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ABSTRACT

This dissertation describes eea r ¢ hdiintine chtbmium compixes and
1,4-dimethyt7-oxabicyclo[2,2,1]hepR-ene (akal,4-dimethyloxanorborneng
Specifically, the first part focused on synthesis of chromium complexes in low formal
oxidation state (+1/+11) and investigation of theeactivity and electronic structures.
In thesecondpart, 1,4dimethyl7-oxabicyclo[2,2,1]hepR-ene was synthesized and
it's kineticand thermodynamic dateeremeasured.

Chapter Icontinues the exploration die reactivity ofquintuply bonded
compound (E-: B'LPN),Cr, by describing the results of its exposure to several small
molecules. Careful treatment @f-E: B'L™).Cr, with 1 equivalent of CO forms
quadruply bonded dinuclear chromium CO addbct™'Cr]z(u-CO) (1), which is the
precursor ér previously reported compouridL P'Cr](COu. When expsed to CQ,
(L-E: E'LP),Cr, activates the carbon on G@es, leads to electrophilic attaok
CO; on the backone carbonsfahe U-diimine ligands and forms a symmetric
dinuclear chromium corplex (u-E: 8.").Cr. (2). Uponexposure to CS (u-E: £
HLIPN,Cr, was found to break one of the CS double Isaml to form an asymmetric
dinuclear chromium compldXLP"Cr]2(u-2: ECS)(4S) @).

Chapter 2 describes the synthesis of a series of alkylfargride bridged
chromium dinuclear complexe$'L(P").Cr(u-H)2 (4), theprecursoiof
alkyl(aryl)/hydridecomplexe, was synthesized by treatidty [""Cr](CH.TMS)(THF)
with hydrogen gas. Alkylatiastarylatiors) of 4 with variouslithium alkyls (LiMe,
LiPh, LICHTMS, LICH2'Bu, LiCH,Ph) produce theorresponding

XV



alkyl(aryl)/dihydridecomplexes[("L™P"Cr)(u-Me)(u-H)2] [Li(THF) 4] * (5),
[(PLPCr)(p-Ph)(eH)2] [LI(THF) 4] (6), [(FL™'Cr)2(i-CHZTMS)(-H)2]

[Li(THF) 3(ELO)]* (7), [(FL™'Cr)a(u-CH2'Bu)(u-H)2] [Li(THF) 3(EO)]* (8) and
[(FLP'Cr)2(u-CH2Ph) (-H)2] [LI(THF) 4] (9) in asolventmixture of pentanewith a
few drops ofTHF. In contrastthereactiors of4 with LiMe and LiPh in THF leads to
dialkyl(diaryl)/hydrido complexes [{LP'Cr)a(u-Me)(u-H)] [Li(THF)s(Et.0)]* (10)
and [¢'L™P'Cr)z(u-Ph) (u-H)] [LI(THF)] * (11). Alkyl(aryl)/hydridocomplexes bearing
different alkyl(aryl) ligands showignificantdifferencesan thestability of reductive
eliminationwhich wasmonitoredoy *H-NMR. Treating compound with MesO"BFs
gave an unusual ligand activated compléx €'Cr) (MeH2LP"Cr)(u-CHTMS) (u-H)2
(12).

Chapter 3 presents the synthesis, purification and characterization of 1,4
dimethyl7-oxabicyclo[2,2,1]hepR-ene(15) , which is thepresumedntermedate of
the DielsAlder reaction oR,5-dimethylfuan and ethylene para-xylene. The
activationparameters of retrDiels-Alder reaction of dimethybxanorbornene in ¢
benzenaveremeasured and compared to computational studiestaibef
dehydration with Bronsted acid and Lewis acid was also investigatetHo)yMR
spectroscopySeverainorganicsalts(AgOTf, Sc(OTfg, CuOTT)2, PdACh, AgNG;,
Pd/C, RR(CO)2, W(CO), RhCI(PPh)s, Pt(PPB)s, Mo(CO) and AsN*SbCk’) were
tested as catalysts for retibels-Alder reaction. By the principle of microscopic

reversibility, such catalys&ould also facilitate the forwarDiels-Alder reaction.
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Chapter 1

INTRODUCTION

Utilization of transition metalto activatehermodynamically stableubstances
andbr to promotekinetically inert reactions is an extensive and ever growield fi
both in inorganic and organic chemistBuer since theliscovery ofa platinum
ethylene complex by William Christopher ZeiselB3(!, organometallic chemistry
has experienced an explosive depmentMany organometallicompounds such as
dimethyl zinc discovered by Edward Franklandi(CO), discovered by Ludwig
Mond3, and organomagnesium compound discovered by Victor Grifjhax@ been
synthesized and applied soon after. Nowadaygémstion-metal chemistry has
entered a brandnew eradmirableexamplef transitionmetalcatalyzed reactions
include cross coupling reaction between nucleophiles and electrophiles by Pd
catalysts? olefin metathesis enabled by Bod Mocatalysts®” and agmmetric
hydrogenation reactions catalyzed by Rh, Ru and Ir catahyst®n througtthe
discovery ofthose catalysthas greatly expandsgnthetic chemistry, most of the
known transitionmetal catalysts do not meet the requirement of modern industrial
manufacturingor cleaner and higher efficiency procels® to the need for tedious
functionalgroup transformatiarOne of the most promising processes in transition
metal chemistry is hidi efficient catalyticC-H bond functioalization.By directly
activating the CH bond, those reactions proved new routes for synthesizing useful

compounds in high atonand stepeconomy.



The firstreported CH functionalizationreaction via transition metal catalyst
was the Cg(CO) catalyzed carbonylative ring closuwe(E)-N,1-
diphenylmethanimine towardhenylisoindolinl-one (Schemé-1a), published by
Shunsuke Murahashi in 1988y heating a benzene solution of benzaldehyde anil
(5g) with dicobalt octaarbonyl catalystlg) under 106200 atmospheres pressure of
CO at 220230 € for 5-6 hours, the bhenylphthalimidinavas obtained in 80%
yield. Later in 1965, Joseph Chatt reportedaestraightforward example &-H
activation inthe formation of Ru(dmpg(H)(2-naphthyl) complexy treating
RuChk(dmpe} with sadium reduced naphthalef@mpe = 1,2
bis(dimethylphosphino)ethapéSchemel-1b).10 The oxidative addition of €1 bond
onto Ru center and the formation of hydraiyl complex clearly showed the cleme
of C-H bond, which was traditionally considered urmtese. In 1969, Yuzo Fujiwara
reported the Pd(OAgpand Cu(OAc) catalyzed Heckeactionlike cross coupling of
benzene and styrene into trestdbene(Schemel-1¢).11 The activation of benzene
mol ecul e was b-métathesis ef dXand behzene € bond, ds
amother general category ofi@ activation.Arene has played a very big role irHC
activation/functionalization until theublication oftwo independet reports of
iridium-mediated intermolecular-8 activation of unactivated and fully saturated
hydrocarbons by R.G. Bergm&and W.A.G. Graha#®in 1982(Schemel-1d). The
irradiationof Cp*Ir(PMe3)(H)2 (Bergman) or Cp*Ir(CQ)(Graham)n the presencef
cyclohexane and neopentane by high pressure Hg deem@ratedhe hydridealkyl Ir

complexes (Cp* = pentamethylcyclopentadienyl ligand).
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Schemel.l Early examples of GH activation

However thecurrent developmendf C-H activation reactionfias encounterd
challengedike the ned for high catalyst loadirlg, harsh condition, and lack of
control for selectivityt617 The fundamental understanding of thédGctivation
process is certainly the key to the discovery of nemsiten-metal catalyst for this
promising transformatiorin order to address this issue, one strategy is to synthesize

the key intermediatef metal alkyl hglridesand to studyheir reactivity. Furthermore,



the replacement of rare and erpie transitimmn metals like Pd, Ru andwith
abundant and neprecious first row transition metals has become a rising #iend.
Many Ni catalysts, as the replacement of expensive Pd metal, have been invented and
applied for transitiormetal catalyzed cross coupling céans such as Heck
reactiort9, Suzuki reactio??, Kumada couplingt, andNegishi coupling?2. It is
unquestionable that this trend withpact the chemistry of transitienetal catalyzed
C-H functionalizatioreven through it is still at an early stage

To dak, only a few examples of first row transition metal alkyl hydride exist in
the literature and even less for Cr complees. n ¢ e  r gr8up bas been activate
in the fidd of organochromium chemistry and r&®wn interests i€r mediated €H
activaton. As early as 2003, MacAdams from our group reported the first chromium
alkyl hydride, [(2,6MezPhynacnacCr(u-H)(u-CH2SiMes).23 In the same year
Hagadorn and McNevin synthesized and isolated a titanium dimer featuribigua Ti
Me)(u-H)Ti'"" core24 Both cases were achieved by hydrogenation of their metal alkyl
precursor. Later i2007, Jagneet alreported the synthesis of hydridoalkylzincates
i nv ol-M elimgatiom of trialkylzincat&> Monillas from our group alsoeported
a pair of isomergcluding a phenyhydridochromium dimer, namely [(256
iPrPh¥nacnacCr(u-H)(u-Ph) and [(2,6PrPhynacnacCe(u-E: %Ph)in 200726
Recently, Okuda reported the synthesia standium alkyl hydride complex featuring
a So(u-H)(Et) coreby ethylene insertionf its hydrido precursot’ The structures are
presented in Schenie2. Due to the limited scope of first row transition metal alkyl
hydridesthe detakdstudy of this chemistry isare Thus, one of our major effort is to

expand the scope of organochramialkyl hydride chemistry.
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Schemel.2 Current examples of first row transition metal alkyl hydride
complexes from literature.

Anothertwo growing trend arethe develpment of catalytiprocesssfor
fundamental transforationsincludingactivation of CO and Cg&into onecarbon (C1)
building bloclke8, andthe conversion obiomassnto renewable fuels and chemica¥s
Thepolyestelindustry is one of thenterprises that will benefit frothosetrends. 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 consumable&s a consequence tlie increasing ratef urbanization
worldwide and the growth aflobal econmy, the worldwide consumption of
polyethylene terephthalate (PET) has been increasing steadily and rapidlypavkile
xylene (pX), as the precursor of PET, is still mainly produced from fossitquel.
Approximately 97% of pX is used to manufacture PEAeannual demand of pX has

reacled 36 million tons in 2014 and is estimated to exceed 62 million tons by3020.



Conventionally, xylenes are produced from petroleum irgfior naphtha/gas oll
cracking32 High purity pX for PET synthesis can be obtained fromtylene rich
mixture by either crystallization or adsorptive separatigwth process are
energetially costly. Due to the urgent call for sustainable productiop-gylene,
governmenbrganizationsuch as Department of Energy (DOE) and megarsumers
of PET bottles including Coe&@ola and Pepsi have been supporting research and
development efforts for the production of renewable PEShvErsion of biomass
derived 2,5dimethylfuran and ethylene into high purgyxylene has attracteduch
attentions asne of the most promising metho#sThe 2,5dimethylfuran can be
obtainedrom lignocellulose by several steps: 1) hydrolysis of lignocellulose to
glucose, 2) catalytic isomerization and dehydration of glucose to 5
hydroxymethylfurfural (HMF) and 3) catglc hydrodeoxygenation of HMf#35
Then the biomasderived dimethylfuran can be upgraded to pX via Didider
reaction with ethylene and dehydration/aromatizatigechemel.3).

The Catalysis Center for Energy Innovation (CC&)heUniversity of
Delawae is an Energy Frontier Research Center established in 2009 dnekinas
activein the innovation of heterogeneous catalysts technologies to transform
lignocellulosic biomass materials into fuels and chemi€ate of the major research
focusesis the ypgradingof 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 2dimethylfuran and ethylene intexylene has reached
impressve yield and seleatity. 36 The computational studies eaed thatacidic
zeolite catalyst only promoted the dehydration ofdiethyloxa-norbornene toward

pX, while theDiel-Alder reaction oR,5dimethylfruan ancthyleneto generatd.,4-



dimethytoxa-norbornene wasncaalyzed3” The big barrier between 2,5
diemthylfuran/ethylene and 1.dimethyloxanorbornene not only limited the reaction
rate but also increased energy (300 €) and material (500 psi ethylene pressure)
demandsAlthough 1,4-dimethyl-oxa-norbornene is wiely accepted as the
intermediatédbetween 2 Sliemthylfuran/ethylene anglX, there is no literature report
of thesynthesis, isolation or characterization of this compc&a##0 As more and
moreparallelinvestigationf producing pX inaclean and sustaableway arein
progresél, an efficient catalyst for Dieldlder reaction of 2,5limethylfuran and
ethylene would be the keg solving thisdifficult and important problemAnd the
synthesisaandisolationof 1,4-dimethyl-oxa-norbornene could enable a sgaof the

catalyst for the Diel\lder reaction ad provide us an insight of ipopertiesand

reactivity.
OH H
hydrolysis o isomerization HO (0]
Cellulose — HO OH =——— W\OH
oH ©OH HO H
Glucose Fructose

dehydration

HO/\QAO

hydrodeoxygenation 5-hydroxymethylfurfural

0 + Ethylene ﬁ - H,O
\@/ Zeolite Zeolite
2,5-dimethylfuran 1,4-dimethyl-7- p-xylene

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

Schemel.3 Upgrade cellulose to paraxylene



In conclusion, e synthesis of Cr alkyl hydridegould expand the spe of
this chemistry andhould providaisnewinsights of C-H activation via first row
transition metals. In the same fashion, the synthetic and kinetic studydihigthyl
oxanorbornene should be the keyaioable a search of an efficient catalystDeels
Alder reactionThis thesigdescribes unique research in synthetic and reactivity studies
of dinuclear chromium complexes supported by-nom n o edénmirte ligahds and
1,4-dimethytoxanorbornengthe intermediate from 28imethylfuran/ethylene
towardp-xylene. Chapter 1 discusses tkactivityof 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.
Findly, Chapter 3 discusses the synthesis, stability and reactivity -afihdthyloxa

norbornene
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Chapter 2

THE REACTIVITY OF A QUINTUPLE -BONDED CHROMIUM DIMER
SUPPORT E DDIBINE LIGANDS

2.1 Introduction
Small molecule activation hadwaysbeen a hot topic in inorganic and
organanetallic chemistry due tabundancef the formerandthe potential
applicatiors. Numerous transitiometal complexes have been designed and
synthesized to activate small moleculesctivation of small molecules implies
change of moleculebs structure and el ectroc
small molecule simply binding to the metal centeindts use as building blockto
synthesize other molecules.
Our group has been interested in small molecule activationchitimium
complexes using different ligand systems, suchgspiyr azol yl )y borate (T
di ket i mi nat e-diMmiNeald. RecenjlyAkiurket althavereported that
chromium dinitrogen complex (TBMeCr):N, can activate different kirgbf small
molceules (Schem&1).2 In the nacnac ligand system, Monilletsal reported that
nacnac chromium(l) complex can simply replace the dinitrogen ligand or the acetylene

ligand with other small molecules to generate new complexes (S¢h2nie
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Due to therarity of quintuply bonded transition metal compésxtheir
reactivity remains largely wxplored. Erly examples include the carboalunatiion of
the quintulply bondd aminopyridinate Cr dimand NO and adamantdrazide
activation of R ®&(CH:26-Rir)H*5 I 2011 Ke@pet al
reported the synthesis and characterizadifoseveral GiICr quadruple bonddducts
with unsaturated small molecul@®, Ass, AsP;).6 Laterin 2014theyreported that the
aminopyridinato dichromium quintuple bond complex could also activated®@
SO to givenewcomplexe{Scheme2.3 a).” The CrCr quintuple bond complex
supported by aidinate ligandalso shows reactivity with small molecules as reported
by Tsai et al (Schen&3 b).8 Recently, Sheet al have showrhat CFrCr quintuple
bonds comple e a r Adiimipe ligandscan bind and activate a series of small
molecules featuring €, GO, G-S or NN multiple bondsand give moneor
dinuclear complexest[P'Cr]2(p-d* : 'gH.CCCMe), [ML™P'Cr]2(S2), [MLP'Cr(p-
NPh)k, [PLP'Cr]2(NAd), [MLP'Cr(u-OCPR)]2 and"L™P'C r £NaCasH22) (Scheme
2.4).9
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U-Diimine ligands are well known asggowinggroup of redox nofinnocent
ligands10 Their electronic structureeflects the three oxidation legalf the ligands:
the neutralJ-diimine A, the monoanioni¢  r aRland theltweelectron reduced
enediamide form C (Schen2eb). With thehelp of X-ray crystallography, the
oxidation state of thdiimine can be assigned by comparing thlsl @hd GC bond

lengths in ligand backbone (Talilel).11 12
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Table21 Bond di st an c-disine(backbone fo tthikenind)
ligand in various oxidation states.

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

[HLtBY]-2 1.32(1), 1.33(1) 1.41(2), 1.40(1)
[HL"PZ 1.423(4), 1.409(4), 1.403(4), 1.431(- 1.352(4), 1.355(4)

(a) tbutyl groupsare bound directly to the diimine nitrogen atoms.

As shown in Tabl.1, the neutral -diimine ligand has a pair of-8 double
bond with bond length around 1.26 A and-4&Gingle bond with bond length around
1.46 A. For dianioni® -diimine ligand, the €\ bond length around 1.42 A is clearly
single bonded and the-C bond length around 1.35 A shodsuble bonded featuse
If the GN and GC bond lengths fall in between single bonded and double bonded
range (GN ~ 1.32 A and @C ~ 1.40 A), the" -diimine ligand would be considered as
monoanionic.

This chapter presesithe different reactivityf the dinuclear quintuply bonded
Cr complex(u-E: E'LPY.Cr, with several gaseous small molecules with carbon
chalcogen multiple bonds. CO, ¢@nd CS, were reated with (HE: E'L™P),Cr; in
stoichiometric amourdand gavehree unique structuremmely [HLP'Cr](u-CO), (-

E: 8 ).Cr, and FLPCrlx(p-B: ECS)(1+S).
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2.2 Results and Discussion

With the help of transition metal catalysarbon monoxide has beenliaed
in organic synthesis as C1 building bloskch asPausorKhand reactiofs,
aminocarbonylatiok* and carbonylative cros®upling-®. Previously, Sheet al have
reported thathereaction of (WE: E'L™P"),Cr, with excess of carbon monoxide
producesiiamagnetic monomerf."'Cr(CQOY, as confirmed byH-NMR
spectroscopynd Xray crystallographyAn intermediatevas observed b{H-NMR
with chemical shifts at 5.62 and 1.03 pgdtris of someinterest to synthesize and
isolate the intermediate and topéore its propertieBy treatingan Et2O solution of
(U-E: E'LP),.Cr, with 1 eq. of cavon monoxide at78€ , adiamagneticdinuclear
monocarbonyl chromium complex, nameN.f'Cr](u-C0), 1, was synthesized and

captured Scheme2.6).

CO (1eq.)

Et,0, -78°C, 3h
C '»CD
Ar

Ar
Ar \ lil CO
Ar = 2,6-diisopropylphenyl CO ( AN /\\\\\CO

1 atm) /
Et,0, RT /Cr\\co
| CO

Scheme2.6 CO addition of (p-E: EHLP")2Cr2
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1is both air and heasensitive. Any excess of CO would lead to further
reactionto "L'Cr(CO), and gentle heat would remove G@andfrom the complex
to givetheisomerof quintuple bondCr dimer, i.e. (u-B:  8-HEP"),Cr>. For
comparisonthequintuply bonded GCr complex supported by aminopyridinato
ligand, the reactions with CO or G@ave a similaCO bridging complex as reported
by Kempeet al. (Scheme2.3 a).” 1 has been characterized byrXy diffraction the
solid state structurénteratomicdistances, and angléor 1 are displayed in Figura 1

and Table2.2 respectively.

C19

C33

C34

Figure 2.1 Molecular structure of [FL"'Cr](u-CO) (1) with thermal ellipsoids at
the 30% probability level. Isopropyl groups and hydrogen atoms
have been omitted forclarity.
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Table 2.2 Interatomic distances (A) and angles (3 for ['LP"Cr](u-CO) (1).

Distances (A)

Cri-N1 1.879(5) Cr1-N4 1.912(5)
Cr1-Cr2 1.964Q) Cri-C1 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(9
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()) C8-C9 1.414(9)
C9-Cl4 1.494(9) Cc10C11 1.524(9
C11-C12 1.544(9) C13C14 1.527(9)
C14C15 1.541(8) c16C21 1.394(9)
C16C17 1.399(9) C17-C18 1.384(9)
C17-C23 1.513(9) C18C19 1.37(2)

C19C20 1.36()) C20C21 1.420(9)
C21-C26 1.48() C22C23 1.512(9)
C23C24 1.546(9) C25C26 1.526(9)
C26C27 1.569(9) C28C29 1.364(8)
C30C35 1.388(9) C30C31 1.408(9)
C31-C32 1.417(9) C31-C37 1.49(1)

C32C33 1.356(9) C33C34 1.363(9)
C34C35 1.399(9) C35C40 1.55(1)

C36C37 1.540(9) C37-C38 1.54(1)

C39-C40 1.526(9) C40C41 1.514(9)
C42C43 1.361(9) C42-C47 1.423(9)
C43C44 1.414(9) C43C49 1.503(9)
C44C45 1.37(2) C45C46 1.373(9)
C46CA47 1.404(9) C47-C52 1.504(9)
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C48C49 1.499(9) C49C50 1.543(9)
C51-C52 1.520(8) C52C53 1.510(9)
C54C55 1.5045 C55C60 1.3993
C55C56 1.3994 C56C57 1.3939
C57-C58 1.3936 C58Ch9 1.3937
C59C60 1.3939

Angles (J
N1-Cri-N4 146.9(2) N1-Cri-Cr2 101.8(9
N4-Cr1-Cr2 1048(2) N1-Cr1-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 1027(2)
N2-Cr2-Crl 10438(2) N3-Cr2-C1 107.1(3)
N2-Cr2-C1 102.4(3) Cr1-Cr2-C1 61.0(2)
C2-N1-C4 112.9(5) C2-N1-Crl 132.9(5)
C4-N1-Crl 114.2(4) C3N2-C16 113.9(6)
C3N2-Cr2 132.2(5) C16:N2-Cr2 113.1(4)
C28N3-C30 112.6(6) C28N3-Cr2 132.3(5)
C30N3-Cr2 115.1(5) C29N4-C42 113.5(6)
C29N4-Cr1 130.8(5) C42N4-Crl 114.9(5)
O1-C1Cr2 151.0(7) O1-C1Cri 150.7(7)
Cr2-C1-Cr1 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) C5C4-N1 115.8(6)
C4-C5-C6 117.2(7) C4-C5C11 123.4(7)
C6-C5C11 119.4(7) C7-C6-C5h 119.6(8)
C6-C7-C8 121.9(8) C7-C8C9 121.4(8)
C4-C9-C8 116.6(7) C4C9-C14 121.6(7)
C8C9C14 121.6(7) C5C11-C10 110.9(7)
C5C11-C12 111.6(6) Ccl0C11-C12 110.4(7)
C9C14C13 109.6(6) C9-C14C15 114.3(6)
C13C14C15 110.2(6) C21-C16C17 123.9(7)
C21-C16N2 117.9(7) C17-C16-N2 118.3(7)



C18C17-C16
Cl6C17-C23
C20-C19C18
C16C21-C20
C20-C21-C26
C17-C23C24
C21-C26:C25
C25C26:C27
N4-C29-C28

C35C30-N3

C30-C31-C32
C32-C31-C37
C32C33C34
C30-C35C34
C34-C35C40
C31-C37-C36
C41-C40-C39
C39-C40-C35
C43C42-N4

C42-C43C44
C44-C43C49
C44-C45C46
C46-:C47-C42
C42-C47-C52
C48C49-C50
C47-C52-C53
C53C52C51
C60-C55C54
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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C18C17-C23
C19C18C17
Cl19C20C21
C16C21-C26
Cl17-C23C22
C22-C23-C24
C21-C26:C27
C29-C28N3

C35C30C31
C31-C30-N3

C30-C31-C37
C33C32C31
C33C34C35
C30-C35C40
C31-C37-C38
C38C37-C36
C41-C40C35
C43-C42-C47
C4T-C42-N4

C42-C43C49
C45C44-C43
C45C46C47
C46-C47-C52
C48C49-C43
C43-C49-C50
C47-C52-C5h1
C60-C55-C56
C56-C55C5h4
C58C57-C56
C58C59-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 inthe monoclinic space grolg®:/n. Thecarbon monoxide
interact with quintuple bond via a [2}tycloaddtion and gives a coplanas4CO
triangle geometryThis structure is similar to theelenide, telluride and1
azidoadamantanadducs of (u-E: B'LP),Cr,andi s compar abl -t o Kemp
CO), adduct (Schem2.3a).” The GO bond length of 1.150(8) / 1 is slightly
longer than neutral CO bond distance of 1.12&m is similar to CO bond length of
1.154(8) inK e mp ErfusCO). And the newly formed GC single bonds with bond
length of 2.021(8) A and 2.016(8) A are significantly longer tharx€@ond length in
(HLPYCr(COY (average GIC = 1.882 (2) A) but are slightly shorter than those in
K e mp @rgusCO), (Cr-C = 2.092(8) ad 2.066(8) A) The CO stretding frequency
of 1758 cmt is on the edgef p2-bridging carbonyinfrared stretching frequencies
(185071 1750 cmb). K e mp €@rfusCO), adduct has higher wave number absorption
bands at 1924 and 1806 ¢énThe GN bond lengtrof ligand backbone range from
1.357(8) to 1.380(8) A and the-C bond length are 1.389(8) and 1.364(8)TAere is
no appreciable change in the backbone bond lengths of the diimine ligands kketween
and(u-B: BLPN.Cr,, thusl is best described as Q«Cr(I) complex.The CkCr
bond 0f1.9642); f al |l s i nt o -sthhoer tréa nopbemicomhi WM uper
quadruple bonds (GEr < 2.0 A)16 The Cr-Cr distances in selenide, telluride and 1
azidoadamantanadductof (u-E: BILPN,Cr; are 1.9101), 1.918(2) ad 1.9557(9)
A respectively Considering that both chromium ions are Cr|)astill hasa CrCr
quintuple bondTheelongation of the GCr multiple bonds ipresumably due to the
formation of two new GC covalentbondd n Kempeds aminmmopyri dina
system, the GEr distance in G{u-CO) is 1.8(2) A. This complexs diamagnetic

due to extensive metahetal bondsThe broadedH-NMR resonances archemical

24



shiftsat6.996.75, 5.62, 3.31, 1.41, 1.03 and 0.75 ppm are almost identical to those of
(U-E: B'LP).Cr. 1is relatively unstable and slowtiecomposesito (u-E-: E

HLPN,Cr, and"L™P"'Cr(CO) over time, even aB0 €. Treatment ofl with other small
molecules like ethylene or THF resultedigand replacement and formation of

HLPCF(CO).

