were than able to study the kinetics of its retro-
Diels-Alder reaction at various temperatures. The aromatization reactions were also
tested with different catalysts. The retro-Diels-Alder reaction was conducted by
heating a CsDe¢ (0.6 ml) solution of 15 (~0.015 M) in a sealed and degassed J-Young
tube with some naphthalene (2.5 mM) as internal standard. 15 is incredibly thermally
stable and would not undergo retro-Diels-Alder decomposition until heated to 125<C
or higher temperature. The first order decay of 15 in CsDs Was observed by *H-NMR
at 125<C, 130T, 140<C, 145<C and 150<C (Figure 4.7 and 4.8). Its rate constants (Kk),
half-lives (t12) and activation parameters (AG*, AH*, AS*) are shown in Table 4.4
(linear fitting for Eyring equation in Figure 4.9). The Gibbs free energy of activation
at 300<C determined based on our experimental activation parameters is close to the
reported DFT calculation (37.8 4.1 kcal/mol vs 33 kcal/mol at 300 <C).37 The large
energy barrier between 2,5-dimethylfuran/ethylene and 1,4-dimethyl-oxa-norbornene
is confirmed and a catalyst for the Diels-Alder reaction would be the key to make the
conversion of 2,5-dimethylfuran/ethylene into pX competitive with fossil-fuel-based

method.

0.6mL C6D61

~2.4uM naphthalene o)
ﬁ > \@/ + //
125°C

Scheme 4.11 retro-Diels-Alder of dimethyl-oxa-norbornene
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Figure 4.7 First order decay of 15 monitored by *H-NMR at 125 <C over 192 h.
(a) denotes the chemical shifts of 15; (b) denotes the chemical shifts
of 2,5-dimethylfuran; (c) denotes the chemical shifts of ethylene; (d)
denotes the chemical shifts of 1,4-dimethyl-oxa-norbornane; (e)

denotes the chemical shifts of pentanes
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Figure 4.8 The rate measurements of thermal retro-Diels-Alder reaction of 15
at different temperature

Table 4.3 Rate constants of thermal retro-Diels-Alder reaction of 15

Equation Ln[15]o-Ln[15]t=k t

Temp. (C9 125 130 140 145 150

k (<10%s?%)  1.91+0.03 3.32+0.05 6.28+0.13 8.49+0.20 14.94 +0.28
R? 0.999 0.998 0.998 0.996 0.997
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Equation y=a+ b*
150°C Plot Ln(k/T)
n Weight No Weighting
S Intercept 12.38913 £ 2.10698
\ Slope —~12540.76716 + 865.61969
. 145°C . 5
S Residual Sum of Squares 0.03413
N Pearson's r ~0.99293
. R-Square(COD) 0.98591
—-18 4 s Adj. R-Square 0.98121
e 18 . !
=% 140 °C
c \
— \
. w 130°C
N
N
-19 - . 0
~ 125 °C
[ ]
T T T
0.00240 0.00245 0.00250
/T (K

Figure 4.9 Linear fitting for Eyring equation of the first order decay of 15

Table 4.4 Rate constants and activation parameters of thermal retro-Diels-
Alder reaction of 15

Temp. Kkrt ti AH? AS* AG#

[C] [*<106s1] [kcal mol?]  [cal moltK1] [kcal mol]

125 1.91 +0.03 1009 h 33.9+34

130 3.32 +£0.05 58.0 h 34.0+3.4

140 6.28 +0.13 30.7 min 249 +1.7 -22.6 +4.2 342434

145 8.49 +0.20 22.7 min 344 +3.4

150 1494 +£0.28  12.9 min 345435

A comparison of retro-Diels-Alder kinetic data of three 1,4-dimethy-oxa-

norbornene derivatives is shown in Table 4.5. The absence of strong electron donating

or withdrawing functional group on dimethyl-oxa-norbornene lead to unbelievable

stability. The half life of ketone, carboxylic acid and oxa-norbornene at room
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temperature are 9.99 h, 21. 7 h and over 500 years! The surprisingly high stability
raises the question: what kind of catalyst is able to activate it and toward which

direction (retro-Diels-Alder or aromatization)?