1 atm

A A
NN Et,0
< C| > + CO,
Al rt, 1h
NN
Ar

Ar

Ar = 2,6-diisopropylphenyl

Scheme2.7 Reaction of (tE: EHLP").Crz and COz

Valorizationof carbon dioxide ashemical feedstockas been intensely
studiedfor decade 171819 Some reactions have even been industrialigadh as
synthesis o&thene carbonate from ethylene anccG@nversion of C@and
ammonia into urea, and production of salicylic acid by pressuring sodium phenol salt
with C0».20 Due to the fact that C{s the most oxidized form of carbon and is
thermodynamically stable, aetition and utilization of carbon dioxide has been
challenging. Itwas interesting to sekthe Cr quintuple bond complex is able to
activate CQ. The ten electrons held in between two low valent Cr centers might be
the key to reduce GOExposure of a dityl ether solution of (£ B'LP).Crto 1

atmosphere of carbon dioxide at room temperature caused an instant color change
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from green to bluand therto red.TheH-NMR of the red specg&in CsDs showed a
series of broadesonance witlkchemical shif at 7.346.57, 1.95, 1.73, 1.41and 1.00
ppm After standard work up, diimine ligand activated complexC0.)-Cr (2) was
synthesized, isolated and characterized bpycrystallography(Scheme2.7) The
solid state structure, bond distances, and angl2 doe displayed in Figur22 and

Table2.3 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 (J for (u-E: £L")2Cr2(2).

Distances (A)

Cr1-04 1.967(2 C15C22 1.507(4)
Cr1-N4 2.044(2 C16C17 1.367(4)
Cri-N1 2.081(2 C17-C18 1.365(4)
Cri-N2 2.109(2) C18C19 1.396(3)
Cr1-Cr2 2.3343(4) C19C20 1.418(3)
Cr2-02 1.978(2) C19C25 1.518(4)
Cr2-N2 2.047(2) C21-C22 1.521(4)
Cr2-N3 2.087(2 C22C23 1.537(3)
Cr2-N4 2.116(2 C24C25 1.511(4)
N1-C1 1.277(3) C25C26 1.517(4)
N1-C8 1.456(3) C27-C28 1.505(3)
N2-C20 1.459(3) C28C54 1.573(3)
N2-C2 1.484(2) C29-C34 1.399(3)
N3-C27 1.279(3 C29C30 1.394(3)
N3-C34 1.460(2) C29-C36 1.512(3)
N4-C46 1.462(2) C30C31 1.377(3)
N4-C28 1.479(2) C31-C32 1.377(3)
01-C53 1.216(2) C32C33 1.396(3)
02-C53 1.295(2) C33C34 1.399(3)
03-C54 1.220(2) C33C39 1.514(3)
04-C54 1.292(2) C35C36 1.534(4)
C1-C2 1.506(3) C36C37 1.526(4)
C2-C53 1.561(3) C38C39 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) C42C43 1.369(4)
C6-C7 1.393(3) C43C44 1.372(4)
C7-C8 1.403(3) C44C45 1.398(3)
C7-C13 1.511(3) C45C46 1.422(3)
C9-C10 1.533(3) C45C51 1.525(3)
C10C11 1.522(3) C47-C48 1.525(4)
C12C13 1.533(3) C48C49 1.531(3)
C13C14 1.530(3) C50-C51 1.534(3)
C15C16 1.397(3) C51-C52 1.526(3)
C15C20 1.414(3)
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Angles (J

04-Cr1-N4
04-Cr1-N1
N4-Cr1-N1
04-Crl1-N2
N4-Cr1-N2
N1-Cr1-N2
04-Cr1-Cr2
N4-Cr1-Cr2
N1-Cr1-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
C8N1-Cr1
C20-N2-C2
C20-N2-Cr2
C2-N2-Cr2
C20-N2-Cr1
C2-N2-Cr1
Cr2-N2-Cr1
C27-N3-C34
C27-N3-Cr2
C34N3-Cr2
C46-N4-C28
C46:N4-Crl
C28N4-Crl
C46-:N4-Cr2
C28N4-Cr2
Crl1-N4-Cr2
C5302-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
1119(2)
1288(2)
113.22)
1161(2)
100.0(2)
136.5(2
104.3()
68.34(5)
117.7(2)
111.2(2
130.4(2
113.4(2
115.6(2
109.0(2
1364(2)
104.5(1)
68.23(5)
1174(2)
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Cl6C15C22
C20-C15C22
C17-C16C15
C18C17-C16
C17-C18C19
C18-C19C20
C18C19C25
C20-C19C25
C19C20C15
C19C20N2

C15C20N2

C15C22-C23
Cl15C22C21
C23C22C21
C24C25C19
C24C25C26
C19C25C26
N3-C27-C28

N4-C28-C27

N4-C28-C54

C27-C28C54
C34-C29-C30
C34-C29C36
C30-C29-C36
C31-C30-C29
C30-C31-C32
C31-C32C33
C32C33C34
C32C33C39
C34-C33C39
C29-C34-C33
C29-C34-N3

C33-C34N3

C29C36:C35
C29-C36-C37
C35C36:C37
C33C39C38
C33C39-C40
C38C39-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)
121.0(2)

1203(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(3

1032(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(3

119.0(2)

1188(2)

109.6(2)
112.5(2)
111.2(2)
109.2(2

112.5(2)
111.3(2)



C54-04-Cr1 118.0(9 C42-C41-C46 119.1(2)

N1-C1-C2 119.5(9 C42-C41-C48 116.5(2)
N2-C2-C1 1125(2) C46-:C41-C48 124.0(2
N2-C2-C53 1127(2) C43-C42-C41 122.2(2)
C1-C2-C53 102.8(3 C42-C43C44 118.9(2)
C8C3C4 117.5(2) C43C44-C45 121.9(2)
C8C3-C10 123.3(2) C44C45C46 119.0(2)
C4-C3-C10 119.2(2) C44C45C5h1 117.3(2)
C5C4-C3 121.4(2) C46-:C45C51 123.6(2
C6-C5C4 119.9(2) C41-C46:C45 1188(2)
C5C6-C7 121.6(2) C41-C46:N4 1205(2)
C8-C7-C6 117.1(2) C45C46N4 1208(2)
C8C7-C13 123.6(9 C41-C48C47 113.9(2)
C6-C7-C13 119.2(2) C41-C48C49 108.1(2)
C3-C8C7 122.6(2) C47-C48C49 110.4(2)
C3-C8N1 1194(2) C45C51-C50 114.4(2)
C7-C8N1 118.0(3 C45C51-C52 111.8(2)
C1i1-C10C3 113.1(2) C50C51-C52 1092(2)
C11-C10C9 110.2(2) 01-C5302 126.1(2)
C3-C10C9 109.6(2) 01-C53C2 1187(2)
C7-C13C12 1097(2) 02-C53C2 115.2(9
C7-C13C14 112.4(2) 03-C5404 126.5(2)
Cl2C13Ci14 111.3(2) 03-C54C28 118.9(9
C16C15C20 119.1(2) 04-C54C28 114.6(2
2 crystallized in thericlinic space grou-1. To our surpris2d oesnoét f ol | o

thetypical [2+2] or [2+1] cycloaddition reaction between an unsatunatgédculeand
(U-E: E'LP),.Cr,. Rathe, each diimine ligandds added one carboxylate group on its
backboneand generated C2 symmetric GCr dimer supported by two amino acid
ligands.Eachnewly formed ligand has one neutral immigogen(N1, N3)

coordinating to one Cr, one anionic cartplateO (O2,04) coordinating to another Cr
and the anioniamidenitrogen(N2, N4)bridging in betweemoth Cr centersThus

the quintuply bonded dimevas oxidized to a Cr(HLCr(Il) dimer. The CiCr distance

of 2.3343(4) A indicatsthereductionof Cr-Cr quintuple bondrder The
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coordination geometry around each chromiarbest described as squarenglawith
sum of angles of 356.78°for Crl and 356°d8r Cr2 The bond distaces of Cr to
imine N are 2.08() A for Cr1-N1 and 2.08) A for Cr2-N3. ThebridgingamideN
is closer to one Cr than the other one, presumably due to the trans influence of
carboxylate coordinating site. The averageNdyond lengthtrans to carboxylate site
is 2.113(2) A and the average cis @ bond lengh is 2.04%2) A.

The quick color change via blue suggested the formation of an intermediate.
Unfortunately, the C®activation process happens too faistherto capture the short
lived intermediate oto monitor it by*H NMR spectroscopyAttempts ofsynthesizing
andisolaing the blue intermediate by adding 1 equivalent of @G EO solution of
(u-E: BLPY,Cr, were unsuccessfulheblue specigcould be observed whereq.
of CO, wasslowly introduced into a EO solution of (4E: B'L"™".Cr, at-78€. But
this blue intermediate disappeatand refornedthe starting materialponwarm up
andbr whenvacuum was applied similar color change was observed in the reaction
of (u-E: B'LPN,Cr, with hexafluore2-butyne® A purple intermediate was isolated
after 15 min reaction qui-E:: B'L"™),Cr, with hexafluore2-butyneandthe
prolonged reaction result@d a red ligand functionalized product as shown in Scheme
2.8. Presumably2 could be generated ve[2+2] cycloaddictintermediateof CO,
and the GiICr multi-bond cente(Scheme2.8), similar to the reaction of g £
HLIPN,Cr, with allene(Scheme2.4). A closerlook of 2 reveagdthat the newly formed
L-CO, ligandshavechiral centes on C2and C28TheP-1 space groupf solid

structure indicated that the G@dditionproduct is racemic
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Scheme2.8 The reaction of (WE: E"LP")2Cr2 with hexafluoro-2-butyne and
plausible mechanism of formation of 2

Diimine ligandfunctionalizationis not unusuain theliteratureandmany
examplesdavebeen reportetly reacing neutral diimine liganglwith metal
alkyls.21222324 Alkyl migration via 1,2insertionto form a new @ bond orthe
ligand backbondasbeenpresented itheliterature2>26 Addition ofaneutral

compoundo theligandbackbonas relatively rare fodiimine complexes. The only
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other examples atée reaction of (£ E'L"P"),Cr, with hexafluore2-butyné,
react i-gimnelaChWitCCl27a nd r e a ediimine)w(NArf(CH{Pk)y
with CClL28, In thecaseof Ta and Wthe diimineligandhas added a Cgtadicalon
theligand backbone anithe complex wagransformed to anetal halide with a
localized iminoamide ligandComparing the addition of G@&nd CECCCR to (p-

E: EL"P),Cr,, they both have an electron deficient carbon on the small molecule.
Presumably, the small molecule additiari@the diimine ligand is driven by the
interaction ofigand based HOMO of g&: 8'L"",Cr, andelectrophilic carbon on
CO,orCRCCCR2°I't is noticeable that the reactio
Cr dimer with CQ gave a Ci(12-CO), adduct as thenajor product and, plausibly, a
(CrO) complex as the byproduct (Sche@a ).

It was ofsomeinterest to explorgvhether the reaction betweenft £
HLIPN,Cr, and CS might procceddifferenty, as CS hasa lesselectrophilc carbon
Upon gowly adding 1 eq. of CSinto a EzO solution of (uE: E'L"P.Cr, at-78C,
the green solution of quintuply bonded Cr dimer égryellow rapidly. After
removing unreacted G&nd solvent underacuum, [LP'Cro(u-B: ECS)(4S) B)
was crystallized from ED sdution at-30C (Scheme2.9). The solid state structure,

bond distances, and angle Bare displayed in Figura3 and Table?.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

Scheme2.9 Reaction of (kE:: EHLP")2Crzand CS2
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C32

C31

c18

V c17

C16

Figure 2.3 Molecular structure of [FLP"Cr]2(u-B2 ECS)(p-S) (3)with thermal
ellipsoidsat the 30% probability level. Isopropyl groups and
hydrogen atoms have been omitted for clarity.

Table2.4 Interatomic distances (A) and angles (3 for ['LP"Cr] 2(pu-E2 £CS) (-

S) (3).
Distances (A)
Cr1-N2 1.943(3) Cr1-N1 1.943(3)
Cri-C53 2.090(4) Cri-s1 2.2509)
Cr1-S2 2.4220) Cr1-Cr2 2.7471)
Cr2-C53 1.781(4) Cr2-N3 1.871(3)
Cr2-N4 1.881(3) Cr2-s1 2.155Q)
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S2-C53
N2-C15
N1-C3
N3-C29
N4-C41
C3-C8
C4-C5
C5C6
C7-C8
C9-C10
C12C13
C15C16
Cl6C17
C17-C18
C19C20
C21-C23
C24C25
C28C27
C29C30
C30-C38
C38C39
C32-C33
C34-C35
C35C36
C41-C46
C42-C47
C47-C49
C44-C45
C50-C46
C50C51
C5501
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(8
1.522(6)
1.382(7)
1.513(6)
1.529(6)
1.38Q)
1.37(2)

N2-C1
N1-C2
N3-C28
N4-C27
C1-C2
C3-C4
C4-C12
C6-C7
C8-C9
C9-C11
Cl2C14
C15C20
Cl6C24
C18C19
C20C21
C21-C22
C24-C26
C29C34
C30C31
C38C40
C31-C32
C34-C33
C35C37
C41-C42
C42-C43
C47-C48
C43C44
C45C46
C50-C52
C54-C55
01-C56
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1.345(5)
1.333(5)
1.3435)
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)
1.37Q)

1.40(2)



Angles (J

N2-Cr1-N1
N1-Cr1-C53
N1-Crl-S1
N2-Crl1-S2
C53Cri1-S2
N2-Cr1-Cr2
C53Cri1-Cr2
S2Crl-Cr2
C53Cr2-N4
C53Cr2-S1
N4-Crz2-S1
N3-Cr2-Crl
S1-Cr2-Crl
C53S2Crl
C1-N2-Crl
C2-N1-C3
C3N1-Crl
C28N3-Cr2
C27-N4-C41
C41-N4-Cr2
N1-C2-C1
C8C3N1
C5C4-C3
C3-C4-C12
C7-C6-C5
C3-C8C7
C7-C8C9
C8C9C11
C4-C12C13
Cl3C12C14
C16C15N2
Cl17-C16C15

81.20)
132.8Q)
1085(1)
1066(1)
40.5(1)
1385(1)
40.5(1)
81.03(4)
109.5@)
1028(2)
121.7Q)
135.7()
53.08(4)
58.4Q)
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
C53Cri1-S1
N1-Cr1-S2
S1-Crl1-S2
N1-Cr1-Cr2
S1-Crl1-Cr2
C53Cr2-N3
N3-Cr2-N4
N3-Cr2-S1
C53Cr2-Crl
N4-Cr2-Crl
Cr2-S1-Crl
C1-N2-C15
C15N2-Cr1
C2N1-Crl
C28N3-C29
C29N3-Cr2
C27-N4-Cr2
N2-C1-C2
C8C3C4
C4-C3N1
C5C4-C12
C6-C5C4
C6-C7-C8
C3-C8C9
C8C9-C10
Cl0C9oC11
C4-Cl2C14
Cl16C15C20
C20-C15N2
Cl7-Cl6C24

35

1323(2)
111.2Q)
905(2)
107.1Q)
130.98(5)
136.6()
49.96(4)
1117(2)
88.80)
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)



C15C16:C24 123.6(4) C18C17-C16 121.2(5)
C17-C18C19 119.9(5) C20C19-C18 121.2(5)
C19-C20C15 118.3(4) C19C20-C21 119.0(4)
C15C20-C21 122.7(4) C20C21-C23 110.1(4)
C20-C21-C22 111.5(4) C23C21-C22 111.4(4)
C16C24C25 111.6(4) C16C24C26 111.4(4)
C25C24C26 109.9(4) S2C53Cr2 170.7(3)
S2C53Crl 81.0Q) Cr2-C53Crl 89.80)
N3-C28C27 117.9(4) C34C29-C30 121.8(4)
C34C29N3 118.0(4) C30-C29N3 120.1(4)
C31-C30:C29 117.5(5) C31-C30C38 120.6(5)
C29-C30-C38 121.9(4) C30-C38C40 111.3(5)
C30-C38C39 110.2(4) C40-C38C39 110.8(5)
C32C31-C30 121.3(5) C31-C32C33 120.5(5)
C29-C34C33 118.1(5) C29-C34C35 121.0(4)
C33C34C35 120.9(4) C34C35C37 110.7(4)
C34C35C36 111.7(4) C37-C35C36 110.2(4)
N4-C27-C28 116.5(4) C42-C41-C46 121.7(4)
C42C41-N4 120.4(4) C46C41-N4 117.9(4)
C43C42-Ca1 117.5(5) C43C42Ca7 119.7(4)
C41-C42-C47 122.8(4) C48CA47-C49 111.3(5)
C48C47-C42 112.0(4) C49-C47-C42 110.5(4)
C44C43-C42 121.3(5) C43C44-C45 120.6(5)
C44C45C46 121.2(5) C46C50-C52 110.9(4)
C46-C50-C51 113.0(4) C52-C50-C51 110.9(4)
C45C46-C41 117.6(5) C45C46-C50 120.8(4)
C41-C46-C50 121.6(4) C32C33C34 120.8(5)
C54C5501 1172) C5501-C56 116(2)
C57-C56:01 116(2)

3 crystallized in thenonoclinicspace group2i/c. Unlike for COy, in 3 one of
the GS double bond is completelylgy Cr-Cr center and givea (- ¥CS) and

(u-S) bridging chromium binuclear complekXhe coordination geometry of both Cr
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centers is tetrahedrdbne of the GiS bond is significantly shorter than the oth&de
(Cr1-S1 =2.28(2) Avs. Cr2s1 = 2.43(2) A). The bridging CSigandadoptedhe
fourre | e ct r o%u-C8 loridging stru€ture witEr2-C53bond length of 781(4)
A and Cr1C53 bond length of 2.090(4) ® The GS bond length of 1.594(4) Ais
longer tharthefree carbon monosulfide triple bond of 1.534@id closer ta C=S
double bond of 1.611 A ithioformaldehyd@l, suggesting that the CS ligand is
formally dianionic The backbone length of the diimine ligands are in the rmoanic
range (average-C = 1.390 A and average-R = 1.343 A), thus the formal charge of
Cr centers is Cr(Il)-Cr(l11). The two electrons used to sphie C-S double bond are
from two chromium atomsThelong Cr-Cr distance o2.7431) A indicatesthe
absence of strongondinginteraction between two Cr ionEhe differences of
reactivitybetweenCO; and CS toward(p-E: B'L™N,Cr, couldbedue to the less
electron deftientcarbon center of G&nd weaker C=S bonBresumably, both
molecules would form a [2+2] adduct with-Cr quintuple bond center, but the
stronger electrophilic carbon cent#rCO; would undergo electrophiliattachonto
theelectron rich backbone of diimine ligands while the @&ssplit by Cr-Cr

quintuple bond centé6cheme2.10).
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Scheme2.10 Plausible mechanism of formation of 3

Due to he instability of carbon monosulfide (unstable at temperature above
100 €)3233 metal thiocarbongl areusually prepared by using carbon disulfide or
thiophosgene as CS sources. In 1966 Baird and Wilkinson reported the first metal
thiocarbonyl complex, {®P)XRh(CS)Cl,from reaction of (PEP:RhCl and CS
followed by elimination of P#PS.There are many examples of &#®uble bond
cleavageby transition metal clusters, like §85C0)s(lis-S)(s-CSP439,
Fey(COXAS)(CSP8, (CsHsCo){Fe(COR(PP)}H1 3-S)(1s-CS)F7,
H20s3(CO)/(CS)(S)38, Os4(COn2(CS)(SP° andRus(CO)X(CS)-H)(u-PBu2) (u-
PCy)2(3-SY0. This kind of reactioms typically requires higher temperature to
proceedFor dinuclear systesnW2Cpz(CO)(U-E:E-CHCOY1, ReBra(p-dpam)?2
and [Fe(4Pipiso)}43 react with C3andsplit one of the C=S double bondder mild
condition (room temperature 40 €) . Based on the search in Cambridge Structural

Database (CSDB%4546, 3 is the firstexample ofCS cleavage by chromium complex.
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Scheme2.11 Synthesis of (PipisoFeju-S)(u-CS)

The comparison gfPipisoFe)(u-S)(i-CS) and3 is someof interest They are
both dinuclear sulfide/thiocarbonyl Hged complex generated by esinglow valent
metatmetal multiple bond complexes to £$he CrCr distance of 2.742) A is
longer than the FEe distance of 2.5800(6),A pr esumabl ¥ because
coordination othe thiocarbonyl liganéh 3 andthe bigger covalent radii of GH)
than F¢ll). The average C8 bond length (average Gr= 2.2@(2) A) is slightly
longer than the averageSebond length (average 2=2.1330(9) A). Despite the
fact that the bridging carban 3 is closer to Cr2 than Crl, the averageCiond
length of 1.935(4) A is close to the average@bond length of 1.938(3) /A
(PipisoFe)(u-S)(i-CS).

| t 6 s al dgng thattleersittebn bidging structure of thiocarbonyl is very
rare. The only two other complexes featurvig(p-E: ECS)core were reported by
Angelici et al.in 1989 and Wangt al.in 2008 (Schem&.12). The comparison of
bond distances in tHd2(u-B: ECS)cores of those complexes was shown in Scheme
2.12 as well. Themetal toS distance all three complees wereshorter than 2.54 A
and indicatedV-S bonding. The €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+@etali b on d s
(1.781(4)i 1.899(3) A)were significantly shorter than metal” b (h0OO(4)i
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2.270(3) A. Thus, all three complexes have a siafebridging thiocarbonyl ligand,
and3 is the first example of first row transition metal complex featuritpfu-£: ‘£

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

S I
S i i S | j
oc C//\ i co Pr Pr I Pr Pr

C
/ oc_ \\ N, ¢\ N
\ MG OC_\MO_\MO/_CO KN/CI’< /CF\N]

TpW

o S
O(! OC/ \CO m iPI’ ’Pr ’Pr iPI’
(Si'/
3

Tp = hydrotris(pyrazolyl)borate
Wang et al.
Angelici et al.