Table 4.5 Stability of three 1,4-dimethy-oxa-norbornene derivatives

Io 0
(o] (o] (o)
endo endo

Solvent ds-Toluene* ds-Benzene ds-Benzene
kagsk (s1) 1.93x10°* 8.88x10® 417101
AH#*
(kcal/mol) N/A 23.2 +0.9 249 +1.7
AS*
(cal/mol K) N/A -3.6+29 -22.6 +4.2
AG*98K *
(kcal/mol) 23.87 24.2 31.6
t12 (298K) 9.99 h* 21.7h 4.6x10%h

* data from reference®*

The aromatization by dehydration of 15 with different catalysts was also
investigated by *H-NMR. In particular, we studied the rate constants of dehydrations
of 15 with catalytic amount of tris(pentafluorophenyl)borane and trifluoracetic acid
(TFA). As the concentration of acid is constant, the observed rate, Kons, equals to
k[acid] and should result in a first order reaction. Thus, the reactions were monitored
by H-NMR of a CDs solution of 15 (~0.027 M) with acid (0.008 M) and naphthalene
(2.5 mM) as internal standard. Because the Lewis acid (LA) is much more efficient

than the Brensted acid, we haa to monitor the reactions at 50 <C for B(CeFs)3 and at
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100<C for TFA. Even through there is a 50<C difference, the reaction catalyzed by
borane (Kobs = 9.6>10* s2) is still about 250 times faster than that catalyzed by TFA
(Kobs = 3.9%10° s1) with the same concentration of catalyst (Figure 4.11). A similar
result was observed with Scandium(l1l) triflate, which can fully convert 15 into pX at
room temperature within half an hour. Our experimental result suggest that Lewis acid
is a much better catalyst for dehydration, but this goes against the result of reactions
catalyzed by H-BTA and Zn-BTA.1138 The differences might due to the combination
of poorer accessibility of Lewis acid toward the bridging oxygen and the weaker

acidity than Brensted acid in the zeolite-catalyzed system (Scheme 4.12 b).

a)
100 °C
B e (e
cat.

b) CeFs
\
/) BO%\ tunable
CeFs 4 X
0

=

. CeFs  15.LA
1 1
1 H
Si Ong O TH o b
VA SATTTX "
fo) 0 ol H—O 2 untunable
| | o)
Si Si s 15-H*
Sn-BEA H-BEA homogenious system

Scheme 4.12 Dehydration of dimethyl-oxa-norbornene and accessibility toward
different catalyst.

For the dehydration of 15, the first C-O bond cleavage was considered as the

rate determining step.***38 Thus, the reaction rate depended on the reactivity of acid
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coordinated intermediate 15-LA (Lewis acid coordinated oxa-norbornene) or 15-
H*(oxonium intermediate). For Lewis acid coordinated 15-LA, the reactivity can be
tuned by the acidity of Lewis acid. The more acidic (or more electron deficient) Lewis
acid would result in stronger LA-O bond and weaker C-O bond and therefore promote
the rate constant of Lewis-acid-catalyzed dehydration. On the contrary, the activity of
oxonium intermediate 15-H* could not be changed as the acidity of proton is fixed.
The reaction rate would depend on the H" concentration (or pH) of the reaction

mixture. In conclusion, for dehydration of 15, at least in homogeneous system, the

strong Lewis acid is a much better catalyst than Brensted-acid.

CeDs b

naphthalene

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0
f1 (ppm)

Figure 4.10 First order dehydration of 15 (0.024 M) with B(CsFs)3 (0.008 M) acid
catalyst monitored by 'H-NMR at 45 <C over 40 min. (a) denotes the

chemical shifts of 15; (b) denotes the chemical shifts of pX.
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Equation y =a+ b*x
Plot B(C6F5)3 TFA
2.0 4 Weight No Weighting
Intercept ~0.0339 +0.0133 0.02362 + 0.01709
Slope 9.6451E—4 + 1.03813E-5 3.9418E—6 + 1.35767E7
—~ 154 Residual Sum of Squares 0.01714 0.00173
=1
= Pearson's r 0.99896 0.99823
@) R-Square(COD) 0.99792 0.99645
= Adj. R-Square 0.9978 0.99527
= 1.0-
) » __—
> -
9 ///7-/-/
.
< 054 -
>
E e = B(C6F5)3 at 50C
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Figure 4.11 First order dehydration of 15 catalyzed by TFA and B(CsFs)s.