S S S
1.640(6)/ 1.632(3)/ 1.594(4) /
c 2.511(2) c 2.5396(8) c 2.423(2)

1.895(5/‘{’% 1.899(3/‘?% 1781(4/‘_?090
%) 5 %)
W

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

Scheme2.12 Comparison of bond distances in complexes featuring Nu-E2:. &
CS) core

In conclusionthe quintuply bonded complex-f: *B'L""").Cr. showed
different reactivitytowardCO, CQ and CS. It was found that reaction witheq. of
COgave simple monaarbonyl adduct. The reaction with C&®would activate the
carbonof CO; and gave a symmetriigand-functionalizedbinuclear comple®, i.e.
(L-COp)2Cr2. The reaction with CS2 would not tggrthe nucleophilic addition on the
ligands,but split one C=S double bond to generatenplex3 featuring a Gi(u-E: £

CS)(itS) 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 througgttivated aluminum columns followed by a
nitrogen purge to remove dissolved oxygen. Tddkvas predried over potassium
metal and stored under vacuum over Na/K.Clbwas predried with s and stored
under vacuum over 4 A molecular sievesDewas preded with sodium metal and
stored under vacuum over Na/K. CsCGnhydrous) and sodium metal were purchased
from Strem Chemical Co.. Cri{THF)3, andthediimine ligand was prepared by
literature procedure&48 All other reagents were purchased from AldrichAcros
and dried using standard procedures when necessary.

NMR spectra were recorded on a Bruker DR20 spectrometer and were
referenced to the residual protons of the solvent ¢@&lR.73 and 3.58 ppm; GBI,
5.32 ppm; CDGQ, 7.27 ppm; @D, 7.15 ppn). FTIR spectra were taken orNécolet
Magna IR E. S. P560 spectrometer. UV/vis spectra were taken on a Therma UV
spectrophotometer. Mass spectral data were collected at the University of Delaware
Mass Spectrometry Facility in electron ionization md#l15e\j. Roomtemperature
magneti c s upsmeaspdemertisiwere daryied out using a Johnson Matthey
magnetic susceptibility balance unless otherwise stated. Molar magnetic
susceptibilities were corrected for diamagnetism using Pascal constdrasreverted

into effectiveeeinagneti c moments (¢
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2.3.2 Preparation of [HLP'Cr] 2(u-CO) (1)

To a50 mlEtO solution of (4E: B'L™),Cr, (250 mg, 0.291 mmal)L eq. of
CO was added a78€C. After stirring for 3h, the solution slowly turn from green into
teal color. Theemaining CO and ED was removed via vacuuat-78°C and crude
product was extractedith pentaneThe solution was filtered;oncentrated and
cooled to-30°C to yield teal crystals df (141 mg, 55% yield). *H NMR (CsDe):
6.996.75 (1M, Ar), 5.62, 3.31(8H, iP), 1.41(24H, iPr), 1.03, 0.7524H, iPr) ppm.
IR (KBr; cmrl): 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), K)86A99 (m), 1058
(w), 935 (W),869 (w), 796 (m), 752 (SUV/Vis (p e n t aaR e ;:n medmd)); 620
(5310), 704 (4867M.p.: 91€ decomp.

2.3.3 Preparation of (L-CO2)2Cr2(2)

At room temperature, 30 mlE-O solution of (4E: B'LP),Cr, (250 mg,
0.291 mmol)was exposed to 1 atm of @GAA\n immediate color change from green to
blue to red can be observed. After stirring for 1h, the &@ E$O wereremoved
undervacuum.The residue was extracted by pentartee solution was filtered,
concentrated and cooled-80 °C to yieldredcrystds of 2 (240 mg,87 % yield). *H
NMR (CsDe): 7.346.57 (1H, Ar), 1.95(12H, iPr), 1.73(12H, iPr), 1.41(12H, iPr),
1.00(12H, iPr) ppm.IR (KBr; cml): 3062 (w), 2960 (s), 2927 (m), 2867 (m), 1758
(m), 1525 (m), 1465 (m), 1440 (m), 1384 (m), 1361,(124 (m), 1257 (m), 1240
(m), 1186 (m), 1110 (m), 1058 (m), 939 (m), 798 (m), 754 BWVis (U, Lcid?)
624 (989), 907 (643) e 294K) =1.2(1) 5. M.p.: 186 €.
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2.3.4 Preparation of ["LP"Cr] 2(u-E2. £CS)(-S) @)

To a 50 ml E4O solution of (4E: B'LP),Cr, (250 mg, 0.291 mmol), 1 eq. of
CS (17.6 1L, 0.291 mmal was added af78€C. After stirring for 1h, the solution
slowly turred from green to browThen the solution was allowed to warm up to
room temperaturélhe remaining Csand EtO was removedndervacuum and
crude product was extracted by pentdre solution was filteredsoncentrated and
cooled to-30°C to yieldyellow to browncrystals of3 (195 mg, 724 yield). *H NMR
(CeDs): 16.49 (H, Ar), 10.74 (4, Ar), 1.17(48H, iPr), -3.32 (4, Ar), -13.10 (H,
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)
UVNVis (U, cl) e (294K) =2.0(1) €8. M.p.: 213 C.

2.3.5 General considerations for Xray diffraction

Single crystal Xray diffraction studies were performed under the following
conditions. Crystals were selected, sectic
plastic mesh with viscous oil and flasboled to the data collection temperature.
Diffraction data were collected on a Bruk&XS APEX CCD diffractometer with
graphitemonochromated MU r adi ati on ( a=setswefte@ecatdd j ). Tl
with SADABS absrption corrections based oedundant multiscan déta

The structures were solved using direct methods and refined windirix,
leastsquareprocedures off2. Unit cell parameters were determined by sampling
three different sections of the Ewald spfr 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 lilary*.

2.3.6 Single crystd X-ray diffraction studies

The unit cell parameters and systematic absences in the diffraction data were
consistent for space group2:/n for 1; P-1 for 3; P2:/c for 3. No symmetry higher
than triclinic was observed in the diffraction data3o6tructual solution in the
centrosymmetric space group options yielded chemically reasonable and
computationally stable results of refinemeértte toluene solvent molecule Irand
the diethyl ether solvent molecule2rand3 had slight yet unresolvable disorgerd

was treated with idealized geometry.
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Table 2.5

Crystallographic data for complexes 13

1 (kla0597) 2 (kla0946 3 (kla0613)
Formula CeoHsdCraN4O C112H154CraNgOq Cs5H77CraN4Oo 505
Formula Wt. 977.28 1964.42 970.32
Space group P2i/n P-1 P2:/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)
U, deg 90 71.960(1) 90
b, deg 104.226(18) 82.160(2) 108.010(4)
2, deg 90 75.896(1) 90
V, As 5514.(4) 2679.55(19) 5472.114)
z 4 1 2
D(calcd), 1177 1.217 1.178
e ( Mo KUO), 0436 0.454 0.512
Temp, K 200 200 200
Tmax Trmin 0.9520.905 0.746/0.697 0.9770.927
no. data/params 12677/606 15965/614 12605/613
GOF on k& 0.713 1.007 1.014
R(F), 96 6.97 5.43 6.81
Rw(R), %* 19.25 14.60 16.63

a Quantity minimizedY O

Y s$0O Os

Buo™O 'O 7B 0O
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Chapter 3

THE SYNTHESIS OF THE DINUCLEAR CHROMIUM ALKYL/ARYL
HYDRI DE COMPLEXES SUPPRMNRELEBNDSY U

3.1 Introduction

Direct functionalization of €4 bonds is one of the most attractive feetd
syntheic and organometallic chemistnyhich couldfree chemists from tedious
functional group transforation inclassicalkross coupling catalysis and maximize
atom and stepeconomyDue to tle highstrengthof C-H bonds (~100 kcal/mol
typically), harsh conditions such as high temperature, strong base or acid and strong
oxidants or reductants are unawatik in most reactions involving-& activations
The application of those processes in organic synthesiala@directly limited due to
poor functional group tolerance and selatt. In the early stage of €l activation,
the eforts were mainlydirecedto discovery of catalytisystems involving direct
insertion of metal catalyst inthe C-H bond and functionalization of the resulting
hydridoalkyl metal intermediatén 1955 Shunsuke Muhashireportecthe firstC-H
functionalization reactionf carlonylative ring closure of (EN,1-
diphenylmethanimine towardghenylisoindolinl-one catalyzed b€o(CO).1
Joseph Chatt reported the formatiorfafnation of Ru(dmpejH)(2-naphthyl)
complex by treating Ru@ldmpe} with sodium reduced naphthalene (dimpl,2
bis(dimethylphosphino)ethapéThe direct insertion of Ru center intekCbond
clearlyshowed the cleage of CH bondand could not be done without strong

reductantlrradiation could also promote thelCactivation. In 1982, R.G. Bergman
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and WA.G. Graham independently reported the synthesis of hydrido alkyl Ir
complexes fronCp*Ir(PMe3)(H): (Bergman) or Cp*Ir(CQ)(Graham) in present of
cyclohexane and neopentanehgh pressure Hg lamp irradiatio@-H
functionalization has gained incredilgeogressn the past 15 yeafsNowadays, more
and more attention hdeen focused on design and develop new protad¢a@#icient
catalytic GH activationunder mild condition&”

However, withouta clear guideline, those discoveries were quite unptaiole
sometimea. To date, no widespread application eHCactivation has been found
undermild conditiors with high selectivity and efficiency. Thuse fundamental
understanding of the-8 activation process is certainly the key to the discovery of
new transitionmetal catalystfor 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 reactivitieShe field of GH activation isstill dominated by ssnd
row transition metals such as Pd, Ru &1d The use of costffective and abundant
first row transition metals such as Cr, Mn, Fe, Co, Ni and Gargely urexplored
especially for Cr.

As the reductive elimination of alkane (or arene) is lib#rnodynamically
favorableand kinetically facile, there afew examples of stable ansblable alky} or
aryl-hydrido complexesf first-row transition metaf:>19112Conversely, these can be
considered theroductof transition metal €H activation By synthesizing and
studying the stable alkybr arythydride, we could have a clearer understanding-of C
H activation via abundant and unexrgive first row transition metals. Until recently,
there wee only afew stable first row transition metal alk{éryl-) hydrides reported.

In 2003 Hagadorn and McNevin synthesized and isolated a titadioaclear
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complexfeaturing a Tl'(u-Me)(u-H)Ti"" core(Schemes.1 a).8 In the same year,
MacAdams from our group reported the first chromium alkyl hydii@e6-
MePhpnacnacCr(u-H)(u-CH.SiMes) (SchemeS.1 b).° Previously, in our group,
Monillas et al.reported a pair of isomers which included a phdrygride chromium
complex, namely [(2;6PrPh}nacnacCh(u-H)(u-Ph) and [(2,6PrPhnacnacCr(p-
E5: %&Ph) (Schem@.1 ¢).10 All these alkyl hydrides were synthesized by
hydrogenation of the their alkyl precurs®n oursurprise, the Cr alkyl hydrides
supported by NacNac ligands showed extraordinary thermal stability. No reductive
elimination was bserved on the NacNac Cr alkyl hydridEsr example, the pair of
isomers, [(2,6PrPh¥nacnacCrh(u-H)(u-Ph) and [(2,6PrPh¥nacnacCe(u-E5: %Ph)
(Scheme8.1 c), could not be converted one into the other under conditions before their
total decompositio. The DFT calculations carried out by Theopetdal.regarding
the relative stabilities (in terms of enthalpy) of various NacNac Cr alkyl hydrides
suggested thdhe binuclear alkyl hydrides, at least for NacNac systems, might be
perfectly stable againstductive elimination of R4 (Schemes.2). However,
differences in molecular and electronic structure might provide informative
differences in reactivity? -Diimine ligands, as bidentate nitrogen donors, are
structurally closely related to the NacNac ligands, but theireg#blished redox
norrinnocent characters show significant different electronic structiines, the
synthesis of -diimine Cr alkyl hylrides 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
methodsin 2007, Jagneet al reported the syn#sisof hydridoalkylzincates

involving b-H elimination of trialkylzincat¢Scheme3.3 a).11 Recently, Okudat al
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also reported the synthesisao$c complex featuring &e(u-H)(Et) coreby ethylene
insertion of ts hydrido precursor (Scher368 b).12 Due to the limitechumbers of
alkyl(aryl)-hydride complexes, one of our main purpose is to mxpiae scope of this
chemistry. And inspired by the successful synthesis of various alkyl hydride featured
diverseligandmetalsystems vialifferent synthetic routdescribed above, the

synthesis of -diimine Cr alkyl hydrides may well be feasible.
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Scheme3.1 Synthesis of first row transition metal alkyl hydride complexes via
hydrogenation
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This chapter is organized intwo parts addressing the synthesisolation and
characterizatiomf chromium alkyl(aryBhydrides bearing}-diimine ligands and their
properties. The first part focus on the $\yatis of a series of chromium alkyl(aryl)
hydrides containing different bridging alksyl)- ligands. The second paliscusss
their kinetic properties of reductive eliminatiandattempted hydride abstraction with

MezOBF..

3.2 Results and Discussion

As shavn in Scheme.1, hydrogenation of metal alkymaygenerate
binuclear bridging alkyl hydriden both chromium and titanium chemistry. Inspired
by those resut neutral chromium monalkyl complexess u p p o r tdignihe by U
ligands wereprepared anthe hydrogenation of Cr alkyl toward alkyl hydride was
tested The initial attempts to synthesiaa alkythydride complex by exposure af
diethyl ether solution ofi."'Cr)(CH,TMS)(THF) to 1 atm of hydrogedid notwork
aswe planned. Insteathe dinucleahydride complex"LP"Cr)(u-H)2 (4) was
synthesized and isolat¢8chemes.4). After standard work upl was recrystallized
out of pentane solution &80T in 80% yield and characterized by-pay diffraction
crystallographyThe solid state structey bord distances, and anglef 4 are

displayed in Figur@.1 and Table3.1 respectively.
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Figure 3.1 Molecular structure of (HLP'Cr)2(u-H)2 (4) with thermal ellipsoids at
the 30% probability level. H1 has been locatedn adifference map.
Isopropyl groups and hydrogen atoms have been omitted for clarity.

Table3.1 Interatomic distances (A) and angles (3 for ("L P Cr)2(u-H)2 (4)

Distance (&)

Cri-N1 2.00Q2) Cri-N2 2.010(2)
Cri-Crl 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)
C3C4 1.396(3) C1-C2 1.394(3)
C3-C10 1.520(7) C3C8 1.407(3)
C4-C5 1.378(3) C3-C10 1.53(2)
C6-C7 1.397(3) C5C6 1.380(3)
C7-C13 1.516(3) C7-C8 1.405(2)
C13C14 1.522(3) Cl12C13 1.516(3)
C15C20 1.409(2) C15C16 1.397(3)
cieC17 1.380(3) C15C22 1.522(3)
C18C19 1.391(2) Cl17-C18 1.384(3)
C19C25 1.522(2) C19C20 1.405(2)
C22C23 1.509(4) C21-C22 1.509(4)
C25C26 1.522(3) C24C25 1.522(3)
C27-C32 1.402 C27-C28 1.397
C29C30 1.396 C28C29 1.397
C31-C32 1.402 C30C31 1.396
C9-C10 1.53() C32C33 1.507
C9-C10 1.523(8) Cl0oC11 1.54(1)
ci10-C11' 1.532(8)

Angles (J
N1-Crl-N2 80.32(6) N1-Crl-Crl 138.52(4)
N1-Cri-H1 174.8(7) N2-Cri1-H1 98.6(7)
N2-Cr1-Crl 140.89(4) H1-Cr1-H1 84.6(7)
C1-N1-C8 118.9@) C8N1-Crl 128.4Q)
C1-N1-Cr1 112.6(3 C2-N2-Cr1 112.3(3
C2-N2-C20 119.0Q) N1-C1-C2 1165(2)
C20N2-Cr1 128.2(1) C4-C3C8 117.7@Q)
N2-C2-C1 1165(2) C8C3-C10 122.0(4)
C4-C3-C10 120.2(4) C8C3-C10 121.2(7)
C4-C3-C10 120.8(6) C4-C5C6 120.0(2)
C5C4-C3 121.4Q) C6-C7-C8 117.9@)
C5C6-C7 121.22) C8C7-C13 121.5Q)
C6-C7-C13 120.5Q) C7-C8N1 119.4Q)
C7-C8C3 1216(2) Cl2C13C7 110.4Q)
C3-C8N1 118.9Q) C7-C13C14 1129(2)
Cl2C13Ci14 111.3(2) Cl6C15C22 119.6(2)
C16C15C20 118.2Q) C17-C16C15 121.1@)
C20C15C22 1221(2) Cl17-C18C19 1209(2)
Cl16C17-C18 120.1Q) C18C19C25 119.9@)
C18C19C20 118.7Q) C19C20C15 1209(2)
C20C19C25 1213(2) C15C20N2 1191(2)
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C19C20-N2 112.02) C23C22C15 112.9(2)

C23C22C21 110.3(3) C19C25C26 112.79)
C21-C22-C15 111.6(2) C26C25C24 110.7(2)
C19C25C24 109.99) C27-C28C29 120.1
C28C27-C32 121.1 C31-C30-C29 120.1
C30-C29-C28 119.5 C31-C32C27 118.1
C30C31-C32 121.1 C27-C32C33 120.9
C31-C32C33 121 C3-C10-C11 113(D)
C3-C10-C9 110() C3-C10:C9' 113.4(7)
C9-C10-C11 109.9(9) C9-C10-C11' 112.6(5)
C3-C10:C11' 108.9(5)

Complex4 crystallized inthe monoclinic space group2:/c and contains a
crystallographically imposed C2 axis bisecting @+C1 and C2C2 vectors and
perpendicular to CkH1-Cr1-H1 plane.The bridging hydride H1 was located a
differencemap.Despite the unavoidable systematic eassociatedvith bond
distances and angle$ H atomsdetermined by Xay crystallographythe CriH1
bond length of 1.80(2) is comparable to other reported bridging hydride chromium
complexes:3 The CeN bond length 02.000(2) and 2.010fRarei n t he -range ol
diimine Cr complexesThe wo Cr centers are 2.6831(5) A away from each offiee.
average €N bond length of 1.336(2) A and-C bond length of 1.394(3) A of the
I i gandOo sindicaded thdt thenligand is monoanionic. Thiishould e
considered a Cr(HCr(Il) complex.The square planar coordination geometryhefCr
center with ligand angles range from 98.6{19 80.32(6) is consistentith the
Cr(ll) oxidation statessignment

A green GDg solution of4 showedoroadenedH-NMR chemical shifts at
27.90, 4.47, 2.17, 2.16 and 0.20 ppm. The magnetic moment of dindiaheidue solid
stateat room temperatune@as measured to ey (298K) = 2.3(1) us (1.6(1) s for

each Cr) which ismuch lower than the spin only moment &€r(Il), d*ion (4.8 s,
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S = 1. Thisis presumablylue to thestrongly antiferromagnetic coupling between Cr
atoms.

Close monitoring ofhe hydrogenation reaction ¢fL"""Cr)(CH.TMS)(THF)
by 'H-NMR reveded that several intermediates were generated asaletion
proceededsee Figure.2). Presumably, there might be a chromium alkyl hydride
intermediatdormedbefore complete hydrogenatig8chemed.4). Althoughthe
efforts to isolate the intermediatisled, 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 (HLP'Cr)(CH 2TMS)(THF) reacting
with 1 atm of Hzin CsDe at room temperature. (a) The full NMR
spectra range from-120 to 130ppm to exhibit the reaction progress
of hydrogenation. (b) The NMR spectra range from25 to 20ppm to
exhibit the growth and disappearanceof two peaks potentially
associated with intermediates at21 and 16 ppm. (c) The NMR
spectra range from-1 to 10ppm to exhibit the increasing of two
peaks at3.8 and 5.4 ppm. The (*) denotgthe characteristic peak
belong to {'L™P"Cr)(CH 2TMS)(THF) and the (#) denotesthe
characteristic peak belong to 4.

With 4 in hand, the alkene insertion methad shown in Scheng83 b, was
tested A greenEtO solution of4 was exposed to 1 atm of ethylene at room
temperatureThe'H-NMR monitoring experiment was performed in-¥dung tube
with CsDg as solventNo obvious color change was observed, butth&IMR spectra

showedhatan oligomerizatiorof ethylenewas promoted by and a new complex
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was generated (FiguBe3). All attempts to isolate the new complex by crystallization
only resultedn recovery o# as identified producPresumably, the excess ethylene
drovethe reaction toward dimeritian or trimerization of ethylene arbwas
recoveredat the endr i eéhydfogenrelimination (Schem8.5). Thus, a ®ichiometric
amountof ethylene was introduce into a€tsolution of4 in order to prevent
oligomerization. ThéH-NMR monitoring experimerin a JYoung tube showethat
with limited amounbf ethylenethe oligomerization wasuppressednd that a new
complex was generated (Figu8&). Unfortunatey, only 4 could becrystallized out
andidentified by Xray diffraction The reaction of 4 with ethylene implied the
existence o& hydridoethyl chromium coptex. Thus, 1 eq. of styrene and
cyclohexene werseparatelyeacted withd at room temperature and low temperature
(-78 €). The reaction with styrene lead to rapid polymerizatdstyreneand the
reaction with cyclohexene stifielded4 as the only grstallized productConsidering

t h e reliminattbn Has been a problem to isoldtepotentialhydridoalkyl Cr
complex,the strategy oblefin insertion(as shown in Schen&3 b) was ruled ouénd

onl y al ky-Hwerewmppédhndatet synthes.
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Figure 3.3 'H-NMR of ethylene insertion and oligomerization with 4in CsDe.
The (*) denotesthe characteristic peak belong tat and the (#)
denotesthe characteristic peak belong tdl-hexene The (a) denots
the unknow complex a and the (b) denotgthe unknow complex b.
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CoHy Me H
H ethylene insertion CH CoHy CH
PN 2 . 2
LCr\ /CrL = — LCr\ /CrL . LCr\ /CrL
H B-elimination H H
-CoHy

L = N,N'-bis(2,6-diisopropylphenyl)-1,4-diazadiene

~

N <

LCr\ CrL

I T

Scheme3.5 Reaction of 4 with ethylene.