Moreover, a series of potential catalysts were tested for retro-Diels-Alder

reaction. The selection of potential catalysts is based on several of our previous

hypothesis: 1) retro-Diels-Alder reaction promoted by Lewis acid coordination; 2)

Transition metal coordination to enable retro-Diels-Alder; 3) [3+2] or [4+1] Style

retro-Diels-Alder via single electron oxidation. The first hypothesis of changing

electronic structure of dimethyl-oxa-norbornene with Lewis acid was found unreliable

soon after the aromatization activity test of 15. A catalytic amount (~ 10 mol%.) of

Cu(OTf)2, AgOTTf and Sc(OTf)z were added into a CeDs solution of 15 with

naphthalene as internal standard, and the reaction was monitored by *H-NMR at
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100<C in a sealed J-Young tube. As we learned from the thermal stability test, no
uncatalyzed retro-Diels-Alder or dehydration reaction occurs at 100 <C. The metal
triflates can transform dimethyl-oxa-norbornene into p-xylene rapidly and completely
at 100C and Sc(OTf)3, as the strongest Lewis acid, can effect the dehydration at room
temperature within 30 min. Presumably, the strong interaction between Lewis acidic
metal and oxygen greatly accelerates dehydration/aromatization reaction and leaves no
opportunity to examine the retro-Diels-Alder reaction.

As shown in Scheme 4.3, the n-basic tungsten metal fragment of
TpW/(NO)(PMes) can promote the [3+2] addition of 2,5-dimethylfuran with various
alkenes by disrupting the aromatic stabilization of the heterocycle. And complexes
like W(CO)s and Mo(CO)s are well known of their affinity to norbornene double
bond.39 Inspired by that, a series of transition metal complexes were tested for retro-
Diels-Alder of 15. In the tests of Pd/C, Rh4(CO)12, AgNO: and Pt(PPhs)s, weakening
the metal-oxygen interaction indeed stopped the aromatization toward p-xylene, but no
further reaction was observed either. With PdCl> and RhCI(PPH3)3, only small portion
of dimethyl-oxa-norbornene was converted into pX and no retro-Diels-Alder product
was observed. W(CO)s and Mo(CO)e did show strongest interaction with 15, but the
reaction went toward aromatization.

Single electron oxidation is an useful strategy of promoting electronically or
sterically unfavorable Diels-Alder reactions as shown in Scheme 4.4. Despite the
failure of promoting the Diels-Alder reaction of dimethylfuran and ethylene by magic
blue, the possibility of inducing the retro-Diels-Alder reaction of 15 by single electron
oxidant still existed. In order to simplify *H-NMR monitoring, magic blue was

selected because it only has aryl proton signals. A THF-d8 solution of 15 was charged
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with a catalytic amount of magic blue and monitored by *H-NMR. The rapid color
change from deep blue to brown indicated that the aminium cation-radical was
consumed and something was oxidized. Control experiment without 15 showed no
color change after 1h. Unfortunately, no evidence of retro-Diels-Alder reaction was
observed at the end of the reaction and all dimethyl-oxa-norbornene was converted

into pX.

Table 4.6  Summery of retro-Diels-Alder tests with dimethyl-oxa-norbornene

Entry  Catalyst Solvent Temp. (C) Product (%o)
1 Ag(OTf) CeDs 100 pX (100%)
2 Cu(OTf)2 CeDs 100 pX (100%)
3 Sc(OTf)3 CeDs 25 pX (100%)
4 AgNO> CeDs 100 no reaction
5 Pd/C CeDs 100 no reaction
6 Rh4(CO)12 CeDs 100 no reaction
7 Pt(PPh3)s CeDs 100 no reaction
8 PdCI CeDs 100 pX (<5%)
9 RhCI(PPhz)3 CeDs 100 pX (50%)
10 W(CO)e CeDs 100 pX (100%)
11 Mo(CO)e CeDs 100 pX (100%)
12 magic blue THF-dg 25 pX (100%)

In the test of retro-Diels-Alder reaction, we observed only promotions for
aromatization reactions in most cases and no retro-Diels-Alder product was detected in
any reaction (Table 4.6). It is very challenging to enable the retro-Diels-Alder reaction
without triggering the aromatization. The 1,4-dimethyl-oxa-norbornene has only two
activation sites: the bridging oxygen and the C=C double bond. Any interaction with
bridging oxygen would promoted the rapid dehydration toward pX. We are still

searching for an efficient catalyst for Diels-Alder/retro Diels-alder reaction in our lab.
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In the literature, there are only a couple of papers reporting activation
parameters of retro-Diels-Alder reactions of simply cycloadducts.40:41:42:43.44 The
selected experimental results are shown in Table 4.7.45:46:47:48 Those papers were
mainly focusing on the theoretical debate weather Diels-Alder reactions go via a
synchronous one-step mechanism (cyclic aromatic transition state) or a two-step or
two-stage mechanism (biradical or zwitterion intermediate), as shown in Scheme 4.13.
Dewar et al. claimed that their kinetic studies of Diels-Alder and retro-Diels-Alder
reactions of furans and maleic anhydride shown very unsymmetrical transition states
(TS) where one of the new C-C bonds is almost completely formed when the other is
beginning to form (Scheme 4.14).%¢ The analysis in their paper provided us a new

insight to the search of catalyst for Diels-Alder reactions.

synchronous
a a b
Ir’/ TP Ir’/ oy
L j or L //
SR -7 \

a' a'
symmetrical unsymmetrical

= C,-Cp = C-Cyy C,-Cp > Cy-Cp
i O

\ asynchronous
| or |
SO ¢

diradical zwitterion

Scheme 4.13 Possible mechanisms of Diels-Alder reaction

171



L oA o
o (@] O~ !O! ~0

o
o

o
(e}

k3
—
o + | © —_— @ e}
~
ks

ko = 1/2(k4+k3) if the TS is unsymmetrical
ky = (kq x k3)""? if the TS is symmetrical

Scheme 4.14 Kinetic studies of Diels-Alder and retro-Diels-Alder reactions of
furans and maleic anhydride by Dewar et al.

Table 4.7  Activation parameters of the retro-Diels-Alder reactions

Entry Starting Conditions AH?* AS*[eu] AG*298* Ref.
material [kcal mol] [kcal mol]
1 ‘a CN 70-80 T 25.6 53 272 45
cyclohexane
2 125-150 °C 249+17  -226%42 316 this
CsDs work
o
3 oH 19-70°C 232409 -36429 243 this
CsDs work
endo
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Q332588
0 acetonitrile, i
‘a UV-Vis, 20.3 2.17 20.9 46
exo O 211 nm
Q332588
acetonitrile
o} , -
l’ UV-Vis, 20.8 8.59 23.4 46
exo O 211 nm
O 332.588<T
acetonitrile,
O UV-Vis, 25.0 0.17 24.9 46
exo O 211 nm
304-398 T
Flow reactor, 38.4+1.0* -284+1.7* 39.2 47
1 atm.
@i} 200.5-351.9 T 33.0+0.5 -1.9+1.0 33.6 48
ondo Gas phase

* calculated result based on data from references

As shown in Table 4.7 entry 1-6, most of the furan cycloadducts have very
similar enthalpies of activation (AH* = ~25 kcal mol™) and most of the entropies of
activation are negative but small. The unexpectedly large and negative value of AS* of
retro-Diels-Alder reaction of 15 might result from the narrow temperature window of
the kinetic measurements. The entropy of activation calculated from Eyring plot is
very sensitive to the slope which would be more accurate with wider temperature
window. Unfortunately, the retro-Diels-Alder reaction of 15 would be too fast to be
measured at temperature higher than 150 <C and too slow at temperature lower than
125<C by current method (*H-NMR in a sealed J-Young tube).

In previous discussion, the successes of promoting unfavorable Diels-Alder
reaction reported by Harmen et al. and Bauld et al. have demonstrated that altering the

electronic structures of either dienes or dienophiles was useful. Both of their reactions
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should go through very unsymmetrical transition states due to the [3+2] mechanisms.
Therefore, the future search of catalyst for the Diels-Alder reaction of dimethylfuran
and ethylene should focus on breaking the symmetry of TS by either single-electron-
oxidation or transition-metal-coordination to the diene or dienophile (Scheme 4.15a).
Besides, the kinetic studies of oxa-norbornene, 1-methyl-oxa-norbornene or/and 1,2,4-

trimethyl-oxa-norbornene could provide more informative details (Scheme 4.15b).