Since themethods reported in thigerature(as shown in Schentl and3.3)
did not work forthe U-diimine Cr system, aewstrategy of synthesizing chronmiu
alkyl hydrides via alkylation wa explored As reported by Kreisadt al, the reaction
of L2Cr2(p-Cl)2 with 3 eq. of MeLi or LiBE$H resulted in kCr2(u-R)3[LiI(THF) 4] (R
= Me or H)!® Presumaly, the formation ot .Cr>(u-Me)s resulted from the
methylation of LCrz(u-Me). intermediate with MeLi. Thus, the methylation of
LoCro(p-H)2 shouldgive a LCra(u-Me)(u-H)2 complex.Reactionof 4 with 1 eq. of
MeLi at-30C in amixedsolvent of pentanenal 5 drops of THF gave a violet slurry
after stirring for 15 min. The solvent nestio be removed immediately after the
reactionwas donen order to prevent sideactions Thereafter, the dark violet solid
was washed with pentane, extractath THF andrecrystallized by layering with
pentando give a diimine ligand supported binuclear chromhisfhydridomethyl
complex[("LP"Crz(p-Me)(u-H)2] [Li(THF) 4]* (5) in 63% crystalline yieldin a

similar fashion4 could react with wide scope of lithiualkyls andtherebygave
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[("LP'Cr)a(u-Ph) (e H)2] TLI(THF) 4] (6), [("LP'Cr)2(k-CHTMS) (u-H)2]

[Li(THF) 3(EL0)]* (7), [(FLP'Cr)a(u-CHZ'Bu)(u-H)2] [Li(THF) 3(EO)]* (8) and
[(FL™P"Cr)2(u-CH2Ph) (1-H)2] [LI(THF) 4] * (9) in moderate to good yield (65%72%,
crystlline yield)(Schemed.6). The solid state structusebond distances, and angle

of 5-9 are displayed in Figurg4 - 3.8 and Table 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

Scheme3.6 Reaction of {'LP'Cr)2(u-H) 2 with lithium alkyls
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Figure 3.4 Molecular structure of [(FL™'Cr)2(u-Me)(u-H)2] [Li(THF) 4]* (5) with
thermal ellipsoids at the 30% probability level. H1 H2 havebeen
locatedon adifference map. Isopropyl groups and hydrogen atoms
have been omitted for clarity.
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Table 3.2 Interatomic distances (&) and angles (3 for [F'L P Cr) 2(u-Me)(u-H)2]"
[Li(THF) 4]* (5)

Distance (&)

Cri-N1 1.956(3) Cri-N2 1.959(4)
Cri-C1A 2.236(9) Cr1-C1B 2.303(9)
Cr1-Cr2 2.442() Cr2-N4 1.960(4)
Cr2-N3 1.966(4) Cr2-C1B 2.224(9)
Cr2-C1A 2.31(J) 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) c10C11 1.504(8)
C12C13 1.540(8) C13C14 1.502(8)
C15C16 1.406(7) C15C20 1.407(7)
C15C22 1.519(8) C16C17 1.376(8)
C17-C18 1.359(8) C18C19 1.408(7)
C19C20 1.406(7) C19C25 1.511(7)
C21-C22 1.50() C22C23 1.52()

C24C25 1.518(8) C25-C26 1.503(8)
C27-C28 1.331(7) C29C30 1.386(8)
C29-C34 1.400(8) C29-C36 1.521(9)
C30C31 1.38()) C31-C32 1.36()

C32C33 1.416(8) C33C34 1.407(8)
C33C39 1.513(9) C35C36 1.49()

C36C37 1.54() C39-C40 1.47()

C39C38 1.53()) C41-C42 1.392(7)
C41-C46 1.413(7) C41-C48 1.524(7)
C42C43 1.368(8) C43C44 1.373(8)
C44C45 1.404(7) C45C46 1.394(7)
C45C51 1.518(7) C47-C48 1.511(8)
C48C49 1.511(9) C50-C51 1.522(8)
C51-C52 1.525(8) Li1-O1_3 1.91(2

Li1-O1_2 1.93(2 Li1-01_4 1.94(2)

Li1-Cl1_1 227(2 Li2-01_5 1.91(2

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

Li2-Cl1_1 2.26(2 01 2C4 2 1.408(9)
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01 2C1 2 1.441(8) Cl 2C2_2 1.465(9)
C2_2C3_2 1.488(9) C3 2C4. 2 1.464(9)
01_3C4_3 1.399(8) 01_3C1_3 1.423(9)
Cl1 3C2_3 1.447(9) C2_3C3_3 1.468(9)
C33C4 3 1.468(9) 01 _4C1 4 1.420(9)
01 4C4 4 1.45(1) Cl_4C2 4 1.53()
C2_4C3 4 1.39() C3 4C4 4 1.46(9)
01_5C4B_5 1.34(3) 01 5C1 5 1.428(8)
O1_5C4A 5 1.57(5) C1.5C2.5 1.459(8)
C2_5C3_5 1.495(9) C3_5C4A_5 1.35(3)
C3_5C4B_5 1.56(4) 01_6C4_6 1.442(9)
01_6C1_6 1.444(9) Cl 6C2_6 1.44()
C2_6C3_6 1.45(3) C3 6C4 6 1.48(9)
Ol _7C4 7 1.380(8) 01 _7C1 7 1.451(8)
Ci1_rC2_7 1.423(9) C2_7C3 7 1.478(9)
C3 7C4 7 1.447(9)
Angles (J

N1-Cri-N2 806(2) N1-Cr1-C1A 117.8(4)
N2-Cr1-C1A 114.8(3) N1-Cri-C1B 142.7(3)
N2-Cr1-C1B 97.2(3) N1-Cri-Cr2 1405(1)
N2-Cr1-Cr2 138.5(1) C1A-Crl-Cr2 58.9(2)
C1B-Crl-Cr2 55.8(2) N4-Cr2-N3 806(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)
Crl-C1A-Cr2 65.0(3) Cr2-C1B-Crl 65.3(3)
C1-N1-C8 117.0(4) Ci1-N1-Crl 113.2(3)
C8N1-Cr1 128.6(3) C2-N2-C20 116.3(4)
C2-N2-Cr1 113.8(3) C20N2-Cr1 128.9(3)
C27-N3-C34 117.1(4) C27-N3-Cr2 113.5(3)
C34N3-Cr2 128.8(3) C28N4-C46 116.9(4)
C28N4-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)
C8C3-C10 121.4(4) C5C4-C3 120.8(5)
C6-C5-C4 120.1(5) C5C6-C7 121.2(5)
C6-C7-C8 118.9(5) C6-C7-C13 120.0(5)
C8-C7-C13 121.1(4) C7-C8C3 120.0(4)
C7-C8N1 121.3(4) C3-C8N1 118.7(4)
C11-C10C3 113.7(5) C11-C10C9 111.5(6)
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C3-C10C9
C14C13C12
C16C15C20
C20-C15-C22
C18C1/-C16
C20-C19C18
C18C19C25
C19C20N2
C21-C22-C15
C15C22-C23
C26:C25C24
C28C27-N3
C30-C29C34
C34-C29-C36
C32-C31-C30
C34C33-C32
C32-C33-C39
C29-C34N3
C35C36-C29
C29C36-C37
C40-C39-C38
C42-C41-C46
C46:C41-C48
C42-C43C44
C46C45C44
C44C45Ch1
C45C46:N4
C49-C48-C47
C47-C48C41
C45C51-C52

O1_3Li1-01 2
01 2Li1-01 4
O1_2Li1-Cl1_1
O1 5Li2-01_7
O1_7Li2-O1_6
01 7Li2-Cl1_1

Li2-Cl1_1-Li1
C4 201 _2Li1

01 _2C1 2C2 2
C4_2C3_2C2 2
C4_301 3C1 3

C1 301 3Lil

C1_3C2 3C3 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()

1121)

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)

C14C13C7
C7-C13C12
C16C15C22
C17-C16C15
C17-C18C19
C20C19-C25
C19C20-C15
C15C20-N2
C21-C22-C23
C26.C25C19
C19C25C24
C27-C28N4
C30C29-C36
C31-C30-C29
C31-C32C33
C34C33C39
C29-C34C33
C33C34N3
C35C36-C37
C40C39-C33
C33C39-C38
C42-C41-C48
C43C42-Ca1
C43-C44C45
C46C45C51
C45C46:C41
C41-C46:N4
C49-C48C41
C45C51-C50
C50-C51-C52
O1_3Li1-01_4
O1 3Li1-Cl1_1
01 _4Li1-Cl1_1
O1 5Li2-01 6
01 5Li2-Cl1_1
01 6Li2-Cl1_1
C4 201 _2C1 2
C1 201 2Lil
C1_2C2 2C3 2
01 2C4 2C3 2
C4_301 _3Lil
O1_3C1_3C2_3
C2 3C3 3C4 3
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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)
1087(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_3C4 3C3 3  106.3(7) Cl 401 4C4 4  111.5(8)

C1_401_4Li1 126.1(9) C4_401_4Li1 112.6(9)
Ol _4C1_4C2_ 4  99.8(7) C3 4C2 4C1 4  107.6(7)
C2 4C3 4C4 4  110.3(8) Ol 4C4 4C3 4  98.4(7)
C4B_501 5C1 5 1051) C1 501 5C4A 5 107(1)
C4B 501 5Li2 127(2) C1 501 5Li2 1235(7)
C4A_501_5Li2 118(2) 01 5C1 5C2.5  105.8(6)
C1 5C2 5C3 5  105.4(6) C4A 5C3 5C2. 5 112.(2)
C2 5C3 5C4B 5 101(2) C3_5C4A_501 5 104(2)
O1_5C4B 5C3 5 105(2) C4 601 6C1 6  105.9(7)
C4_601_6Li2 119.0(7) C1_601 _6Li2 120.7(7)
C2 6C1 601 6  106.8(7) C1 6C2 6C3 6  106.2(7)
C2 6C3 6C4 6  107.4(7) 01 _6C4 6C3 6  103.8(7)
C4 701 7C1 7  108.8(6) C4_701_7Li2 131.2(7)
C1_701_7Li2 118.7(7) C2_7C1_ 701 7  107.0(6)
Cl 7C2_7C3.7  105.7(6) C4 7-C3_ 7C2_7  105.9(6)

O1_7C4_7C3_7  108.716)

Due to the fact th&i often crystallized in long needle or thin plate form,
crystalthat is suitable foK-ray diffractionwas hard to obtainThe dructure inFigure
3.4 and data in Tabl8.3 are the best results from many trifdrystallizedin triclinic
space groufp-1, andthe methyl groupmasaddedacrosshetwo Cr centesresulting
in abridging methyl dihydrido) complex.The crystal structure contained a
Li(THF)3CILi(THF)3 cation which was unexpected. The products of alkyl lithium and
U-diimine Cr complexes typicallgair witha Li(THF): or Li(THF)s(Et.O) counterion
as shown in literatusg® The LiCl contamination was likely frommpure(HLP'Cr)z(u-
H)2 precursorThus the formula o5 is still best described §€'L™P"Cr)(u-Me)(u-
H)2][Li(THF) 4]. Thebridging mehyl wasspiit into C1A and C1B positiondue to
disorder of the crystal structuréhe bridging hydrides H1 and H2 were localized by
differencemap, yet the methyl protons were unablééaefined due to disorder of
methyl cabon.The ligand backbone averageGength of1.330(7) Aand GN length

of 1.368(6) Aindicate that both diimine ligands are dianionic, this best described
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as a Cr(ll}Cr(lll) complex. Due tdinding ofthethreebridging ligand the geometry
aroundeach Cr is distorted from ideal form. In order to address this igsig,
parameter wassed. Thisas first proposed by Addisat al, to distinguish
coardination geometries of-8oodinatecompound.14  equals the difference of the
two greatest valece angles of the coordination centaiided by 60°Wh e gis dbse
to O the geometry i s si mistleseto Itle geopairar e pyr
is similar to trigonal bipyramidall hus,the geometry aroun@rl is closerd trigonal
bipyramidal with axisof H2-Cr1-N 2 aswadue &f 0.56, and the Cehows a twisted
squarepyramnidal geometry with a tilted axisf Cr2-C1A a n dvallle of 0.26 The Ck
C distances ar2.236(9)A and2.308(9)A. Thebridging ligands Hd the chromium
atoms at ahortdistance oR.4420(10)A from one to anothesuggestinghe
possibility of an unusuahetatmetal bondingf Cr(lll)-Cr(lll). The THF solvated
lithium cation doesict exhibit any close contact with the anion. Room temperature
magnetic measurement ®fjave low & values of2.1(1) ps per Cr, likely due to
antiferromagnetic coupling between the chromium idine complex showed
broadeed paramagneti¢H-NMR resonanceat 7.78, 5.60, 3.39 and 1.67 ppm in
CsDes.
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C27

C28

Figure 3.5 Molecular structure of [(HL"P"Cr)2(u-Ph)(u-H)2] [Li(THF) 4]* (6) with
thermal ellipsoids at the 30% probability level. H1 has been located
on adifference map. Isopropyl groups and hydrogen atoms have
been omitted for clarity.
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Table 3.3 Interatomic distances (A) and angles (3 for [(*L " Cr) 2(u-Ph)(u-H)2]"
[LiI(THF) 4]* (6)

Distance (&)

Cri-N2 1.965(3) Cri-N1 1.965(3)
Cr1-C53 2.216(5) Cri1-Cr2 2.4823(7)
Cri-H1 1.71(3) Cri-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)
C12C13 1.496(6) C6-C7 1.394(5)
C13C14 1.539(6) C7-C8 1.407(4)
C15C20 1.409(5) C9-C10 1.523(6)
C16C17 1.396(6) C10C11 1.522(6)
C17-C18 1.363(6) C15C16 1.394(5)
C18C19 1.413(4) C15C22 1.509(5)
C19-C20 1.403(5) C19-C25' 1.503(5)
C19-C25 1.503(5) C21-C22 1.521(7)
C24C25 1.53(1) C22C23 1.527(7)
C25C26 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)
C33C39 1.520(5) C30-C31 1.357(7)
C35:C36' 1.535(9) C31-C32 1.361(6)
C36:C37' 1.57(1) C32C33 1.386(5)
C41-C42 1.394(5) C33C34 1.407(5)
C41-C48' 1.507(5) C35C36 1.56@Q)
C42-C43 1.373(6) C36C37 1.56Q)
C43Ca4 1.374(6) C38C39 1.508(6)
C44C45 1.399(5) C39-C40 1.518(6)
C45C46 1.408(5) C41-C46 1.404(5)
C45C51 1.512(5) C41-C48 1.507(5)
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C47-C48' 1.524(7) C45C51" 1.512(5)
C48-C49' 1.537(8) C47-C48 1.49(1)
C50-C51' 1.535(7) C48C49 1.52(1
C51:C52' 1.580(7) C50-C51 1.53(D)
C53C58 1.426(6) C51-C52 1.52(1)
C59-C60 1.47(2) C53C54 1.358(7)
C60-C61' 1.416(9) C54C55 1.437(7)
C61-C62 1.47(2) C55C56 1.29(D)
C63-C64 1.51@) C56-C57 1.38(1)
C65C66 1.45()) C57-C58 1.392(8)
C67-C68' 1.48()) C59:C60' 1.43(D)
C68C69 1.51(2) C60-C61 1.46(0)
C69-C70' 1.47(D) C61:C62' 1.47(1)
C72C73 1.470(9) C64-C65 1.40(1)
Li1-O1' 1.905(9) C67-C68 150(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 1.43Q) C73C74 1.417(9)
02-C66 1.425(7) Li1-01 1.905(9)
03-C67' 1.420(9) Li1-02 1.919(8)
03-C70 1.442) Li1-03 1.915(9)
04-C74 1.434(7) 01-C59' 1.424(8)
03-C67 1.44Q) 01-C59 1.45(1)
03-C70' 1.421(9) 02-C63 1.429(7)
04-C71 1.413(6)

Angles (}
N2-Cr1-N1 80.7(1) N2-Cr1-C53 121.62)
N1-Cr1-C53 1174(2) N2-Cr1-Cr2 139.94(8)
N1-Cr1-Cr2 138.79(8) C53Cri-Cr2 55.0()
N2-Cr1-H1 159(1) N1-Cri1-H1 98(1)
C53Cri-H1 770D Cr2-Cr1-H1 42(1)
N2-Cr1-H2 100(1) N1-Cri1-H2 166(1)
C53Cri-H2 74(1) Cr2-Cr1-H2 40(1)
H1-Cr1-H2 76(2) N4-Cr2-N3 80.4())
N4-Cr2-C53 1381(2) N3-Cr2-C53 103.7@)
N4-Cr2-Crl 139.32(8) N3-Cr2-Crl 139.16(9)
C53Cr2-Crl 56.3(1) N4-Cr2-H1 96(1)
N3-Cr2-H1 176(1) C53Cr2-H1 79(1)

76



Crl1-Cr2-H1
N3-Cr2-H2
Cr1-Cr2-H2
C1-N1-C8
C8N1-Cr1
C2-N2-Cr1
C27-N3-C34
C34N3-Cr2
C28N4-Cr2
C11-C10C9
C12C13C7
C15C22-C21
C16C15C20
C18C17-C16
C18C19C25
C18C19C25'
C19C20N2
C19C25C24
C19C25-C26'
C20C15C22
C20C19C18
C21-C22-C23
C24C25C26
C26-C25-C24'
C28C27-N3
C29C34N3
C29C36-C35'
C2-C1-N1
C30C29C36
C30C29-C36'
C30C31-C32
C32C33C34
C34C29C30
C34C33C39
C35C36-C29
C35-C36-C37'
C37-C36-C35
C38C39C40
C3Ci10C11
C3C8N1
C40C39-C33

43(D)
102()
43(D)
116.3(3)
129.5(2)
114.0(2)
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()
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
C53Crz-H2
H1-Cr2-H2
C1-N1-Crl
C2-N2-C20
C20-N2-Cr1
C27-N3-Cr2
C28N4-C46
C46-N4-Cr2
C12C13C14
C15Ci16C17
C15C20-N2
C15C22-C23
Cl6C15C22
C17-C18C19
C19C20C15
C19C25-C24'
C19C25C26
CL-C2-N2
C20C19C25
Cc20C19C25
C27-C28N4
C29-C34-C33
C29-C36-C37"
C31-C30-C29
C31-C32C33
C32C33C39
C33-C34N3
C34-C29-C36
C34-C29-C36'
C37-C36-C29
C38C39-C33
C3-C10C9
C3-C8-C7
C41-C46C45
C41-C48-C49'
C42-C41-C48
C42-C41-C48'
C43C42-C41
C43-C44-C45
C44C45Ch1

144())
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()
115.5(3)
121.9(3)
121.9(3)
115.1(3)
120.2(3)
110())
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-C46N4
C41-C48-C4AT
C41-C48C49
C42-C41-C46
C42-C43C44
C44-C45C46
C45C51-C50'
C45C51-C52
C46-C41-C48
C46-C41-C48'
C46-.C45Ch1
C46-C45Ch1"
C47-C48C41
C47-C48-C49'
C4-C3-C10
C4-C5C6
C50-C51-C52'
C52C51-C50
C53C54-C55
C54-C53C58
C55C56-C57
C57-C58C53
C58C53Cr1
C58C53Cr2
C59:01-Li1
C5901-Li1
C60-C61-C62'
C61-C60-C59'
C62-01-C59
C6302-Li1
C66-02-C63
C67-C68-C69
C67-03-C70'
C67-03-Li1
C68C69-C70
C6-C7-C8
C70-03-Lil1
C71-04-Li1
C73C72C71
C73C7404
C74C73C72

119.7(3)
111.4(4)
111(3)
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(D)
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()
96(1)
118.0(3)
121.5(5)
127.4(4)
105.6(5)
108.9(6)
107.1(6)
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C44C45ChY1
C45C46N4
C45C51-C50
C45C51-C52'
C47-C48C49
C54C53Crl1
C54-C53-Cr2
C56-C55C54
C56-C57-C58
C59-01-C62'
C5C4-C3
C5C6-C7
C60-C61-C62
C61-C60-C59
C62-01-Lil1
C6201-Li1
C64-C65C66
C65C64-C63
C66-02-Li1
C67-03-C70
C67-03-Lil1
C68-C69-C70'
C69-C68-C67"
C6-C7-C13
C7003Li1
C71-04-C74
C7404-Li1
C7-C8N1
C8C3-C10
Cr2-C53Cr1
01-C59C60
01-C62C61
O1-Li1-02
O1-Li1-03'
O1-Li1-0O4
02-C63C64
02-C66-C65
03-C67-C68'
03-C70-C69'
03-Li1-02
O3-Li1-04

120.7(3)
119.7(3)
115 (3)
111.4(4)
112(D)
118.3(4)
114.7(4)
117.5(8)
117.9(7)
111.2(7)
121.2(4)
121.0(4)
103()
102(D)
127.2(5)
1231)
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()
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-C13C14 110.4(3)

C8-C3-C4 118.0(3)
C8-C7-C13 122.1(3)
01-C59-C60' 106.2(7)
01-C62-C61' 103.7(7)
01-Li1-02 111.1(4)
01-Li1-03 110.9(4)

Phenylatiorof (HL™P'Cr)(u-H)2 in a mixedsolvent of pentane and a felops

04-Li1-02
O1-Li1-O4
03-C67-C68
03-C70-C69
O3-Li1-02
O3-Li1-O4
04-C71-C72

108.7(4)
107.9(4)
108()

95.4(18)
110.4(4)
107.7(4)
107.7(5)

of THF gave a purple to violet slurry. After washing with pentane and extraction with

THF, [("L™P"Cr)2(u-Ph)(eH)2] [Li(THF) 4] * (6) was crystallized by layering with

pentane at30C. Complex6 crystallized inthe monoclinic space group2:/n as an

asymmetric dinuclear complex wittvo diimine chromium fragmesttwo bridging

hydrides and one bridging phenyl ligand. The coordination geometry around each Cr

is best described as square pyramidal with severdy tilted axial vectors of CrAC53

and Cr2C 5 3 . 5Vahlues oftdo Cr centers are 0.11 for Crl an8@for Cr2. The

distances from the chromiuta the bridging phenyd s

i p s are 2c2a6(5pamch

2.181(4) A, and fall within the range of other bridging aryl complexes of chrorfium.

The CeH bord lengths ranged from 1.61(3) to 1.71(3) A and are similéeo

analogousCrz(p-H)s complex16 The CeN distances i (1.948(3)i 1.977 (3) A) are
closetothoseib. The | i gand b dadbdndlengted 5.37%4) dand g e

average & bondlendgt of 1.

355(5) i

-diimine gigaredshave d

t hat

formal charge of2. Combining of three bridging ligand and one lithium counterion,

the two chromium centers are best described as G@i{l)l). The *H-NMR shows

four broad shiftsn THF-dg soluton at 7.86, 6.70, 4.13 and 1.19 ppwhich are

consi de r-dithinedigandtptoten signaldlo bridging ligand close to the core

area could bebservedn the resonandeom 120to -110 ppm.The magnetiecnoment
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measurement @ at room temperatun@as3.4(1) . The lower valuavas

presumably due tantiferromagnetic coupling between chromium atoms

C44

c45@

C28

C27

Figure 3.6 Molecular structure of [(FL"'Cr)2(u-CH2TMS)(u-H)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 moleculefiave been omitted for clarity. H1, H2, H53A
and H53B have been locatedn adifference map.
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Table 3.4 Interatomic distances (A) and angles (3 for [(*LP"Cr)2(u-
CH2TMS)(u-H)2] [Li(THF) 3(Et20)]* (7)

Distance (&)

Crl1-N2
Cr1-C53
Crl-H1
Cr2-N3
Cr2-C53
Cr2-H2
Si1-C56
Si1-C55
N1-C8
N3-C34
N2-C20
N4-C46
C3C4
C3-C10
C7-C13
C12C13
C13C14
C15C20
C16C17
C17-C18
C18C19
C19C20
C21-C22
C22-C23
C27-C28
C29C30
C30C31
C31-C32
C32C33
C33C34
C35C36
C36C37
C41-C42
C41-C48
C45C51
C50C51

1.958()
2.197(2)
1.741)
1.970(1)
2.304(2)
1.741)
1.870(2)
1.886(2)
1.429(2)
1.420(2)
1.4332)
1.420(2)
1.391(2)
1.519(2)
1.511(2)
1.526(3)
1.530(3)
1.404(2)
1.374(3)
1.375(3)
1.397(3)
1.408(2)
1.524(3)
1.513(3)
1.345(2)
1.402(3)
1.372(3)
1.375(3)
1.388(3)
1.417(2)
1.501(3)
1.535(3)
1.385(3)
1.509(3)
1.514(3)
1.528(3)
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Cri-N1
Crl1-Cr2
Crl1-H2
Cr2-N4
Cr2-H1
Si1-C53
Sil-C54
N1-C1
N3-C27
N2-C2
N4-C28
Ci1-C2
C3Cs8
C4-C5
C5C6
CeC7
C7-C8
C9-C10
Ci0C11
C15C16
C15C22
C19C25
C24C25
C25C26
C29C34
C29C36
C33C39
C38C39
C39C40
C41-C46
C42-C43
C43C44
C44-C45
C45C46
C47-C48
C48C49

2.00q1)
2.4850(3)
1.791)
2.000(3)
1.73(3)
1.847(2)
1.869(2)
1.371(2)
1.372(2)
1.3780Q)
1.378(2)
1.352(2)
1.408(2)
1.380(3)
1.376(3)
1.393(2)
1.409(2)
1.509(3)
1.519(3)
1.400(2)
1.512(2)
1.511(3)
1.507(3)
1.523(3)
1.400(2)
1.516(3)
1.511(3)
1.527(3)
1.526(3)
1.413(2)
1.362(4)
1.372(4)
1.398(3)
1.404(2)
1.520(3)
1.511(4)



C51-C52 1.544(3) C53H53A 0.96(2)
C53H53B 0.95@Q)

Angles (J
N2-Cr1-N1 80.68(5) N2-Cr1l-C53 134.47(6)
N1-Crl-C53 102.38(6) N2-Cr1-Cr2 139.11(4)
N1-Crl-Cr2 139.46(4) C53Cri1-Cr2 58.56(4)
N2-Crl-H1 95.0(4) N1-Crl-H1 172.1(5)
C53Cri1-H1 85.4(5) Cr2-Cri-H1 44.2(4)
N2-Crl-H2 139.8(5) N1-Crl-H2 103.2(5)
C53Cri1-H2 84.5(5) Cr2-Crl-H2 44.5(4)
H1-Crl-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)
C53Cr2-Cr1 54.45(4) N3-Cr2-H1 95.0(5)
N4-Cr2-H1 158.3(5) C53Cr2-H1 82.3(5)
Cr1-Cr2-H1 44.5(4) N3-Cr2-H2 110.2(5)
N4-Cr2-H2 125.8(5) C53Cr2-H2 81.1(5)
Cr1-Cr2-H2 44.2(4) H1-Cr2-H2 75.7(7)
C53Si1-C56 111.64(9) C53Si1-C54 110.01(9)
C56-Sil1-C54 1099(1) C53Si1-C55 109.27(9)
C56-Si1-C55 1071(1) C54Si1-C55 108.9(3
C1-N1-C8 1167(2) N4-C46-C41 119.32)
C8N1-Cr1 130.6(2 Sil1-C53Cr2 122.95(8)
C27-N3-Cr2 114.3() Sil-C53H53A 109(1)
C2-N2-C20 115.6(3 C1-N1-Cr1 1126(1)
C20N2-Cr1 128.05(9) C27-N3-C34 117.21)
C28N4-Cr2 113.0Q) C34N3-Cr2 1278(1)
C7-C13C12 1111(2) C2-N2-Cr1 1142(1)
Cr1-C53Cr2 66.98(4) C28N4-C46 1155(1)
Cr1-C53H53A 91(1) C46:N4-Cr2 131.5(3
Cr2-C53-H53B 71(1) C1-C2-N2 1157(2)
Sil1-C53Crl 117.07(8) C4-C3-C10 1201(2)
Si1-C53-H53B 105(9) C5C4-C3 1217(2)
C2-C1-N1 116.5(3 C5C6-C7 121.62)
C4C3C8 1187(2) C6-C7-C13 1193(2)
C8C3-C10 1212(2) C3-C8C7 120(12)
C4-C5C6 1193(2) C7-C8N1 1207(2)
C6-C7-C8 1188(2) co9-Cci10C3 1112(2)
C8C7-C13 122.0(1) C7-C13C14 1115(2)
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C3-C8-N1 1194(1) C15C20C19 120.62)