Scheme 4.15 Proposed future works

In conclusion, 1,4-dimethyl-oxa-norbornene was synthesized, isolated and
characterized for the first time. A series of kinetic measurements of retro-Diels-Alder
reaction of 2,5-dimethyl-oxa-norbornene and its derivatives were performed by 'H-
NMR experiments. The kinetic parameters of those retro-Diels-Alder reactions were
calculated and compared with reported DFT calculation. A dozen of selected catalysts
were test for retro-Diels-Alder reaction of dimethyl-oxa-norbornene. Although no

promising catalyst was observed in retro-Diels-Alder test, the successful synthesis and
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isolation of 2,5-dimethyl-oxa-norbornene provide us a key to further study of its

reactivity and search for an efficient Diels-Alder reaction catalyst.
4.3 Experimental

4.3.1 General Considerations

The synthesis of 13 and 15 were carried out with standard Schlenk, high
vacuum line. Pentane, diethyl ether, tetrahydrofuran, and toluene were dried by
passing the solvent through activated aluminum columns followed by a nitrogen purge
to remove dissolved oxygen. All other reagents were purchased from Aldrich or Acros
and dried using standard procedures when necessary.

NMR spectra were recorded on a Bruker DRX-400 spectrometer and were
referenced to the residual protons of the solvent (THF-dg, 1.73 and 3.58 ppm; CD2Cl>,
5.32 ppm; CDCls, 7.27 ppm; Ce¢Ds, 7.15 ppm). FTIR spectra were taken on a Magna-
IR E. S. P. 560 spectrometer. Mass spectral data were collected at the University of
Delaware Mass Spectrometry Facility in electron ionization mode (+15eV).

4.3.2 Preparation of 1,4-dimethyl-7-oxa-bicyclo[2,1]hept-2-ene-5-endo-

carboxyl-acid (13)

To an oven dried round-bottom flask under nitrogen atmosphere was added
2,5-dimethylfuran and acrylic acid. The mixture was cooled to -5 <C. Then, BH3-THF
complex was added under nitrogen atmosphere drop wised. The resulting mixture was
stirred 16 hours at 0~-5 <C. A white solid slowly formed after a few hours. After 16
hours, the white solid was filtered, washed with a small amount of cold hexanes, dried
in vacuum and collected as pure product. White solid; *H-NMR (CDCls):. 6.26 (d, J =
5.6 Hz, 1H, -CH=CH-), 6.13 (d, J = 5.6 Hz, 1H, -CH=CH-), 2.96 (dd, J = 9.1, 3.8 Hz,
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1H, -CH<), 2.00 (dd, J =11.6, 9.1 Hz, 1H, -CH>-), 1.82 (dd, J = 11.6, 3.9 Hz, 1H, -
CH>-), 1.75 (s, 3H, Me), 1.60 (s, 3H, Me) ppm. The H-NMR is identical to literature

reported.?®

4.3.3 Preparation of 1,4-dimethyl-7-oxa-bicyclo[2,1]heptane-5-endo-
carboxyl-acid (14)

13 and activated Pd/C was dissolved in an oven dried round-bottom flask with
25 ml of methanol. The resulting slurry was stirred and hydrogen gas bobbled though
for 30 min. After filtration, the filtrate was dried under vacuum to give white solid as
pure product. White solid; *H NMR (CDCls):. 2.89 (ddd, J = 11.5, 4.8, 2.2 Hz, 1H, -
CH<), 2.14 (dd, J = 12.2, 4.8 Hz, 1H, -CH>-), 1.94-1.76 (m, 3H), 1.68-1.52 (m, 2H, -
CH2-) 1.62 (s, 3H, Me), 1.46 (s, 3H, Me) ppm. 13C NMR (CDCls): 177.63, 85.82,
84.66, 54.00, 40.87, 37.41, 34.13, 21.27, 21.13 ppm. HRMS calcd 171.10157 Da for
CgH1503 (m+1), found 171.10136 Da.

4.3.4 Preparation of 1,4-dimethyl-7-oxa-bicyclo[2,1]hept-2-ene (15)

To an oven dried thick wall tube was added 170 mg endo-1,4-dimethyl-7-
oxabicyclo[2,2,1]heptane-2-carboxylic acid (1 mmol), 531 mg lead(IV)tetraacetate
(2.2 mmol), 18 mg copper(Il)acetate (0.1 mmol) and 10 ml of anhydrous pentane
under nitrogen atmosphere. After sealing the tube with Teflon screw cap, the slurry
was stirred and heated to 80 <C for 6h. Thereafter, the mixture was cooled down to
0<C, and was slowly opened to release the pressure. The resulting blue slurry was
poured into an oven dried round-bottom flash which was then equipped with a needle
valve. After three freeze-pump-thaw cycles, the volatile components of the degassed
mixture were then vacuum-transferred into an ampule. The colorless mixture of 1,4-