C9-C10C11 110.5(2) C16C15C22 120.29)
C11-C10C3 113.32) C17-C16:C15 1214(2)
C12C13C14 110.82) C17-C18C19 1214(2)
C15C20-N2 118.3() C18C19C25 1209(2)
C15C22C21 1116(2) C19C20-N2 1211(2)
C16C15C20 118.3@) C23C22C21 1106(2)
C16C17-C18 119.8Q) C24C25C26 1103(2)
C18C19C20 1184(2) C27-C28N4 1162(2)
C19-C25C26 1139(2) C29-C34C33 121(2)
C20-C15C22 121.42) C31-C30:C29 121.3(2)
C20-C19C25 120.72) C31-C32C33 121.6(2)
C23C22C15 1121(2) C32C33C39 121.72)
C24C25C19 111.21) C33C34N3 118.6Q)
C28C27-N3 116.0Q) C33C39C38 111.4Q)
C29-C34N3 120.42) C34C29C36 1226(2)
C29-C36.C37 111.12) C35C36.C37 111.9(2)
C30-C29C36 1194(2) C41-C48.C47 113.5(2)
C30-C31-C32 120.1(2) C42C41-C48 120(2)
C32C33C34 118.02) C43C42Ca1 121.4(2)
C33C39-C40 114.0(2) C43C44C45 121.4(2)
C34C29C30 118.02) C44C45C51 119.52)
C34C33C39 1203(2) C45C46N4 1209(2)
C35C36-C29 1121(3) C45C51-C52 111.8(2)
C40C39-C38 1093(2) Cr1-C53H53B 132(1)
C41-C48.C49 1098(2) Cr2-C53H53A 128(1)
C42-C41-C46 119.02) H53A-C53H53B  96(2)
C42-C43-C44 120.1(2) C46C41-C48 121.02)
C44C45C46 1184(2) C46-C45C51 122.12)
C45C46.C41 119.8@) C49-C48.C47 109.7(2)
C45C51-C50 1122(2) C50-C51-C52 109.5Q)

The TMS(CH) ligand bridging comptbe [("L™P"Cr)a(u-CH2TMS)(u-H)2]
[Li(THF) 3(Et20)]* (7) was synthesized via a similar procedas®. Dark violet solid
of 7 precipitatel out of pentane/THF medsolvent. Complex was crystallizedrom
a THF solution layereavith pentane at30€ in 70% yield. The solid state structure of
7 shows an asymmetric dinuclear complex with one TMSj®iHdging alkyl ligand

and two bridging hydrides. The asymmetry is presumably introduced bgphision
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between bridgingMS(CH) ligand and aryl groups on diimitei g a n dswvaluesT he U
of Crl and Cr2 are 0.55 aldl5respectivey. Thus, Cr2 is best described as strongly
distorted square pyramidal with tilted axial vector of €2, while Crl barely shows

a square pyramidal geometry with axial vector of-C8&3. Tre CrH bond length

ranged from 1.7@) to 1.741) A andare slightly longer than those & but still in the
range of chromium bridging hydride'®!® The longer distances between Cr and
hydride presumably come from the larger size of TMS{digand.Likewise, the

average CGiN bond length of 1.981J1A is mildly longer than those if. Two

chromium centers are 2.4850(3) A away from each offfezH-NMR spectrum
showedhe ligand chemical shifts at 8.52, 4.65, 3.55, 1.84 and 1.32prhoridging
hydride or methylene signal can blservedn the spectrunfrom 120 to-110 ppm.

The GN 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 respectivelyCF@alouble bond

order andC-N single bond order clearly indicated that both ligands are dianionic and
gave a Cr(l1BCr(lll) core. Due to the antiferromagnetic coupling between two Cr
centers, in soligtatecomplex7 showed a lownagnetisnmeasuremerdf 2.1(1) pg at

room temperature
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Figure 3.7 Molecular structure of [(FL™'Cr)2(u-CH2'Bu)(u-H)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, H2,53A
and H53B have been locatedn adifference map.

Table 3.5 Interatomic distances (A) and angles (3 for [(FLPrCr) 2(u-CH2'Bu)(u-
H)2] [Li(THF) 3(Et20)]* (8)

Distance (&)

Cri-N2 1.96Q1) Cri-N1 1.9921)
Cr1-C53 2.170Q) Cri-Cr2 2.4763(3)
Cri-H1 1.76(2) Cri-H2 1.722)
Cr2-N3 1.9541) Cr2-N4 2.008(1)
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Cr2-C53 2.3372) Cr2-H1 1.672)

Cr2-H2 1.69(2) Cr2-H53B 2.032)
N1-C1 1.3812) N1-C8 1.42Q2)
N2-C2 1.3872) N2-C20 1.4302)
N3-C27 1.3712) N3-C34 1.425(2)
N4-C28 1.374Q) N4-C46 1.429(2)
C1-C2 1.347(2) C3C4 1.399(2)
C3C8 1.411(2) C3-C10 1.523(3)
C4-C5 1.378(3) C7-C13 1.514(3)
C5C6 1.366(3) C12C13 1.541(3)
C6-C7 1.393(2) C13C14 1.535(3)
C7-C8 1.417(2) C15C20 1.411(2)
C9-C10 1.517(4) CieC17 1.373(3)
cioC11 1.520(4) C17-C18 1.365(3)
C15C16 1.397(2) C18C19 1.397(3)
C15C22 1.518(2) C19C20 1.410(2)
C19C25 1.513(3) C21-C22 1.516(3)
C24C25 1.526(3) Cc22C23 1.522(3)
C25C26 1.535(3) C27-C28 1.355(2)
C29C30 1.394(2) C29C34 1.412(2)
C29C36 1.512(2) C30C31 1.376(3)
C33C39 1.520(2) C31-C32 1.372(3)
C38C39 1.533(3) C32C33 1.396(2)
C39C40 1.512(3) C33C34 1.408(2)
C41-C46 1.411(2) C35C36 1.528(2)
C42-C43 1.373(3) C36C37 1.521(2)
C43C44 1.373(3) C41-C42 1.401(3)
C44C45 1.397(2) C41-C48 1.509(3)
C45C46 1.414(2) C45C51 1.515(3)
C47-C48 1.506(3) C50C51 1.535(3)
C48C49 1.529(3) C51-C52 1.534(3)
C53C54 1.544(3) C53H53A 1.00(2)
C53H53B 0.99(2) C54C57 1.517(3)
C54-C55 1.532(3) C54-C56 1.550(3)
Angles (}
N2-Cri-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) C53Cr1-Cr2 59.97(4)
N2-Cri-H1 149.8(5) N1-Cri-H1 103.5(5)
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C53Crl-H1
N2-Cr1-H2
C53Crl-H2
H1-Cr1-H2
N3-Cr2-C53
N3-Cr2-Crl
C53Cr2-Crl
N4-Cr2-H1
Crl1-Cr2-H1
N4-Cr2-H2
Cr1-Cr2-H2
N3-Cr2-H53B
C53Cr2-H53B
H1-Cr2-H53B
C1-N1-C8
C8N1-Cr1
C2-N2-Cr1
C27-N3-C34
C34N3-Cr2
C28N4-Cr2
C2-C1-N1
C4-C3C8
C8C3-C10
Ce-C5C4
C6-C7-C8
C8C7-C13
C3C8N1
C9Ci10C11
C11-C10C3
C7-C13C14
C14C13C12
C16C15C20
C20C15C22
C18C17-C16
C18C19C20
C20C19C25
C19C20-N2
C21-C22-C15
C15C22C23
C19C25C24
C24C25C26

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)
44.06)
149.9(6)
25.1(6)
91.3(8)
1177(2)
130.69(9)
112.95(9)
1173(1)
128.12(9)
112.47(9)
117.q1)
1186(2)
122.712)
120.42)
1188(2)
122.95(15)
119.48(14)
111.0(3)
112.3(2)
1115(2)
1097(2)
1186(2)
1212(1)
1197(2)
1186(2)
1221(2)
1219(1)
1121(2)
1147(2)
1113(2)
1100(2)
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Cr2-Cr1-H1
N1-Cr1-H2
Cr2-Crl1-H2
N3-Cr2-N4
N4-Cr2-C53
N4-Cr2-Crl
N3-Cr2-H1
C53Crz2-H1
N3-Cr2-H2
C53Crz2-H2
H1-Cr2-H2
N4-Cr2-H53B
Cr1-Cr2-H53B
H2-Cr2-H53B
C1-N1-Cr1
C2-N2-C20
C20-N2-Cr1
C27-N3-Cr2
C28N4-C46
C46:N4-Cr2
C1-C2-N2
C4-C3-C10
C5C4-C3
C5C6-C7
C6-C7-C13
C3-C8C7
C7-C8N1
Cco-C10C3
C7-C13C12
C16C15C22
C17-Cl16C15
C17C18C19
C18C19C25
C19C20C15
C15C20-N2
C21-C22-C23
C19C25C26
C27-C28N4
C30C29C36
C31-C30C29
C31-:C32C33

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)
1180(1)
128.52(9)
114.38(9)
1162(1)
130.89(9)
1157(1)
1187(2)
121.4(2)
1216(2)
1183(2)
1198(2)
1208(2)
1110(2)
1124(2)
1202(2)
1215(2)
1218(2)
1193(2)
1197(2)
1184(2)
1085(2)
1122(2)
1163(2)
1213(2)
1211(2)
1214(2)



C28-C27-N3 1154(2) C32C33C39 1201(2)

C30-C29-C34 1184(2) C33C34C29 1207(2)
C34C29C36 1202(2) C29-C34N3 1185(2)
C32C31-C30 1202(2) C29-C36:C35 1140(2)
C32C33C34 1182(2) C40C39C38 110.5(2)
C34C33C39 1217(2) C42-C41-C48 1208(2)
C33C34N3 1208(2) C43.C42-C41 121.42)
C29-C36:C37 111.02) C43.C44C45 121.0(2)
C37-C36-C35 1108(2) C44C45C51 1183(2)
C40-C39C33 112.42) C41-C46-C45 1205(2)
C33C39C38 109.32) C45C46N4 1200(2)
C42-C41-C46 117.92) C47-C48C49 111.0(2)
C46.C41-C48 121.32) C45-C51-C50 1119(2)
C42-C43-C44 1204(2) C54C53Cr2 1243(1)
C44C45C46 1186(2) C54C53H53A 109(1)

C46C45C51 1231(2) Cr2-C53H53A 126(1)

C41-C46-N4 1194(2) Cr1-C53H53B 124(1)

C47-C48CA41 1112(2) H53A-C53H53B  1052)

C41-C48C49 1142(2) C57-C54C53 1095(2)
C45C51-C52 1117(2) C57-C54C56 111.1(2)
C52C51-C50 109.92) C53C54C56 108.1(2)
C54C53Crl 1184(2) Cr2-C53H53B 60.0(11)
Cr1-C53Cr2 66.53(4) C57-C54C55 109.3(2)
Cr1-C53H53A 94(2) C55C54C53 1107(2)
C54C53H53B 103(1) C55C54C56 108.1Q)

Complex[("L™'Cr)(u-CH'Bu)(u-H)2] [Li(THF) 3(EtO)]* (8) as the analog
could be prepared by reactidgvith neopentyl lithium reagent in the same manner as
described above. The dark violet solidBafas crystallizeaut of THF soluibn by
layering with pentaneAs ananalogof 7 with only one atom different froreach other,
7 and8 shares many similarities solid state structur@&oth Cr centers showed a
square pyramidal geometry withvaluesof 0.33 for Crl and 0.01 for Cr2. The axial
vectors of CriC53 and CrH1 are tilted because C53 and H1 are bridging atoms. The
bridging methyleneentered oiC53 is slightlycloser to Crl (CrHC53 = 2.17(2) A)
than Cr2 Cr2-C53 = 2.3372) A), which may be the result of tleembination of
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distorted coordination geometry atrens influence oN3.1t 6 s noti ceabl e

is on the axis of square pyramid©f1 and ison the edge of square pyranafiCr2.
Both the bridging hydrides and bricigg methylengrotons werdocatedon aX-ray
differencemap. TheCr-H distances range from 1.@&J to 1.%(2) A and are slightly
shorterthan those if7 (1.731) T 1.741) A). Yet, they do nbbring two Cr centers
(Cr1-Cr2 = 2.4763(3) A) noticeably closéfhe CeN distances are in the expected
range of 1.96(1)t0 2.0B(1) . The t wioninaligamdsshawadi ¢ U
backboneaverage EN bond length of 1.80(2) A and average € bond length of
1.351(2) A TheH-NMR also only showedkdiimine chemical sfiis at 8.53, 4.81,
3.55 and 1.81 ppm. Theom temperaturenagnetic moment d.1(1) ps is higher
than7 of 2.1(1) g, but stillshowedaniferromagnetic coupling betweéwo Cr

atoms.
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Figure 3.8 Molecular structure of [(HL™P"Cr)2(u-CH2Ph)(u-H) 2] [Li(THF) 4]* (9)
with thermal ellipsoids at the 30% probability level. Lithium atoms,
isopropy! groups, most of the hydrogen atoms and solvent molecules
have been omitted for clarity. H1, H2, H53A and H53B have been
locatedon adifference map.
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Table 3.6 Interatomic distances(A) and angles (J for [( "L P Cr) 2(u-CH2Ph)(p-
H)2] [Li(THF) 4]* (9)

Distances (A)

Cri-N1 1.95(2) Cr1-N2 2.0172)
Cr1-C53 2.3252) Cri1-Cr2 2.4948(4)
Cri-H1 1.75(2) Cri-H2 1.75(2)
Cr2-N4 1.9512) 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-O4 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) C12C13 1.534(4)
C6-C7 1.399(3) C13C14 1.527(3)
C7-C8 1.411(3) C15C20 1.407(3)
C9-C10 1.531(3) C16C17 1.373(3)
C10-C11 1.527(3) C17-C18 1.380(4)
C15C16 1.401(3) C18C19 1.392(3)
C15C22 1.518(3) C19-C20 1.422(3)
C19-C25 1.511(3) C21-C22 1.534(3)
C24C25 1.523(4) C22C23 1.535(3)
C25C26 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)
C33C39 1.523(3) C31-C32 1.373(4)
C38C39 1.527(3) C32C33 1.394(3)
C39-C40 1.526(3) C33C34 1.410(3)
C41-C46 1.400(3) C35C36 1.533(4)
C42-C43 1.375(3) C36C37 1.524(4)
C43Ca4 1.375(3) C41-C42 1.402(3)
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C44.C45 1.398(3) C41-C48 1.514(3)
C45C46 1.415(3) C45C51 1.518(3)
C47-C48 1.520(3) C50C51 1.526(3)
C48C49 1.516(4) C51-C52 1.539(3)
C53C54 1.490(3) C53H53A 0.99(3)
C53H53B 1.04(3) C54C59 1.398(3)
C54-C55 1.402(3) C55C56 1.381(9
C60-C61 1.511(4) C56-C57 1.371(5)
C62-C63 1.418(5) C57-C58 1.390(5)
C65C66 1.395(6) C58C59 1.395(3)
C72C73 1.485(5) C61-C62 1.487(5)
C74C75 1.484(5) C64C65 1.442(5)
03-C71 1.529(5) C66-C67 1.390(6)
C69-C70 1.377(7) C73C74 1.484(5)
03-C71' 1.430(8) 03-C68 1.431(7)
C68-C69' 1.44Q) C68C69 1.403(8)
cro-Ccr1 1.42(0) C70C71 1.412(6)
C69-C70' 1.31(9) 03-C68' 1.45(2)
Angles (J

N1-Cri-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) C53Crl1-Cr2 55.54(5)
N1-Cri-H1 109.6(7) N2-Cri-H1 121.1(7)
C53Cril-H1 79.3(7) Cr2-Crl-H1 43.8(7)
N1-Cri-H2 94.8(7) N2-Cr1-H2 162.7(7)
C53Cril-H2 81.7(7) Cr2-Crl-H2 42.9(7)
H1-Cri-H2 76(D 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)
C53Cr2-Crl 58.41(5) N4-Cr2-H1 142.3(7)
N3-Cr2-H1 104.4(7) C53Cr2-H1 81.9(7)
Crl-Cr2-H1 44.4(7) N4-Cr2-H2 94.7(7)
N3-Cr2-H2 174.6(7) C53Cr2-H2 85.0(7)
Crl-Cr2-H2 44.4(7) H1-Cr2-H2 77.9(10)
O1-Li1-03 106.3(3) O1-Li1-03 106.3(3)
O1-Li1-0O4 103.4(2) 03-Li1-04 117.3(3)
O3-Li1-04 117.3(3) O1-Li1-02 110.9(3)
03-Li1-02 113.4(2) O3-Lil-02 113.4(2)
0O4-Li1-02 105.0(2) C1-N1-C8 1158(2)
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C1-N1-Cr1
C2-N2-C20
C20-N2-Cr1
C27-N3-Cr2
C28N4-C46
C46-N4-Cr2
C6301-Li1
C67-02-Co4
C6402-Li1
C7204-Li1
C2-CI-N1
C4-C3-C8
C8C3-C10
C4-C5C6
C6-C7-C8
C8C7-C13
C3-C8-N1
C9-C10C11
C11-C10C3
C7-C13C14
C14C13C12
C16C15C20
C20-C15C22
C16C17-C18
C18C19C20
C20-C19C25
C15C20N2
C15C22C21
C21-C22-C23
C19C25C26
C26C25C24
C28-C27-N3
C30-C29-C34
C34-C29-C36
C30-C31-C32
C32C33C34
C34-C33C39
C33-C34N3
C29C36:C37
C37-C36:C35
C40-C39C38

114.2()
113.72)
134.32)
1123(2)
1156(3)
1299(2)
126.5(3)
107.2(3)
124.1(2)
125.7(3)
1164(2)
118.6(2)
1222(2)
120.3(2)
118.0(2)
120.712)
119.22)
110.2(2)
111.6(2)
114.0(2)
110.0(2)
118.6(2)
1233(2)
119.5(2)
118.4(2)
1211(2)
120.92)
111.6(2)
109.0(2)
110.8(2)
110.8(2)
116.3Q)
117.8(2)
122.1(2)
119.7(2)
119.0(2)
1206(2)
119.5(2)
112.2(3)
110.5(2)
109.8(2)
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C8N1-Crl
C2-N2-Cr1
C27-N3-C34
C34N3-Cr2
C28N4-Cr2
C6301-C60
C60-01-Li1
C67-02-Li1
C72-04-C75
C7504-Li1
C1-C2-N2
C4-C3-C10
C5C4-C3
C5C6-C7
C6-C7-C13
C3-C8-C7
C7-C8N1
C9-C10C3
C7-C13C12
Cl6C15C22
C17-C16C15
C17C18C19
C18C19C25
C15C20C19
C19C20N2
C15C22C23
C19C25C24
C27-C28N4
C30C29C36
C31-C30C29
C31-C32C33
C32C33C39
C33C34C29
C29C34N3
C29C36C35
C40C39C33
C42-C41-C48
C43C42C41
C43-C44C45
C44C45C5h1
C41-C46-C45

1278(2)
112.0(2)
1166(2)
1311(2)
1144(2)
106.9(2)
123.8(2)
128.4(3)
105.3(2)
126.3(2)
116.32)
119.3(2)
121.0(2)
121.1(2)
121.2(2)
121.0Q)
119.92)
111.1(2)
110.3(2)
118.12)
121.7(2)
121.8(2)
120.42)
120.02)
1191(2)
1118(2)
114.0(2)
115.89)
120.1(2)
122.3(2)
121.3(2)
120.3(2)
119.92)
120.6(2)
111.5(2)
110.4(2)
120.2)
121.1(2)
121.3(2)
121.12)
120.72)



C38C39C33 114.32) C45C46N4 1193(2)

C42C41-C46 1186(2) C41-C48C49 111.4(2)
C46C41-C48 1212(2) C45C51-C52 113.6(2)
C44C43CA2 1202(2) C54C53Crl 1210(2)
C44C45C46 1182(2) C54C53H53A 110(2)
C46-C45C51 1207(2) Cr1-C53H53A 127(2)
C41-C46N4 120.02) Cr2-C53H53B 131(2)
C41-C48.CA7 1123(2) H53A-C53H53B  113.(2)
C47-C48.C49 110.4(2) C59-C54C53 122.4(2)
C45C51-C50 1095(2) C56C55C54 121.4(3)
C50-C51-C52 109.6(2) C56-C57-C58 118.5(3)
C54C53Cr2 1155(2) C58C59-C54 121.0(2)
Cr2-C53Crl 66.06(5) C6803-Lil 125.5(4)
Cr2-C53H53A 80(2) C69-C6803 109.3(5)
C54C53H53B 105(2) C70-C69-C68 111.3(5)
Cr1-C53H53B 69(2) C69-C70C71 106.5(5)
C59-C54C55 116.9(2 C70C71-03 107.9(4)
C55C54C53 120.7(2) C71:03-C68' 98.0(7)
C57-C56-C55 121.4(3) C68-03-Lil 130.8(5)
C57-C58C59 120.7(3) C74C73C72 105.6(3)
01-C60-C61 106.2(2) C73C74C75 105.4(3)
C62-C61-C60 103.5(3) 04C75C74 104.3(3)
C63C62C61 108.40) C6803-C71 101.7(4)
C62C6301 108.5(3) C71-03-Lil 122.4(3)
02-C64-C65 106.5(3) C71:03-Lil 123.1(4)
C66-C65C64 108.6(4) C69:C68:03' 109.5(8)
C67-C66:C65 107.2(4) C70-C69-C68' 105.5(8)
C66C67-02 110.5(4) C69:C70:C71" 109.5(7)
04-C72C73 104.0(3) 03-C71-:C70' 108.9(7)

The kenzyl group can alsbe added to th€r.H: core by treating"'L"™'Cr)a(u-
H)2 (4) with benzyl lithium in pentane/THRAfter standard work ug(HL™P"Cr)(u-
CH2Ph)(ieH)2] [Li(THF) 4] (9) crydallized out of THF solutiotayeredwith pentane.
In the solid state9 exhibits an asymmetric dinuclear structure of two Cr diimine
fragmens and three bridging ligands in monocliit@1/n space grouplhe bridging

hydrides and methylene protonsrelocatedon aX-ray differencemgp. The
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distances of bridging methylegarbonto chromium atoms ar€r1-C532.3252) A
andCr2-C532.251(2) A.The distances between @nd thebridging hydrides range
from 1.70(2) to 1.75(2) A and fall in the typical range of Cr bridging hydride
complexesThe three bridging ligands strongly twisted the square pyramidal
coordination geometry anr\w@ueotl.1 fortCH witr

axial vector of CrilH1  aswatue & 0.53 fo Cr2 with axial vector of CEZ53.The

Cr1-Cr2 distance ©02.4948(4) A is only a little longer than the other five complexes.

Thechromium nitrogerbond lengths range from 1.92) to 2.00172) A, as expected.
And the ligand backbone averageNtbond length of 1.378(3) A and averagecC
bond length of 1.3552(3 implied dianionic charge for both diimine ligarithe low
magnetic moment dt.51) ps per complexat room temperature wasesumably due
to strong C+Cr antiferromagnetic coupling. The paramagnetic featugeatgo
exhibits broadH-NMR peaks at 8.25.34, 3.53 and 1.75 ppm.

The reaction oft'L™P'Cr)x(u-H)2 with methyl lithium or phenyl lithiunin pure
THF yielded acomplementargeries ohydrido-bis(alkyl) chromiumcomplexes
namely[("LP"Cr)a(u-Me)(u-H)] [LiI(THF) 3(E0)]* (10) and[("LP"'Cr)a(pu-Ph)2(u-H)]
[Li(THF)] " (11) (Schemes.7). After standard work ug,0 and11 werecrystallized
from pentane/THF solution aB0T in 40% and 306 yield. To our surprise, Xay
crystallography resaledthat both10 and11 gave aCrz(u-R)2(u-H) core, yet theitH-
NMR spectraare identical tahose of5 and6. The solid state structug,eoond
distances, and anglef 10and11 are displayed in Figuss8.7 and3.8 and Table 3.7

and3.8 respectively.
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Scheme3.7 Reaction of {'L"P'Cr)2(u-H)2 with lithium reagent in THF
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Figure 3.9 Molecular structure of [(FL"'Cr)2(u-Me)2(u-H)] [Li(THF) 3(Et20)]*
(10) with thermal ellipsoids at the 30% probability level. Lithium
atoms isopropyl groups, most of the hydrogen atomsnd solvent
molecules havebeen omitted for clarity. H1, H27A, H27B and H27C
have been locatedn adifference map.
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Table 3.7 Interatomic distances (A) and angles (3 for [(*LP"Cr) 2(u-Me)2(pu-H)]
[Li(THF) 3(Et20)]* (10)

Distance R)
Cri-N2 1.968(2) Cri-N1 1.994(2)
Cr1-C27 2.220(4) Cr1-C27 2.231(4)
Cri-Crl 2.4542(8) Cri-H1 1.65(3)
Li1-O1" 1.942(6) Li1-01 1.942(6)
Li1-01 1.942(6) Li1-O1" 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 1.3426) c3C4 1.406(6)
c3C8 1.419(5) C3-C10 1.508(7)
C4C5 1.366(8) C7-C13 1.508(5)
C5C6 1.365(7) c12C13 1.533(5)
C6-C7 1.397(5) C13C14 1.538(5)
c7-C8 1.408(5) C15C20 1.403(6)
C9-C10 1.530(9) C16C17 1.361(7)
c10C11 1.543(9) C17-C18 1.364(8)
C15C16 1.395(5) C18C19 1.408(6)
C15C22 1.518(7) C19C20 1.409(6)
C19C25 1.514(7) C21-C22 1.530(8)
C24C25 1.518(8) C22C23 1.523(8)
C25C26 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 1.442)
01-C31 1.52(2) C28C29 1.46(2)
C29C30 1.52(2) C30C31 1.47(2)
01-C31' 1.41(1) 01-C28 1.47(2)
C28:C29' 1.48(2) C29:C30" 1.54(2)
C30:C31’ 1.46(2) 02-C32 1.379(9)
02-C35 1.428(9) C33C34 1.43(2)
C33C32 1.44(2) C34C35 1.452)
02-C35' 1.38Q) 02-C32" 1.442)
C33-C32 1.422) C33:C34' 1.410)

C34:C35' 1.45(2)
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Angles (J

N2-Cr1-N1
N1-Cr1-C27
N1-Cr1-C27
N2-Cr1-Crl
C27Cri1-Crl
N2-Cr1-H1
C27-Cr1-H1
Cr1-Cri1-H1
O1-Li1-01'
O1-Li1-02
O1-Li1-02'
0O1-Li1-02'
O1-Li1-02
02-Li1-02
C1-N1-Cr1
C2-N2-C20
C20-N2-Cr1
C1-C2-N2
C4-C3-C10
C5C4-C3
C5C6-C7
Ce6-C7-C13
N1-C8-C7
C7-C8C3
C9-Ci10C11
C7-C13C12
C16C15C22
C17-C16C15
C17-C18C19
C18C19C25
C15C20C19
C19C20-N2
C15C22-C21
C19C25C24
Crl1-C27-H27A
Cr1-C27-H27B
H27A-C27-H27B
Crl1-C27-H27C
H27B-C27-H27C

80.0(1)
989(2)
1731(2)
148.71(8)
56.8(1)
137.3(8)
84.5(9)
42(2)
113.1(5)
1083(2)
1083(2)
1084(2)
1083(2)
110.3(5)
113.3(2)
115.7(3)
130.3(2)
116.2(3)
120.4(4)
121.9(4)
121.2(4)
119.5(3)
121.2(3)
119.9(3)
111.8(5)
112.9(3)
119.8(4)
121.7(5)
121.7(5)
120.9(4)
120.5(3)
118.6(4)
112.0(5)
113.2(5)
78.(3)
140.(3)
108.(4)
107.(3)
98.(4)

99

N2-Cr1-C27
N2-Cr1-C27
C27-Cr1-C27
N1-Cr1-Crl
C27-Cri1-Crl
N1-Cr1-H1
C27-Cr1-H1
O1-Li1-01
O1-Li1-02
O1-Li1-02'
O1-Li1-02'
02-Li1-02'
0O1-Li1-02
C1-N1-C8
C8N1-Cr1
C2-N2-Cr1
C2-C1-N1
C4-C3-C8
C8-C3-C10
C6-C5C4
C6-C7-C8
C8C7-C13
N1-C8C3
Cco-C10C3
C3Ci0C11
C7-C13C14
C14C13C12
C16C15C20
C20C15C22
C16C17-C18
C18C19C20
C20C19C25
C15C20N2
C15C22C23
C23C22C21
C19C25C26
C26:C25C24
Cr1-C27-Crl
Cr1-C27-H27A

1381(2)
935(2)
87.6(2)
129.59(7)
56.3(1)
99(1)
84.1(9)
113.1(5)
1084(2)
1084(2)
1083(2)
110.3(5)
1084(2)
118.3(2)
126.9(2)
114.0(2)
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(])
140.(3)



C2801-Li1
01-C28C29
C28C29-C30
C31-C30-C29
C30-C31-01
C31-01-C28'
C28-01-Li1
C3202-Li1
C34C33C32
02-C32C33
C33C34C35
02-C35C34
C35-02-C32'
C32:02-Lil1
C33-C34-C35'
02-C35-C34'

132.7(9)
103(1)
110(1)
105(1)
106(1)
110(D)
121.2(8)
139.6(5)
104.8(7)
114.4(8)
105.7(8)
111.3(7)
118(2)
113.2(9)
1090)
98(2)

Crl1-C27-H27B
Cr1-C27-H27C
H27A-C27-H27C
C2801-C31
C31-01-Li1
C31-01-Li1
01-C28-C29'
C28-C29-C30'
C31-C30-C29'
01-C31-C30
C3202-C35
C3502-Li1
C35-02-Li1
C32-C33-C34'
02-C32-C33

90.(3)
119.(3)
105.(4)
107(1)
119.4(5)
125.4(5)
104(1)
106(1)
103(1)
105(1)
102.9(6)
117.4(5)
123(1)
109Q)
29(2)

Complex10 crystallized in the orthorhombic space gr@g22, andcontains a

crystallographicC, axisgoing throughydrideH1 and perpendicular the Cri-Crl

vector.Due tothe symmetry, the coordination geometry around the Cr is best

described as trigat bipyramidal with axial vector of NCr1-C27 and the calculated

( value is 0.58Complex10 has two bridging methyl groups and one bridging hydride

i n bet waisnne dhraniumUbragmentdhe bridgng hydride and methyl

protons wee located by Xay differencemap.The CrC bond lengths are 2.220(4)
and 2.231(4R respectively. The GH distance of 1.65(3) A is within the range of
bridging hydride complex of chromium. Unexceptionally, theNdvong lengths are

1.968(2) A for CriN1 and 1.994(2) Afor CEN2.T h e

di ani oni c-

assignm

diimine ligand agrees Wi the GN single bond length of 1.372(4) and 1.374(4) A and

C-C double bond length of 1.342(5) fhe CkCr distance of 2.4542(8) &k 10is

lightly longer tharthat in5. Theroom temperature magnetic momehLOwas3.1(1)

Me per complexpresumably de to antiferromagnetic coupling@ecause only diimine

10C



ligand signals can be observedfftNMR, 10 shows an identical spectrum to tioét

5 with broad resonance aetiemical shifsat 7.78, 5.60, 3.39 and 1.67 ppm.

C67

@ C68

Figure 3.10 Molecular structure of [(HL"'Cr)2(u-Ph)2(u-H)][Li(THF)] * (11) with
thermal ellipsoids at the 30% probability level. H1 has been located
on adifference map. Isopropyl groups and hydrogen atoms have
been omitted for clarity.

101



Table 3.8 Interatomic distances (A) and angles (3 for [(*L P Cr) 2(u-Ph)(u-H)]
[LI(THF)] * (11)

Distance (A)

Cri-N2 2.005(2) Cri-N1 2.03(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 2.004Q)
Cr2-N4 2.025Q) 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)
C12C13 1.535(4) C6-C7 1.399(3)
C13C14 1.530(4) C7-C8 1.405(3)
C15C20 1.406(3) C9-C10 1.533(3)
C16C17 1.387(4) Cc10C11 1.534(3)
C17-C18 1.369(4) C15C16 1.396(3)
C18C19 1.402(3) C15C22 1.517(3)
C19C20 1.410(3) C19C25 1.510(4)
C21-C22 1.514(4) C24C25 1.533(4)
C22C23 1.523(4) C25C26 1.531(4)
C27-C28 1.366(3) C29-C30 1.393(3)
C29-C34 1.410(3) C29-C36 1.519(4)
C30C31 1.377(4) C33C39 1.530(4)
C31-C32 1.369(4) C38C39 1.533(4)
C32C33 1.407(3) C39-C40 1.528(4)
C33C34 1.396(3) C41-C46 1.408(3)
C35C36 1.530(3) C42C43 1.375(4)
C36C37 1.524(4) C43C44 1.374(4)
C41-C42 1.395(4) C44C45 1.398(3)



C41-C48 1.525(3) C45C46 1.408(3)
C45C51 1.507(3) C47-C48 1.528(5)
C50C51 1.522(4) C48C49 1.550(4)
C51-C52 1.530(4) C53C54 1.386(3)
C53C58 1.417(3) C59C64 1.406(3)
C54-C55 1.370(4) C60C61 1.374(4)
C55C56 1.391(4) C61-C62 1.378(4)
C56-C57 1.394(3) C62-C63 1.384(3)
C57-C58 1.411(3) C63C64 1.413Q)
C59C60 1.394(3) C65C66 1.480(4)
C66-C67 1.491(5) C67-C68 1.506(4)
Angles (J
N2-Cri-N1 78.56(6) N2-Cr1-C64 109.58(7)
N1-Cri-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) C58Cr1-Cr2 59.90(5)
N2-Cri-Lil1 56.7(1) N1-Cri-Li1 53.9(9
C64-Cri-Li1 72.6() C58Cri-Li1 140.54)
Cr2-Crl-Lil 1309(2) N2-Cri-H1 93.7(8)
N1-Cri-H1 165.6(8) C64-Crl-H1 85.0(8)
C58Cril-H1 83.9(8) Cr2-Crl-H1 41.8(8)
Li1-Cr1-H1 1311(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)
C58Cr2-Crl 50.34(5) N3-Cr2-H1 95.0(7)
N4-Cr2-H1 171.2(7) C64-Cr2-H1 76.3(7)
C58Cr2-H1 75.0(7) Crl-Cr2-H1 40.1(7)
Ol-Li1l-C1 129.4(2) O1-Li1-N1 143.0(2)
C1-Li1-N1 36.99(9) O1l-Li1-C2 130.1(2)
Ci-Li1-C2 35.3(9 N1-Li1-C2 631(2)
O1-Li1-N2 144.6(2) C1-Li1-N2 629(2)
N1-Li1-N2 69.1(2) C2-Li1-N2 35.82(9)
Ol-Lil-Crl 156.8(2) Ci-Li1-Cr1 724(2)
N1-Li1-Crl 48.08(9) C2-Li1-Cr1 715(2)
N2-Li1-Crl 46.71(8) C1-N1-C8 1133(2)
C1-N1-Cr1 1139(2) C8N1-Cr1 129.32)
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C1-N1-Li1
Cr1-N1-Li1
C2-N2-Cr1
C2-N2-Lil1
Cr1-N2-Li1
C27-N3-Cr2
C28N4-C46
C46-N4-Cr2
C6501-Li1
C2-CI-N1
N1-Ci-Lil
ClL-C2-N2
N2-C2-Lil
C4-C3-C8
C8C3-C10
C6-C5-C4
C6-C7-C8
C8C7-C13
C7-C8-N1
C3-C10C9
C9-C10C11
C7-C13C14
C14C13C12
C16C15C20
C20C15C22
C18C17-C16
C18C19C20
C20-C19C25
C15C20N2
C21-C22-C15
C15C22-C23
C19C25C26
C26C25C24
N3-C27-C28
C30-C29-C34
C34-C29-C36
C32C31-C30
C34C33C32
C32C33C39
C33-C34N3
C29C36:C37

704(2)
78.02)
1155(2)
695(2)
76.6Q)
1119(2)
114.89)
133.79)
122.3(2)
116.30)
72.6Q)
115.4Q)
74.7Q)
118.9(2)
1215(2)
119.6(2)
118.6(2)
1222(2)
118.7¢)
114.1(2)
1101(2)
112.6(2)
110.1(2)
118.9(2)
121.7(2)
119.3(2)
118.6(2)
122.4(2)
118.5@)
113.3(2)
110.0(2)
109.9(2)
110.1(2)
116.6Q)
118.7(2)
121.3(2)
119.9(3)
118.4(2)
117.8(2)
122.2(2)
113.7(2)

104

C8N1-Lil
C2-N2-C20
C20-N2-Cr1
C20-N2-Li1
C27-N3-C34
C34N3-Cr2
C28N4-Cr2
C6501-C68
C6801-Li1
C2-Ci-Li1
C1-C2Li1
C4-C3-C10
C5C4-C3
C5Ce6-C7
C6-C7-C13
C7-C8-C3
C3-C8-N1
C3-C10C11
C7-C13C12
Cl6C15C22
C17-C16C15
C17-C18C19
C18C19C25
C15C20C19
C19C20N2
C21-C22-C23
C19C25C24
N4-C28-C27
C30-C29-C36
C31-C30-C29
C31-C32C33
C34-C33C39
C33C34-C29
C29-C34-N3
C29C36:C35
C40-C39-C38
C42-C41-C48
C43C42-C41
C43-C44-C45
C44C45Ch1
C45C46C41

136.0Q)
1146(2)
1278(2)
136.0Q)
1181(2)
130.02)
110.4Q)
108.92)
128.7(2)
74.32)
70.32)
119.6(2)
121.4(2)
121.6(2)
119.2(2)
1199(2)
121.42)
1094(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-C36C35 110.4(2) C41-C46N4 118.92)

C40-C39C33 112.5(2) C41-C48C49 110.1(2)
C33C39C38 110.5(2) C45C51-C52 111.0(2)
C42C41-C46 118.2(2) C55C54C53 120.6(2)
C46C41-C48 122.3(2) C55C56-C57 119.9(2)
C44C43CA2 119.9(2) C57-C58C53 114.62)
C44C45C46 118.5(2) C53C58Crl 1218(2)
C46C45C51 120.4(2) C53C58Cr2 122.82)
C45C46N4 1205(2) C60-C59-C64 122.1(2)
C41-C48CA7 113.6(3) C60-C61-C62 120.0(2)
C47-C48.C49 109.4(3) C62C63-C64 122.1(2)
C45C51-C50 113.4(2) C59-C64Crl 125.72)
C50-C51-C52 110.1(2) C59-C64Cr2 1100(2)
C54C53C58 122.7(2) Cr1-C64Cr2 71.07(6)
C54C55C56 119.3(2) C59-C64C63 1157(2)
C56.C57-C58 122.8(2) C63C64Crl 1183(2)
C57-C58Crl 122.4Q) C63C64Cr2 984(2)

C57-C58-Cr2 901(2) 01-C65C66 106.8(2)
Cr1-C58Cr2 69.76(6) C65C66:C67 104.0(3)
C61-C60-C59 120.0(2) C66C67-C68 102.9(2)
C61-C62C63 120.1(2) 01-C68C67 104.6(2)

Complex11 crystallizedin monoclinic space group2:/n and gave an
unexpectedrystalstructurecompared tahe other six complexes. Other than two
bridging phenyl rings and one bridging hydride in between diimine chromium
fragments, there is a direateraction between tHghium counterion and one of the
diimine ligand.This diiminelithium interaction wa unusuain our chemistryyet
examples of similar coordination exi$t7 The Li(THF) fragmentis coordinated to
thediimine ligandi n “mantemwith anaverage LiN distance of 2.2565(4) A and
average LiC distance of 2.2085(4) A. The lithium coordinated diimine ligand is
extremely reduced and exhibits an averagé ong length of 1.395(2) A and-C
bond length of 1.342(3) A. fie aher diimine ligand shows a less reduced feature with
average €N bond length of..3515(3) A and € bond length of 1.366(3) Alet the
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Cr-N distancesn thetwo diimine chromium fragments are not noticeahféerent
and range from 2.002) to 2.08(2) A. The CrtCr2 distance of 2.5852(4) A is the
longest amonghose seven molecules-11). The wo bridging phenyl rings are
obviously leaning toward Cr2 and have shortet-Cipso bond length The bridging
carbon are about 0.2 A closer to Crl than Cr2 witl22(2) A, 2.091(2) A for Crd
C53, CriC64 and 2.384(2) A, 2.343(2) A for G253, Cr2C64. On the other hand,
the Cr2H1 bond length of 1.68(2) & slightly shorter than CrH1 bond length of
1.74(2) A. Despite thetructuraldifferences betweerb and11, they share identical
'H-NMR spectrawith broad resonance amthemical shifts at 7.86, 6.70, 4.13 and 1.19
ppm in THRds. Presumably, the lithiurdiimine coordination only exist in solid state
11, whilein THF solvent11 will share the similar structua 5 as lithium cation
coordinated byour THF moleculesThus, complex1is also assigned as Cr(HI)
C(II) dinuclear complexThelow room temperature magnetism of @Ys is also
due toantiferromagnetic coupling between two Cr(lll) ions.

Similar re&tions did not happen withthe other lithium reagents mentioned
earlier(CH>SiMes, Np, Bz.) The yields of 10and11 aresignificantly lower tharb
and6. Possibly the formation of dialkyl(diaryl) hydridecould go through a

dissociatiorassociatioralkylation process aftéy or 6 weregenerated (Schengg).
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Scheme3.8 Plausible mechanism oformation of chromium di-phenyl hydride
complex

Presumably, the smaller bridging ligands of methyl and phenyl would leave a
coordirationsite operonthechromium center focoordinating solvensuch asrHF.
After thecoordinationof one or more THF molecules, comp&xould dissociate
into two monomers in a weak dissociation equilibrium. Thas®ociation of
chromium monephenyl ad chromium hydride would give a neutral binuclear
chromium aryl hydride, which would be captured by ano#iggiivalentof PhLito
generatehe final chromiunbis(aryl)hydridocomplex11. While in a less polar
solvent systenfe.g. pentane)he anionic complex 5 and6 would precipitate out and
prevent any further reactiom additional, no suchis(alkyl) hydridewas observed in
reactions with TMS(Chb)Li, t-Bu(CH)Li or Ph(CH)Li, plausibly due to stronger

steric hindrance preventing solveaordination



Table3.9 Selected bond distances (&) of the diimine backbone, €r
distances, intramolecular bonddistances,l valuesand room
temperature magnetic moment per Cr (j8) for complexes 511

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) 2.1702)
2.31(1) 2.181(4) 2.304(2) 2.3372)

Cr-H 1.69(3) 1.71(3) 1.742) 1.76(2)
1.68(3) 1.70(3) 1.732) 1.722)
1.69(2) 1.67(3) 1.742) 1.672)
1.68(4) 1.61(3) 1.732) 1.69(2)

Cr-N 1.956(4) 1.965(3) 1.9582) 1.961(2)
1.959(4) 1.965(3) 1.99(2) 1.99232)
1.966(4) 1.948(3) 1.970(2) 1.9542)
1.960(4) 1.977(3) 2.0042) 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) 1.3872)
1.367(6) 1.375(5) 1.3782) 1.3772)
1.369(6) 1.382(4) 1.378(2) 1.3742)

c-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)

G (Cr1) 0.56 0.11 0.55 0.33

G (Cr2) 0.26 0.54 0.15 0.01

Heft 2.91) 3.4(1) 2.1(1) 3.1(1)
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Table3.9 Selected bond distances (A) of the diimine backbone, &r
distances,intramolecular bond d i s t a swallesand rabm
temperature magnetic moment per Cr (j8) for complexes 511

(continue)
Compound 9 10 11
Cr-Cr 2.4948(4) 2.4542(8) 2.5852(4)
Cr-C 2.3252) 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 1.9582) 1.968(2) 2.0052)
2.0172) 1.994(2) 2.038(2)
1.9512) 2.0252)
2.010(2) 2.0042)
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)
Cc-C 1.357(3) 1.342(5) 1.342(3)
1.348(3) 1.366(3)
G (Crd) 0.12 0.58 0.22
G (Cr2) 0.53 0.58 0.27
Heft 2.51) 3.1(1) 3.41)

Wi t h a sdémine ehomianf alkyl hydride complexes in hand, it is
interesting to make a solid state structural comparison of all first row transition metal
alkyl hydrides we knowso far.Among U-diimine supportecchromium alkyl hydride
complexes seriespmplexes6, 9, 11 crystallized in the monoclinic space grdegy/n
while 5, 7 and8 crystallized in the triclinic space grofpl. Complex10 crystallized
in the monalinic space groug222.. Similarly, the bridging alkyl or aryl group sits
between two chromium centers, and forn@&rabinuclear core. All diimine ligands

are in dianionic form according to bond length eNGaverage 1.378(5) A) and-C



(average 1.352J5R) bonds orthe ligandbackbones. Therefore, compéess-11 are

all Cr(111)-Cr(IIl) dinuclearcomplexes and share similar distorted trigonal bipyramidal

/ square pyramidaloordination geometry around tvebromiumions Mindful of the
limitations of X-ray crystallographyor locatinghydrogen atomshe bridging hydride
ligand range from 1.68f A to 1.75@) A and are comparable to other reported

bridging hydride chromium complexes. Likewise, antiferromagnetic coupling between
chromium ions gave compléx11 magnetionomentmeasurement &f.9(1), 3.4(1),

2.1(1), 3.1(1)2.5(1) 3.1(1) and 3.4(1yys respectivelyatroom temperatureBecause

of the structural similarity d-11, they showsimilar 'H-NMR spectra (Figur&.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 5,7,89 in CeDs and 6 in THF-ds due to poor
solubility in CeDe.
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In order to make a comparison of complexes with similar alkyl hydride
systems,emplex10iss el ect ed to make a comparison to
[bis(amidinate)] TiCp(u-Me)(u-H) complex.Complex6 and11 are compared to
Moni | | a s 6”Cr(u-®H)(ntH) complex.And complex7 is compared to
Mc Ad a ms 0 MCna(aCHTMS)(-H) complex.For bothtitanium methyl
hydride and chromium methyl hydride complexes, each metal iothéaame
oxidation state of +a&nd five coodinatedligands. Presumably due difference of
ligand systera and covalent radfcovalent radii: Ti = 1.60(8) A v.s. Cr = 1.39(5) A)
the Cr-Cr distance of 2.4542(8) A ih0is significantly shorter thathe Ti-Ti distance
of 2.9788(6) A n titanium complex8 The bridging methyl is also closer to Cr center
(average GIC = 2.225(4) A) with smaller metal-metal angle (CriC27-Cr2 =
66.9()3 than those in Tk(u-Me)(u-H) complex(average TC = 2.273(3) A, TiC-Ti
= 81.85(9)). The CrH bondlength of 1.65(3) A is shorter than-F average bond
length of 1.85(4) A. The CrH1-Crl angle of 96.2(9)%s sharpehan TiH-Ti angle

of 107(2)°as well. The bond distances and angles are summed up in S&@me
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Me
66.93(10) °
/\/\

Cr. Cr

LN
2.270(3) 2.277(3
AT / /
N N -

2. 9788
106. 9(18)
1.81(4) 1.89(4

Schene 3.9 Selectedbond distances and angles in G(u-Me)2(u-H) and Tiz(p-
Me)(u-H) core

The solid state structures ®@and11 are more comparable to (nac@ap(u-
Ph){-H), due to theirclosdy relatedligand system. The bidentate nacnac ligand has a
fixed formal charge ofl. Thus, (nacnd&Cr)2(u-Ph)@-H) exhibit a Cr(I1}Cr(Il) core
with Cr-Cr dstance of 2.68(1A. The Cr(lll)-Cr(lIl) complex6 and11 show shorter
distances between two chromium ions of 2.4823(7) and 2.5852(4) A respectively
presumably de tothefacesharing geometry i6 and11. The bridgingpso carbon of
phenyl ligand keep about the same distanteshromium centens both ligand
systems with average @ipso bond length of 2.198(5) A fa8, 2.234(2) A forl1and
2.211(2) A for nanad™ Cr complex. The GH bond length are even similar and range
from 1.61(3) to 1.71(3) A fo6, from 1.68(2) to 1.74(2) A fot1and from 1.70(3) to
1.69(3) A for nacnd® Cr complex.The bridging carbon angles are slightly sharper in



6 (68.71)j and 11(69.76(6)° 71.07(6)j than that in (nacndéCr)z(u-Ph)-H)

(72.86(8)). The selected atom distances andlas are summed up in Scheh&Q

@Q@

~
68.74(12)°
Cr .Cr
'/,/ \\ N~ e
H ~, \\\“\\‘
// N o
Pr. 907312 7% NG 7 944(12)
H H
Nec-=z 69 76(6
- \r,,LI (THF)
cr, /) Cre... 98. 07(11
N '//,/ \W \\\
i i g
Pr. Pr
71.07(6)°

72.86(8

\/

Scheme3.10 Selected bond distances and angles in £u-Ph)(u-H)z2, Cra(p-
Ph)2(u-H) and Crz(u-Ph)(u-H) core
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TMS ™S

1.743(12)

91.3(7)° —H\

CH CH2

2
2.288(4) 2.190(4) /
71.01( 13
2.6026(9

Scheme3.11 Selected bond distances and angles in £{u-CH2TMS)(u-H)2 and
Cr2(u-CH2TMS)(u-H) core

Similarly, the CkCr distance of 2.4850(3) A ifiis shorter thathatof

2.6026(9) AinMa& A d a ms 0 MeCra(aCHaTM8)(u-H). The difference might

result from the combination of the fasharing geometry of Cr(IHCr(lll) core in7

and the edgsharing geometry of Cr(HEr(ll) core in (nacndteCr)z(u-CH2TMS)(u-

H). The chromium bridging caom distances are vegjose in both ligand systems

with averageCr-C bond length of 2.2%@) A for 7 and 2.239(4) A for nacn¥é Cr

complex. The GH bond lengthsire also very similar andnge from 1.73(1) to

1.74(9 Ain 7 and from 1.67(7) to 1.78(7) /& (nacnateCn)z(u-CH2TMS)(u-H).