dimethyl-7-oxabicyclo[2,2,1]hept-2-ene, acrylic acid and pentane in the ampule was
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washed 3 times with 10 ml saturated NaHCO3 and 10 ml of DI water. The organic
phase was dried over anhydrous MgSOs and filtered. Now the colorless mixture of
1,4-dimethyl-7-oxabicyclo[2,2,1]hept-2-ene and pentane was gently distilled at 45<C
to remove most of the pentane solvent. The residue was collected as crude product
which still contained about 50% of pentane. Pure sample were prepared by cooling
down the mixture to -100<C and removing all pentane solution by high vacuum.
Colorless oil; *H NMR (CDCls):. 6.08 (s, 2H, -CH=CH-), 1.66 (dd, 2H, -CH-), 1.59
(s, 6H, Me), 1.39 (dd, 2H, -CH2-) ppm. 3C NMR (CDCls): 138.60, 85.81, 33.77,
19.23 ppm. IR (KBr): 3065 (W), 2972 (s), 2937 (s), 2859 (m), 1762 (w), 1727 (w),
1450 (m), 1376 (m), 1334 (m), 1264 (w), 1229 (w), 1193 (m), 1127 (m), 1081 (w),
1034 (w), 898 (m), 867 (m), 839 (w), 707 (m). HRMS calcd 125.09609 Da for CgH130
(m+1), found 125.09593 Da.

4.3.5 Typical Aromatization Procedure for reactions

A CeDs solution (0.6 ml) of 15 (~ 0.025 M) with naphthalene (2.5 mM) as
internal standard was charged into a J-Young tube. The catalyst (0.008 M) was added
into the tube right before starting the *H-NMR monitor. The sealed tube was kept at
100 <T, and was measured by *H-NMR every 12h. The borane catalyzed dehydration
was heated by NMR probe to 50 T while acquiring data and a new set of data was
collected every 100s (40 sets in total). The concentration of 15 and p-xylene were
determined by integration of naphthalene chemical shifts at 7.63 ppm, double bond

chemical shift of 15 at 5.85 ppm and aromatic chemical shifts of p-xylene at 6.96 ppm.
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4.3.6 Typical retro-Diels-Alder procedure for reactions

For 13, a CsDe solution (0.6 ml) of 13 (~ 0.025 M) with chloroform (10 pL) as
internal standard was charged into a J-Young tube. The sealed tube was heated in the
NMR probe to corresponding temperature while acquiring data. The low temperature
measurements were kept at corresponding temperature by water bath and the data was
collected every 2h. The concentration of 13, 2,5-dimethylfuran and acrylic acid were
determined by integration of chloroform chemical shifts at 6.19 ppm, -CH>- chemical
shift of 13 at 2.76 ppm and double bond chemical shifts of acrylic acid at 5.21 ppm.

For 15, a CsDe solution (0.6 ml) of 15 (~ 0.025 M) with naphthalene (2.5 mM)
as internal standard was charged into a J-Young tube. The catalyst (0.008 M) was
added into the tube right before starting the *H-NMR monitor. The sealed tube was
kept at corresponding temperature by oil bath, and was measured by *H-NMR every
12h. The concentration of 15 and 2,5-dimethylfuran were determined by integration of
naphthalene chemical shifts at 7.63 ppm, double bond chemical shift of 15 at 5.85 ppm
and double bond chemical shifts of dimethylfuran at 5.75 ppm.
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Appendix

ABBREVIATION

Cp = cyclopentadienyl

Cp* = pentamethylcyclopentadienyl

Et,O = diethyl ether

Nacnac = 2, 4-Pentane-N,N’-bis(aryl or alkyl) ketiminato

HLIPr = N,N’-bis(2,6-diisopropylphenyl)-1,4-diazadiene

L-CO2 = ArN=CH-CH(COOH)-NHAr (Ar = 2,6-diisopropylphenyl)
Me H2| iPr = ArN=C(Me)-CH2-NHAr (Ar = 2,6-diisopropylphenyl)
Ph = phenyl

'Pr = isopropyl

'Bu = tert-butyl

TMS = trimethylsilyl

THF = tetrahydrofuran

Tp = tris(pyrazolyl)borate

Magic blue = tris(4-bromophenyl)ammoniumyl hexachloroantimonate
HMF = 5-hydroxymethylfurfural

pX = para-xylene

LA = Lewis acid

TS = transition state

DA = Deils-Alder
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