Presumably, due to the fasharing geometry of, all the angles of bridging ligands

aremore acutén 7 than those in nacn&tsystem (Schem@11).
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The synthesis and isolation of neutral chromium aligdride supportedy
diimine ligandis still outstandingAttempts of mixingois-alkyl hydride with
(HL™P"Cr)(u-Cl)2 did notgive anydesiredcomplex butonly unidentifiable chromium
diimine fragmentsand free ligandsSimilar decomposition reswdtalsowereobserved
when 7 was oxidized by leg#l) chloride, silver triflate, ferrocenium triflate or
aminium radical cation (magic blu€erval cationic carbon reageiatsd stable
radicals, like triphenylmethyl halid&imethyloxonium (2,2,6,6tetramethylpiperidin
1-yl)oxyl (TEMPO),were tested to generate neutral chromium alkyl(dryfride
complexesvia hydride abstractiorOnly trimethyloxonium tetrafluoroborateaced
with [("LP'Cr)z(u-CH2TMS)(u-H)2] [Li(THF) 3(Et20)]* (7) resuling a clean product
(Scheme3.12). 1 eq.of MesOBF4 was addedo a THF solution o¥ at-30€C. After 5
min stirring, the reaction was completed changedolor from violet to brown. The
THF was removedndervacuum and the remaining solid was extraetét pentane.
Complex12wasrecrystallized out of pentane solution é80C in 79% vyield. Instead
of getting a neutral alkyhydrideL2Crx(u-CH2TMS)(u-H), X-ray crystallography
revealedhat the methyl cation attackede carbon othediimine ligand backbone
and leftthe Cro(pu-H)(u-CH2TMS) coreintact. The solid state structure, bond

distances, and anglef 12 are displayed in Figur@12 and Table3.9 respectively.

r@ ’Pr@ Q ’Pr@’Pr
Me;OBF,, THF
@ o ot
r, f,’Pr r, f, 'Pr. i ,'Pr H 'Pr. i,’Pr

rt, 5min N Me
Scheme3.12 Reaction of [('L """ Cr) 2(u-CH2TMS)(u-H)2]- with Me3OBF4

N LJir(THF)3(Et20)
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« > Si1

]

N2 H1

H53B ] 53
,

H33AQ /Cr2

~H27A
C2

H27B

Cr1 H57A

"H57B

C1
N1 HD N4

Y.57¢

Figure 3.12 Molecular structure of ("LP'Cr) (M&H2LPrCr)(u-CH2TMS)(u-H)2
(12) with thermal ellipsoids at the 30% probability level. H1, H2,
H27A, H27B, H53A, H53B, H57A, H57B and H57C have been
locatedon adifference map. Isopropyl groups and hydrogen atoms
have been omitted for clarity.
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Table 3.10 Interatomic distances (A) and angles (3 for (*'L"P"'Cr) (Me:H2LPrCr)(u -
CH2TMS)(u-H)2 (12)

Distances (A)

Cri-N1 1.9842) Cr1-N2 2.020(2)
Cr1-C53 2.424(2) Cri1-Cr2 2.5100(5)
Cri-H1 1.82(2) Cri-H2 1.75(2)
Cr2-N3 1.9172) 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)
C12C13 1.530(4) C6-C7 1.401(4)
C13C14 1.521(4) C7-C8 1.396(3)
C15C20 1.402(3) C9-C10 1.522(4)
C16C17 1.363(5) C10C11 1.524(4)
C17-C18 1.374(5) C15C16 1.39q4)
C18C19 1.390(4) C15C22 1.512(4)
C19-C20 1.410(3) C19C25 1.521(4)
C21-C22 1.524(4) C24C25 1.534(3)
C22-C23 1.527(4) C25C26 1.535(4)
C27-C28 1.503(3) C27-H27A 0.94(3)
C27-H27B 0.97(3) C28C57 1.498(3)
C29-C30 1.401(4) C29-C34 1.402(4)
C29C3% 1.519(4) C30-C31 1.363(5)
C33C39 1.521(4) C31-C32 1.361(5)
C38C39 1.494(5) C32C33 1.404(4)
C39-C40 1.535(4) C33C34 1.408(4)
C41-C46 1.407(3) C35C36 1.528(4)
C42-C43 1.370(4) C36C37 1.528(4)
C43Ca4 1.378(4) C41-C42 1.392(3)
C44C45 1.391(3) C41-C48 1.522(3)
C45C46 1.398(3) C45C51 1.518(3)



C47-C48 1.530(4) C50C5h1 1.536(4)
C48C49 1.519(4) C51-C52 1.529(4)
C53H53A 0.99(3) C53H53B 1.05(3)
Angles (J
N1-Crl-N2 79.97(7) N1-Crl-C53 124.66(8)
N2-Crl-C53 119.24(8) N1-Cr1-Cr2 139.25(5)
N2-Cr1-Cr2 140.32(6) C53Cri1-Cr2 51.12(6)
N1-Crl-H1 157.9(7) N2-Crl-H1 99.5(7)
C53Cri1-H1 75.1(7) Cr2-Cri-H1 42.6(7)
N1-Crl-H2 96.7(8) N2-Crl-H2 165.7(7)
C53Cri1-H2 74.1(7) Cr2-Crl-H2 42.9(8)
H1-Crl-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)
C53Cr2-Cr1 62.35(6) N3-Cr2-H1 95.5(8)
N4-Cr2-H1 173.1(8) C53Cr2-H1 85.9(8)
Cr1-Cr2-H1 46.4(8) N3-Cr2-H2 141.6(7)
N4-Cr2-H2 97.0(8) C53Cr2-H2 83.3(7)
Cr1-Cr2-H2 44.1(8) H1-Cr2-H2 83(2)
C56-Si1-C53 107.12) C56-Si1-C55 1095(2)
C53Si1-C55 1099(2) C56-Sil1-C54 109.2@)
C53Si1-C54 1135(2) C55Si1-C54 107.422)
C1-N1-C8 1148(2) C1-N1-Cr1 1138(2)
C8N1-Cr1 1306(2) C2-N2-C20 117.62)
C2-N2-Cr1 112.92) C20N2-Cr1 129.42)
C34N3-C27 111.32) C34N3-Cr2 130.8(2)
C27-N3-Cr2 1166(2) C28N4-C46 118.92)
C28N4-Cr2 114.72) C46:N4-Cr2 1263(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)
C8C3-C10 122.3(2) C5C4-C3 121.4(2)
C4-C5C6 120.6(3) C5C6-C7 120.93)
C8-C7-C6 118.0(2) C8C7-C13 121.9(2)
C6-C7-C13 120.1(2) C7-C8C3 121.6(2)
C7-C8N1 120.3(2) C3-C8N1 118.0(2)
C3Ci0C11 112.2(2) C3-C10C9 111.7(2)
C11-C10C9 110.5(2) C7-C13C12 113.4(2)
C7-C13C14 110.3(2) Cl16C15C22 120.1(3)
C14C13C12 1095(2) C17-C16C15 121.9(3)

11¢€



C16C15C20 117.8(3) C17-C18C19 121.3(3)

C20-C15C22 122.1(2) C18C19-C25 118.3(2)
C16C17-C18 119.9(3) C15C20C19 120.7(2)
C18C19-C20 118.3(3) C19-C20-N2 121.0(2)
C20-C19C25 123.4(2) C15C22C21 114.0(3)
C15C20-N2 1182(2) C19-C25C26 111.3(2)
C15C22C23 110.5(2) N3-C27-H27A 117(2)
C23C22C21 110.8(2) N3-C27-H27B 114(2)
C19-C25C24 112.4(2) H27A-C27-H27B  98.(2)
C24C25C26 108.9(2) N4-C28C27 116.2(2)
N3-C27-C28 111.42) C30-C29-C34 118.5(3)
C28C27-H27A 107(2) C34C29-C36 121.8(2)
C28C27-H27B 1082) C32-C31-C30 120.5(3)
N4-C28C57 127.2(2) C32C33C34 118.1(3)
C57-C28.C27 116.6(2) C34C33C39 122.4(2)
C30-C29-C36 119.6(3) C29-C34N3 121.2(2)
C31-C30:C29 121.2(3) C37-C36:C29 111.3(3)
C31-C32C33 121.3(3) C29-C36:C35 113.2(3)
C32C33C39 119.5(3) C38C39C33 111.5(3)
C29-C34C33 120.3(2) C33C39:C40 112.2(3)
C33C34N3 118.5(2) C42-C41-C46 116.8(2)
C37-C36C35 109.7(2) C46-C41-C48 122.2(2)
C38C39-C40 109.7(3) C42C43Ca4 120.1(2)
C42-C41-C48 121.0(2) C44C45C46 118.1(2)
C43C42Cal 122.1(2) C46-C45C51 123.3(2)
C43C44C45 120.8(2) C45C46N4 120.62)
C44C45C51 118.6(2) C49-C48C41 112.1(2)
C45C46.C41 122.1(2) C41-C48CAT7 111.7(2)
C41-C46:N4 1173(2) C45C51-C52 111.8(2)
C49-C48CA47 111.4(2) C52-C51-C50 109.0(2)
C45C51-C50 111.2(2) Si1-C53Cr2 112.32)
Si1-C53Crl 129.22) Cr2-C53Cr1 66.53(6)
Si1-C53H53A 110(2) Cr2-C53H53A 105(2)
Cr1-C53H53A 120(2) Si1-C53H53B 99(2)
Cr2-C53H53B 1252) Cr1-C53H53B 59(2)

H53A-C53H53B  105(2)

12 crystallized inmonoclinic space grou@2/c. The bridgingalkyl group two

bridging hydridesand one diimineehromium fragment remaidehe same as those



complex7, while the other diimine ligand is methylatedabackbone carborthe
square pyramidajeometry aroun€ r 1 wvaluehof 015 has a tilted axial vector
of Cr1-C53. The coordination geometry around Cr2 is destribedhs distorted
trigonal bipyramidal with axial vector §4-Cr2-H 1 aswadue & 0.50. The

bridging hydrides, methylene protons and pnston the methylated ligand backbone
werelocatedon aX-ray differencemap. Comparetb complex?, the bridging carbon
C53 moves even further away from Crl with @43 bond length of 2.424(2) A and
closer toward Cr2 with CEZ53 bond length of 2.130(2). Ahe CrH distances ofhe
bridging hydrides range from 1.70(2) A to 1.82(2)The distance between two
chromium atoms (CrCr2 = 2.5100(5) A) is slightly shorter than thafigCr1-Cr2 =
2.4850(3) A).The unreacted ligand is still dianionic with avexa@N bond length of
1.347(3) A and & bond length of 1.368(3) A. Instead, the other ligand has a methyl
group on C28 and two protons on C27. ThusMH&L™ was functionalizeénd
be@mea monoanionic amininine ligand with aN3-C27 single bond of.245(3) A,

a C27C28 single bond of 1.503(3) A and a 4028 double bond of 1.271(3) A.
Presumably, after theond formatiorof methylene carbon C2éhdmethyl C57, the
protonmigratedonto adjacent C27herefore, complet1 has one dianionic diimine
ligand, one monoanionic amirimine ligand, one bridging alkyl ligand and two
bridging hydrides for two Cr(lll) ionsThe ligand activation is similar to G@nd
(FsC)CI C(CR) addition onto the ligand of (i E'L™).Cr. The electron rich

ligand backbone imore attractive to the electron deficient M&he brownCsDs
solution of12 showed a very simildiH-NMR spectrum ag with broad resonance and

chemical shift at 21.26, 9.33, 3.87 and 11525 ppm.The room temperaturmaagnetic
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moment 0f3.6(1) us percomplexis consistent with antiferromagnetic coupling of

chromium atoms ifi -diimine chromium alkyhydride series.

01-12-15

X
L2Gr2(H)2(CH2TMS)-.1.fid
L2C2(HY2(CHITMS)-(THES Et20. LY+
L2Gr2(H)2(CH2TMS)-(THF3.Et20.Li)
01-16-15
X
i X k2
‘q # |
1l ‘.“.A“’-‘.‘ ” |
# # # l‘ / \\ j\“ *
AL 5y A YV
|
L2Gr2(H)2(CH2TMS)-.2.fid ‘
L2Gr2(H)2(CH2TMS)-(THF3.Et20.Li)+
75C 6h ™S - Ve \
CH, N> ] 75°C, 6h Me. | Me ‘
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f1 (ppm)

Figure 3.13 'H-NMR spectraof reductive elimination of 7. The (#) denotethe
characteristic peak belong to 7, the (*) denotthe chemical shift of
tetramethylsilane and (x) denotsthe coordinated solvent of 7

Giventhe successful synthesis and isolatiomhafsefirst row transition metal
alkyl(aryl) hydride complexes, the question about their stability/reactivity become
morepressingas the reductive elimination reaction is expected to be
thermodynamically favorabland kinetically facileAs a series of chromium

alkyl(aryl) hydride complexes supported by redox memocent diimine ligandeere

121



synthesizeduccessfullyand isolated in good yielthe study othereactivity ofthose
complex5-11 become possibléMonitored by'H-NMR spectroscopyall anionic
alkyl(aryl) hydride complexes would undergo reductive elimination at certain
temperature and gave corresponding alkane/arene as the major organic (pei&dict
for example as shown Figure3.13). Due to the pamagnesmofthec hr omi um U
diimine complexes, the inorganic product could not be emiglytified. With the help
of crystallization and Xay crystallography, a dianion{€L"™'Cr)z(u-H)2(LiTHF)2
complexwasidentifiedasa major inorganic productlowever no meaningful
inorganic productouldbe isolated or identifietbr 10and11. Onepossible
mechanism ofhe thermatlecomposition reaction of compl&d9 is best described as
reductive elimination followedeassemblyf inorganic fragments (Schemel2 a). It

is alsopossiblethat the reductive eliminatiomccuss after the dissociation of Cr

alkyl(aryl) hydride compleXScheme3.12 b).
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Scheme3.13 Plausible mechanisrms of decomposition reaction of 9
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According to the hypothesa staedabove, the decomposition rataf U-
diimine Cr alkyl/aryl hydride complexeshould becontrolled bythereductive
elimination step. Therefore, the observed decompositiorofati&yl/aryl hydrides
may represerthe rate of reductive eliminatiaand wagpredicted to be first order
reaction If mechanism pis operative the observedate law ofdecompositiorcould
be more complicated. The theahstability of complexe$-11 was monitored byH-
NMR in CeDs (5, 7, 8, 9, 10) and THFd8 (6, 11) in sealed ¥ oung tubes. The
bridging alkyl/aryl ligands show strong impact on the therstability of Cr alkyl/aryl
hydride complexes. Compléxand10 have the same thermsthability and would not
undergo reductive elimination or any reaction uméidted up to 85C Judged byhe
integration oftH-NMR spectraeven at that high temperature, both complexes remain
remarkable inert and only show <5% decomposition over 48h. Cor6pled11 are
the secondnost stable with <20% decomposition at 75C over th THFRds. At the
same temperature over 70%/odecomposedvithin 6 h in GDe. The most reactive
two are compleX8 and9. At room temperature, less than 30¥8@ind over 60% 09
haddecomposed in éDs solutionafter6 days The other Cr alkyl hydridedid not
deconpose at room temperature.

The most interesting comparisbes inthe big difference of decomposition
rates between compléxand8, despite their difference of only one atdbue tothe
inaccuracy ofntegration of broad and overlappitid-NMR resonancgshe
decompositiorrates were measured by bXis spectoscopy A THF solution (3ml)
of 7 (8.06xL0°M) or 8 (8.16XL0°M) were warmed up to 40 € and were measured by

UV-Vis. Thedecay of samples were monitored by @éivsorption band at 530 nm

124



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]
= e LN[tBu]
= 2044 = —— Linear Fit of [TMS]
| . .
= Linear Fit of [tBu]
— 2.02 1
2.00
1.98 -
1.96 :

N I ! I B I ' 1 ' I i 1 '
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Figure 3.14 First order decay of 7 and 8 in THF

Figure3.14. shows the best fitting fdirst order reaction, and the
decomposition rates farand8 are9.3x10'st and18.0x1.07 s respectivelyThe
linear fitting for O order or 2 order reaction werkess correlatedDespite thevoor
linear fitting, the decomposition f -diitdine alkylhydrido chromiunis best described
as F'order reaction and im@d that hypothesis) is more likely.Thefaster
decomposition ratef 7 than that oB is plausiblydue to the betailicon effect via
silicon hyperconjugation. It has éeestablishedhata b-silyl group can efficiently
stabilize cationic carboim organic chemistry92021 But no such argument has been

discussed in inorganic chemistygsed on literature investigatidtypothetically, the
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trimethylsilyl group stabilizedhe Cr(lll) cationand lower the energy state ©fThus
thereductive elimination activation energy dfs slightly higher thai, which results
in higher stability of7.

In conclusion, alkylation of {L""'Cr)z(u-H). asanew strategpf synthesizing
alkyl hydrideswas explored and a series of hydridoalkyl Cr complexes supported by
U-diimine ligand were synthesizedamely [{'L™P"Cr)(u-Me)(u-H)2] [Li(THF) 4" (5),
[("LP'Cr)a(u-Ph) (e H)2] TLI(THF) 4] (6), [("LP'Cr)2(p-CHTMS) (-H)2]

[Li(THF) 3(ELO)]* (7), [(FLP'Cr)2(u-CH2'Bu) (u-H)2] [Li(THF) 3(EO)]* (8),
[("LP'Cr)a(u-CHzPh) (e H)2] TLI(THF) 4] (9), [("L™'Cr)a(u-Me)o(p-H)]

[Li(THF) 3(Et20)]* (10), [("L™'Cr2(u-PhY (u-H)][LI(THF)] * (11) and {'L™"'Cr)
(MeH2LPTCr)(u-CHZTMS)(u-H)2 (12). Those new complexeare thefirst 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 decomposition7adind8 were measured byV-

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 throughizatied aluminum columns followed by a
nitrogen purge to remove dissolved oxygen. Tddkvas predried over potassium
metal and stored under vacuum over Na/K.Clbwas predried with s and stored

under vacuum over 4 A molecular sievesDewas predriedvith sodium metal and
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stored under vacuum over Na/K. CsGinhydrouspnd sodiummetal were purchased
from Strem Chemical Co.. Cri{THF)3, and diimine ligand wagrepared by literature
proceduresAll other reagents were purchased from Aldrich or Acas dried using
standard procedures when necessary.

NMR spectra were recorded on a Bruker DROO spectrometer and were
referenced to the residual protons of the solvent ¢@&lR.73 and 3.58 ppm; GBI,
5.32 ppm; CD{, 7.27 ppm; @Ds, 7.15 ppm). FTIR sgctra were taken on a Magna
IR E. S. P. 560 spectrometer. UV/vis spectra were taken on a Therpio UV
spectrophotometeMass spectral data were collected at the University of Delaware
Mass Spectrometry Facility in electron ionization mode (+15eV); however
chromium containing fragments were detected for any of the complEeasental
analyses were performed by Robertson Microlit Laboratories Inc. (in Ledgewood, NJ).
Roomtemp er at ur e ma g n esd measursnests e tairibdiout usinga ( 6
Johnson Matthey magnetic susceptibility balance unless otherwise stated. Molar
magnetic susceptibilities were corrected for chgmetism using Pascal constasutsl

converted inteeffective magnetic momentsd).

3.3.2 Preparation of (FL"P"Cr)2(u-H)2 (4)

(HL™PYCr(CH.TMS)(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
freezepumpthaw cycles were perfored and the 1 am 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 extractedth pentane. The solution wéftered, concentrated and cooled

to -30°C to yield green crystals of(8#.292 g, 80 %)*H NMR (CsDs): 27.90 (H,



CH=CH), 9.48(12H, aromatic)4.47(8H, iPr), 2.17, 2.15 0.20(48H, iPr) ppm IR

(KBr; cnih): 3064(w), 2962 (s), 2927 (m), 2867 (m), 1274, 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), T®7. Anal. Calcd. for
Cs2H74CroN4: C, 72.69; H, 8.68; N, 6.52. Found: €5.86 H, 7.91; N, 6.33 UV/Vis

(O, “cmt) 426 3124, 506 (1862), 647 (10083 e (294K) = 2.3(LEs. M.p.: 158

€. 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

decanposition of the complex.

3.3.3 Preparation of [(HL™P"Cr) 2(u-Me)(u-H)2] [Li(THF) 4]* (5)

(HL™P"Cr)2(u-H)2 (0.100 g, 0.116 mmol) was dissolved in mix solvent eDEt
(20 ml) with 3 drops of THF and cooled480°C. LiMe (0.5 Min EtO, 0.232 ml,
0.116 mmol) was #n added and the solution was stirred at room temp. for 10 min.
Thesolventwas 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
[(MLPCr)2(p-Me)(p-H)2] [Li(THF) 4] * in 63% yield *H NMR (CsDe):.7.78(12H,
aromatig, 5.60(4H, HC=CH), 3.39(8H, iP1), 3.26 (THF), 1.67(48H, iPr) 129 (THF)
ppmIR (KBr; cml): 3051(m), 2960 (s), 292 (m), 28 (m), 1622 (m), 1579 (m),
1460 (m), 129 (m), 1380 (w), 1353 (W)1245 (m), 1188(m), 115 (w), 1035 (m),
837 (w), 797 (M), 765rf).. UV/Vis ( T H hax N0, “Tcidl)) 461 (4973), 527
(6382), 612 (6879E et (294K) =2.9(1) £8. M.p.: 253 €
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3.3.4 Preparation of [("L™P"Cr)2(u-Ph)(u-H)2] [Li(THF) 4]* (6)

(HL™'Cr)2(u-H)2 (0.100 g, 0.116 mmol) was dissolved in pentane (10 ml) with
3 drops of THF andawled to-30°C. PhLi (1.8 Min BuO, 0.065 ml, 0.116 mmol)
was then added and the solution was stirred at room temp. for 10 misolVaetwas
removed, and the residue was washed with pentane and extracted into THF. The THF
solution was concentrated bgauum and layered with pentane to givé& [{'Cr)(u-
Ph)(p-H)2] [Li(THF) 4]* in 60% yield*H NMR (THF-ds): 7.86 (L2H, aromati}, 6.70
(4H, HC=CH), 4.13&H, iP1), 1.19 (48H, iPr) ppmiR (KBr; cn?): 3050 (w), 2956
(s), 2925 (m), 2867 (m), 1622 (M), 1571)(462 (m), 1435 (m), 1384 (m), 1361
(m), 1314 (m), 1252 (m), 1178 (m), 1104 (m), 1042 (8% (m), 754 (M)UV/Vis
( THRa @ m dmd)) 463\5133), 530 (5981), 617 (5240} (294K) =3.4(1)
€. M.p.: 226°C

3.3.5 Preparation of [(HL"P"Cr) 2(u-CH2TMS)(u-H)2] [Li(THF) 3(Et20)]*
(7)

(HL™'Cr)2(u-H)2 (0.100 g, 0.116 mmol) was dissolved in pentane (10 ml) with
3 drops of THF and cooled t80°C. LiCH.SiMez (0.7 Min hexange0.166 ml, 0.116
mmol) was then added and the solution was stirred at room tenif) foin. The
solventwas 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
[("LP"Cr)(u-CHTMS) (u-H)2] [LI(THF) 3(ELO)]* in 70% yield'H NMR (CeDs):.8.52
(12H, aromati}, 4.65 @¢H, HC=CH), 3.55 8H, iP1), 3.26 (THF),1.84 (48H, iPr), 1.32
(THF), 1.10 (E4O) ppm IR (KBr; cmY): 3050 (), 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. @jal. Calcd. for
C72H116CoLIN 404Si: C, 69.7; H, 9.42; N, 4.52. Found: C, 55.88; H, 7.56; N, 5.83.



UVNVis ( T Hhax @ m *dmi) 465M5349), 527 (6334), 621 (5288) (294K)
=2.1(1)es. M.p.: 170 €. Elemental analysis consistently gave values that were
significantly low in carbon and hydrogen and high in nitrogen. The exact cause is

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

3.3.6 Preparation of [(HL™P"Cr) 2(u-CH2'Bu)(u-H)2] [Li(THF) 3(Et20)]* (8)

(HL™'Cr)2(u-H)2 (0.100 g, 0.116 mmol) was dissolved in pentane (10 ml) with
3 drops of THF and cooled t80°C. LiCH.CMes3 (0.2 Min EtO, 0.580 ml, 0.116
mmol) was then added and the solution was stirred at room temp. for 10 min. The
solventwas removedinder vacuumand the residue was washed with pentane and
extracted into THF. The THF solution was concentrated by vacuum amddaygh
pentane to givf("LP'Cra(u-CH2'Bu)(u-H)2] [Li(THF) 3(Et0)]* in 60% yield *H
NMR (CsDs):.853 (12H, aromati}; 481 (4H, HC=CH), 3.55 8H, iP1), 3.26 (THF),
1.81 (48H, iPr) 1.32 (THF), 1.10 (E4O) 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). UVNVis ( T Hhax & m qmi)) 470M4612), 534 (6149), 614 (516«
(294K) =3.1(1) €g. M.p.: 143 C.

3.3.7 Preparation of [(HLP"Cr) 2(u-CH2Ph)(u-H)2] [Li(THF) 4]* (9)
(FL™P"Cr)2(pu-H)2 (0.100 g, 0.116 mmol) was dissolved in mix solvent of
pentane (10 ml) with @rops of THF and cooled t80°C. LICH2Ph (0.5 Min EtO,
0.232 ml, 0.116 mmol) was then added and the solution was stirred at room temp. for
10 min. Thesolventwas removed, and the residue was washed with pentane and

extracted into THF. The THF solutievas concentrated by vacuum and layered with
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pentane to give L") Crz(u-Bz)(u-H)2] Li*(THF)s in 65% yieldH NMR

(CsDe):.8.21 (L2H, aromati}, 5.34 éH, HC=CH), 3.53 8H, iP1), 3.26 (THF),1.75

(48H, iPr) 1.32 THF) ppm.IR (KBr; cn1): 3050 (w), 298 (s), 2925 (m), 286(m),

1624 (m), 150 (m), 146 (m), 143 (m), 1384 (m, 138 (m), 1314 (m), 126 (m),

1178 (m), 116 (m), 1042 (m),796 (m), 754 (m)Anal. Calcd. forCzeH111CraLIN 40a4:
C,72.7;H, 8.91; N, 4.46. Found: C, 60.24; H, 7.33; N, 8MIVis( T H ax nne

( U lcm®)) 470 (4583), 528 (5743), 617 (4858)« (294K) =2.5(1) e5. M.p.: 163

€. Elemental analysis consistently gave values that were significantly low in carbon
and hydrogen and high in nitrogen. The exact cause is unknown, ldibeodue to

incomplete combustion of the cation/anion pair.

3.3.8 Preparation of [(HL™P"Cr) 2(u-Me)2(u-H)] [Li(THF) 3(Et20)]* (10)
(HL™®'Cr)2(u-H)2 (0.100 g, 0.116 mmol) was dissolved in THF (10 ml) and
cooled to-30°C. LiMe (0.5 Min EtO, 0.464 ml, 0.232 mmolyas 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 gt "P"Cr)(u-Me)z(pu-H)]
[Li(THF) 3(Et0)]* in 40% yield.'"H NMR (CsDe):.7.78(12H, aromati}, 5.60(4H,
HC=CH), 3.39(8H, iP1), 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), B53 (W), 124 (m), 1191 (m), 1177 (w), 1035 (m), 839w), 797 (m), 765
(M)UVNVis ( T Hhax a1 m qm) 462\4476), 527 (5807), 612 (5984 )
(294K) =3.1(1)es. M.p.:249 €
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3.3.9 Preparation of [(HL™P"Cr) 2(u-Ph)2(u-H)][Li(THF)] * (11)

(HL™'Cr)2(u-H)2 (0.100 g, 0.116 mmol) was dissolved in THF (10 ml) and
cooled to-30°C. PhLi (18 M in Bu20O, 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 vacuumand layered with pente to give](HL"P"Cr)(u-Ph(u-H)] [Li(THF)] * in
30% yield.'H NMR (THFdg): 7.86 (8H, iPr), 6.70 (4HHC=CH), 4.13 (12H,
aromatic) 1.19 (48H, iPr) ppmiR (KBr; cml): 3050 (w), 2957s), 297 (m), 2867
(m), 16D (m), 1571 (m), 1462 (m), 1435 (m), 13@4), 1361 (m), 1314 (m), 1252
(m), 1178 (m), 118(m), 1042 (m), 86 (M), 754 (MUVNVis ( THRax @& m (0, M
leml)) 463 (4876), 528 (5801), 617 (4878) (294K) =3.4(1)es. M.p.:224 C.

3.3.10 Preparation of ("LP'Cr) (MeH2LPrCr)(u-CH2TMS)(u-H)2 (12)
[(HLP"Cr)2(u-CH2TMS) (p-H)2] [Li(THF) 3(Et0)]* (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 removedbbyumand the
residue was extracted byriane. The pentane solution was concentrated and cool into
-30°C to give(HL™P'Cr) M&H2LP"Cr)(u-CH2TMS) (u-H)2 in 79 % yield*H NMR
(CeDe):.21.26(2H, H2C-CMe), 9.33(2H, HC=CH), 3.87(4H, iPr), 154-1.25(48H,
iPr) ppmIR (KBr; cml): 3051 (m), 29@ (S), 2927 (m), 2867 (m), 1622 (m), 1579 (m),
1462 (m), 1431 (m), 1380 w135 (w), 1240 (m), 1197 (m), 117w), 1112 (m),
1036 (m), 839 (M), 796 (M)767 (M), 696 (W)UV/Vis (U, “cM?). gerr (294K) =
3.6(1)e. M.p.: 155 C.



3.3.11 General considerations forX-ray diffraction

Single crystal Xray diffraction studies were performed under the following

conditions. Crystals were selected, sectic

plastic mesh with viscous oil and flasboled to the data collection temperatu

Diffraction data were collected on a Bruk&XS APEX CCD diffractometewith

graphitemonochromated MU r adi at i on ( o =setswefe@catdd | ) .

with SADABS absorption corrections based on redundant muléiacan

The structures were solved using direct methods and refined witditrix,
leastsquares procedum@sF2. 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 aradous dispersion coefficients are contained in

the SHELXTL 6.12 program librafy

3.3.12 Single crystal X-ray diffration studies

The unit cell parameters and systematic absences in the diffraction data were
consistent for space group&i/n for 4; P2:/cfor 6, 9, 11; P-1for 5, 7, 8; C222; for 10
andC2/c for 12. No symmetry higher than triclinic was observed in the diffraction
data for7, 8. Structural solution in the centrosymmetric space group options yielded
chemically reasonable and computationally statdalte of refinementThe data foi7
and8 were treated with Squee2¢o model, as diffused contributions, the severely
disordered Li(THR(EtO) counterion ir¥ and8. The data fob, 6 and12 were
treated with SqueeZeto model, as diffused contributiarthie severely disordered

THF solvent molecule iB, 6 and12.
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Table3.11 Crystallographic data for complexes 412

4 (kla064]) 5 (kla0863) 6 (kla0858
Formula Cs9gHs2CraNg CrH12:CICrLi2N4Os  CgaH127CraLiN 406
Formula Wt. 951.28 1356.13 1375.81
Space group P2i/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)
U, deg 90 83.567(3) 90
b, deg 97.111(3 73.110(3) 104.267(1)
2, deg 90 89.282(4) 90
V, As 2826.7(3 4217.4(10) 8187.6(2)
Z 2 2 4
D(calcd), 1.118 1.066 0.999
e ( Mo KUO), 0422 0.336 2.503(Cu Kn)
Temp, K 200 200 200
Tmax Trmin 0.746/0.638 0.7450.667 0.754/0542
no. data/params 5549/323 17433844 16934822
GOF on i 1.014 1.079 0.995
R(F), 98¢ 4.44 9.61 8.78
Rw(R), %* 13.21 31.44 25.99
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Table 3.11

Crystallographic data for complexes 412 (continued)

7 (kla0688 8 (kla0716 9 (kla0727)
Formula C72H11LCroLIN 404Si C3H11CrLIN 404 CsH11CrLiIN 404
Formula Wt. 1243.73 1227.65 1245.63
Space group P-1 P-1 P2i/n
Color Purple Purple Purple
a, A 11.7897(6) 11.9078(5) 12.9493(6)
b, A 18.0621(10) 17.2068(7) 28.9770(14)
c,A 18.119(1) 18.4228(8) 19.8543(10)
U, deg 84.658(2) 82.262(1) 90
b, deg 78.063(2) 78.716(1) 103.160(1)
2, deg 86.270(2) 82.763(1) 90
V, As 3754.4(4) 3648.7(3) 7254.3(6)
Z 2 2 4
D(cal cd), 0.837 0.847 1.140
e ( Mo KUO), 0333 0.326 0.348
Temp., K 200 200 200
Tmax Trmin 0.746/0.690 0.746/0.701 0.746/0.680
no. data/params 17458/580 18308599 18177800
GOF on i 1.011 1.023 1.005
R(F), 98¢ 3.89 3.95 5.44
Rw(R), %* 11.84 11.88 15.85
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Table 3.11

Crystallographic data for complexes 412 (continued)

10 (kla0706 11 (kla0672 12 (kla073])
Formula C7o0H111CrLiN 404 C7sH11:Cr2LIN 40 C118H184CrsNgO,Si
Formula Wt. 1183.56 1235.67 2010.90
Space group C222 P2i/n C2lc
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)
U, deg 90 90 90
b, deg 90 101.50%2) 103.423(2)
2, deg 90 90 90
V, As 7112.9(7) 7476.2(16) 5472.1(14)
Z 4 4 8
D(cal cd), 1.105 1.098 1.108
e( Mo KUO), 0351 0.334 0.434
Temp, K 200 200 200
Tmax Tmin 0.746/0.678 0.746/0.677 0.746/0.670
no. data/params 8162/402 17355/776 13366595
GOF on k& 1.020 1.046 1.023
R(F), 98¢ 4.25 5.01 5.12
Rw(R), % 12.06 15.32 15.06

a Quantity minimizedY "O

Y sO ™Os

Buo™O 'O 7B 0O
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Chapter 4

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

4.1 Introduction

The worldwide consumption of polyethylene terephthglB&T) has been
increasing steadily and rapidly, whilexglene(pX), as the precursor &ET, is still
mainly produced from fossil fugl The annuatlemandf pX has reaokd 36 million
tonsin 2014and is estimated to exceed 62 million tons by 20€@nventionally,
xylenes argroduced from petroleum refinirag naphtha/gas oil cracking.High
purity pX for PET synthesis can be obtained from the xylene rich mixtureh®yr eit
crystallization or adsorptive separation. This process is notconisumingossil fuel
butis also energetally costly. Due to the urgenteedfor sustainable production pf
xylene, conversion of biomaskerived 2,5dimethylfuran and ethylene intogh purity
p-xylene has attractaduchattention as one of the most prising methods (Scheme
4.1).4 The 2,5dimethylfurancan beproducedrom lignocelluloseby several steps: 1)
hydrolysis of lignocellulose to glucose, 2) catalytic isomerization angdiation of
glucose to thydroxymethylfurfuralHMF) and 3)catalytic hydrodeoxygenation of
HMF.>6 Then the biomasderived dimethylfuran can be upgraded to pX via Diels

Alder reaction with ethylene and dehydration/aromatization.



OH

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)

Schemed.1 Process steps for dimethylfuran production from cellulose and
synthesis of PX from dimethylfuran and ethylene with zeolite

Many catalysts have been developed tstied in order to promote thate
and selectivityof converting dimethlfuran and ethylene into pk8910 The CCEI has
reported the use dfetazeolite catalyst to convert 2dimethylfuran and ethylene into
p-xylenewith impressve yield and selectivityYet, threechallenges limited the
applicdion of this approachmo naticeable catalysis for cychaldition of 2,5
dimethyfuran and ethylerié high energy and material demar{tigical condition:
500 psi ethylengressure and 300 € or higheeaction temperatuygand
decomposition of 2 8imethylfuran with water (as a bymghoctfrom dehydration of
1,4-oxanorbornenginto 2,5diketohexa3-eneat high temperaturé.owering the
activation energy between 2gtmethylfuran/ethylene and xdimethytoxa

norbornee via catalyst promoted Diel&lder reaction couldlecrease the terapature
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and ethylene pressure demaadd boost the reaction rate. Under milder condition,
the hydrolysis of 2 &limethylfuranmightalso be lessf a problem. Thus, finding a
method of promoting Diet#\lder reaction between 2d@imethylfuran an ethylene

would beakey tavard industrialization ofhis processAccording to computational
studies the highactivation energyz-G’s7sk= +33 kcal/ moljandthermodynamically
up-hill (3:G%73k= +2 kcal/mol)from 2,5dimethylfuran/ethylene to 1-dimethyloxa
norborrenechallengedhe test of catalys for the DielsAlder reaction(Figure

4.1).1213 No literature has reported the experimental study of Bi&dsr reaction of
dimethylfuran and ethylene, and all attemptsyithesizing the 1;diemthytoxa
norbornene dectly from dimethylfuran and ethylene had fail&tius, the synthesis of
dimethyloxanorbornene 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 als facilitate the forwardiels-Alder reaction. Even though 1,4
dimethyloxanorbornene is widely accepted as the intermediate of the reaction, there
is nodetaiedexperimental studgf 1,4-dimethyloxanorborneneTo our surprise,

while there are 949 isoens of GH120 with experimental propertiesdnd in the
SciFinderdatabasel ,4-dimethyloxa-norbornene, such a simple compound, has never
been synthesized or characterized beféherefore, we decided to synthesize-1,4

dimethyloxanorbornene and explores kinetic data in detail.
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O

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

4.2 Results and Discussion

There is no reliable report for the synthesis ofdimethytoxanorbornene or
its close analogues (only alkgroups on 1,4position}41516 and the attempts to
synthesze 1,4-dimethyloxa-norbornene fron2,5-dimethylfuranand ethylendy heat
(up to 300 €) or/and pressur@up to 500 psi of ethylene pressure at room
temperatureproducedho DielAlder adduct #1819 |n atypical Diels-Alder reaction,
theelectron rich diene has a higfOMO to interact withthe lowLUMO of the

election deficient dienophile. In an inverse scenario, thell&MO of the electron
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poor diene and the highOMO of the electron rich dienophile alsngage ira strong

interactionand facilitate the reactioffrigure3.6).

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

\ \
\ \
\
\ \
\ \
[ \

Diene  Dieneophile Diene  Dieneophile

HoMo - vomo

HOMO L_ e 4
vy v

Figure 4.2 Electron demandfor Diels-Alder reactions.

In the case of dimethylfuran and ethyethe lack of strong electron donating
or withdrawingfunctional groups on both components makes the cycloaddition very
challengng. Since smply forcingthe dimethylfuran and ethylene together did not
providethe desired cycloaddition produetnew synthetic strategyasrequired

towardthis simple, yet "unknow’ compound.
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Schemed.2

Initial atte mpts of synthesizing dimethyloxa-norbornene

Our initial attempts includedl) transition metal complexes catalyzed Diels

Alder reaction, 2) single electron oxidant promoted [4+1] or [3+2] cycloadditjon, 3

Diels-Alder addition with nitreethylene followedy Nef reaction and reductidA 4)

epoxidation of 1,4imethythexal,3-diene and 5)decarboxylation of dimethybxa

norbornene carboxylic acid precurgdchemet.2).
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In 2006, Harmartal demonstratethat TpW(PMe;)(NO)(furan) complex
could promote té DielsAlder reaction with various dienophile via [3+2]
cycloaddition?! T h ebasic tungsten fragmeaobuldtransferthe coordinated furan
into a carbonyl ylide form through shifting of coordination site and enable the 1,3
dipolar cycloaddition with acrghitrile (Schemet.3 a). Such reaction without W
complex could only obtain moderate yield (65%) under itgh pressure (1.5
GPa)l’ TpW(PMe)(NO)(2,5dimethylfuran) was preparday following the literature
procedure and pressurized with ethylene g&®tpsi in a Fisher tube at room
temperaturén CH.Cl,, but no reaction was observieg'H-NMR spectroscopy
(Schemed.3 a). Considering that ethylene is nogaoddipolarophile, a acrylic
Barton ester was introduced for the [3+2] dipolar cycloadditionwéte hoping to
capture the W coordinated 2dtimethyloxa-norbornene via decarboxylation of its
Barton ester precurs¢®chemed.3 b). Unfortunately, the decarboxylationdé¢o a
complicated decomposition mixture and no desired product could be is@ateidr
ideas of utilizing ethylene coordinating complexes to promot®ibls-Alder reaction

with 2,5-dimethylfuran also give no positive result.
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MesR
¥\ WNO Na,DMF M No  zn Pme; ON g
W - W s .
e jf(}f TP Br o gy
NO H
Me;R N
MANE CN
W
Tp™ Y
p \O
MesP
93 NO 74%
Tp/ \l \
\ No Reaction
b
) _ |
MesP NO N
¥ NO MesR = H o-N )
/W + \ O
Tp \l \O Tp/W\ \ S
- )
decarboxylation
UV / AIBN
NO
Me;PR, N
3 \V\:/
LI
P 0
Schemed.3 [3+2] Diels-Alder reaction promoted by TpW complex
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Singleelecton oxidation is another strategy of promoting electralihyor
sterially unfavored DielsAlder reactions. In 1981 Baukt al reported thacation
radical salt tris(doromophenyl)aminium hexachlorostibnate (aka: magic blue) could
promote cycloadditionf 1,3-cyclohexadiene and 2dimethyl2,4-hexadiene under
mild reactionconditiors (Schemet.4 d).22 Similar reactios could also be activated by
Ru photocatalyst as reported by Tehshik Yeoalin 2011 (Schemd.4 b).23 In both
cases, the catalyst initeada single electron oxidation and generated a catawiical
of thediene (or dienophile), which would go through a [3+2] (or [4+1]) cycloaddition
andproceed to oxidizanother reactant thereafter to give a neutral PAddier
product(Schemet.4 9. Inspired by that, a test of DieMder reaction between 2,5
dimethylfuran and ethylene catalyzed by magic blue was performr@D2@Gl> in a
sealed J¥oung tube. One atmosphere of ethylene gas was inteddato the
degassed CIZl» solution of2,5dimethylfuran and magic blue (0.2 eq. based on 2,5
dimethylfuran). The color change of deep blue to brown indicated the consumption of
aminium catiorradical.However,no cycloadduct was detected #¥-NMR or
GCMS.In orde to rule out the possibleause of poor bylene solubility, a degassed
CD2Cl> solution of 2,5dimethylfuran 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/hexadione, as the hydrolysis product of-@ifmethylfuran, was
produced in the reactiohe water might come from moisture in the air due to the

handling of the Parr bomi fume hood.
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Schemed4.4 Examples of cationradical catalyzed DielsAlder reactions
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Nitroethylere, as a strong dienophilejas prepared and reacted with-2,5
dimethylfuran. With the strong electron withdrawing ability of nitro group, the Diels
Alder reaction of 2,5limethylfuran and nitroethylene is rapid agfticient (Scheme
4.5 g). Unfortunately, he strongelectronwithdrawingnitro group alsdacilitatedthe
retro-Diels-Alder reaction. The selbolymerization of nitroethylene evenasie the
equilibrium furthertowardtheretro-Diels-Alder products The instability of 1,4
dimethyl2-nitro-oxa-norbaneneprohibits the following reactions as planned. In most
cases, only decomposition compounds were detected.

Epoxidation of 1,4dimethylhexal,3-diene was also repeated with the same
method reported by Maria Medeiresal (Schemet.5 b). But no 1,4epoxde

compound was observed Hy-NMR.

MeNO, +  paraformaldehyde —— > Ho/\/NO2

)

@[éo

o

o) o o o

X \ /) self-polymerization
I G I i~
NO, NO,

b)
NaBr,
Na, NH3 (liquid) MeCN : H,0 (4:1) na
- . x
electrolysis

Schemed.5 Synthesis plans of 2 &limethyl-oxa-norbornene via nitroethylene
and epoxidation



In 2011, Dean Tostet d reported aynthesis rowof pX from 2,5
dimethylfuran involving a2,5-dimethyloxa-norbornene carbglic acid precursor
(Schemet.6 a).24 Presumably, the 2;8imethyloxanorbornene could be synthesized
by decarboxylation of its carboxylic acid precursor. Tomplicatedsynthesis row
and harsh condition f T o s loelitited theanvestigation of decarboxylation

Hisashi Yamamoto reported the catalytic effect of borane for the-Bidés
reaction of cyclopentadiene and acrylic acid in 1988 (Schkéis).2> Luckily, the
tris-acylate boratas catalystouldalso react with 2,5dimethylfuran and gave the
desired 2,5imethyloxa-norbornene carboxylic aci®chemed.6 c). The discovery
of borare catalyzed Dielg\lder reactionwith acrylic acid greatly simplified the
preparation of 2 &limethyloxanorbornene carboxyiacidand acceleratethe study

of its decarboxylatiortoward1,4-dimethyloxa-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
: t . O 3
BH3 B
Hon (oo @*w
3

OH

o)

o 0 BH4-THF (1M in THF, 2 mol%) RS
N

\@/ ﬁOH 5°C—5-2°C, 16h @

56%

Schemed.6  Preparation of 1,4dimethyl-oxa-norbornene-5-carboxylic acid
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Thus,our newsynthesistrategycontainedwo steps: 1) izls-Alder reaction
of 2,5dimethylfuran and acrylic acid to give endgl-dimethyl7-
oxabicyclo[2,2,1]hepb-ene2-carboxylic acid13; and2) reductive decarboxylation

of 13 to form 1,4dimethy}7-oxabicyclo[2,2,1]hepR-ene,15. (Schemel.7)

O

o
\@/ + KJ\OH - 5 @ OH 1)

13
0
e () e
15
Schemed.7  Synthetic strategy from dimethylfuran to oxanorbornene

Compoundl3 can be easily obtained via boraratalyzed DielsAlder
reaction. By adding 2 mole % of boramelF complex to a 3:1 (mole ratio) mixture of
2,5-dimethylfuran and acrylic acid undes, we can getl3in mocerate yield (56%)
and high diaereopurity (>99% endo selectivity). The retfiels-Alder
decomposition ol3is relativelyfast at room temperature and even faster at higher
temperature. This raisedsavere practical problem: the conventional decarboxylation
techniqus, like the Barton decarboxylation, could not be applied3alue to the
requirement foheatng.262728 In order to address the issue, we investigate the kinetics

of the thermal retr®iels-Alder reaction ofL3. The retreDiels-Alder reactions were
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carried out by heating asDs solution (0.6 ml) oft3with 2.6 (L of CHCls as internal

standard in a sealedybung tube to prevent solvent evaporation.

A

|

| 1
A
a

a

5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

Figure 4.3 First order decay of 13 monitored ly *H-NMR at 19 € over 172 h.
The time between two spectra is not fixeda) denotes the chemical
shifts of 13; (b) denotesthe chemical shiftsof 2,5-dimethylfuran; (c)
denotesthe chemical shiftsof acrylic acid.
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Figure 4.4 The rate measurementof thermal retro-Diels-Alder reaction of 13
at different temperature

Table4.1 Rate constants of thermal retreDiels-Alder reaction of 13

Ln[13]o-Ln[13]t=k t

Equation
Temp. (C) 19 40 50 60 70
0.355 7.92 22.19 56.45 161.68
51
K(d0™sT)  10.002 +0.04 +0.38 +1.88 +3.88
R? 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 + 143535
- Slope —11710.39695 + 458.32669
i R
N i 0724
g N 0 | Residual Sum of Squares 0.0972
13 4 \- 60 C Pearson's r 0.99771
E 28 i R-Square(COD) 0.99543
-14 \\ 50 °C \Adj‘ R-Square 0.9939
\.\
N
= 5
£ -15 0
RS3 . 40 °C
5 %,
-16 4 .
N
- \\
\\
-17 N
N
- N 19°C
.
-18 S N
L]
-19

I " I 2 I ] I > I ks I 3 1
0.0029 0.0030 0.0031 0.0032 0.0033 0.0034 0.0035

/T

Figure 4.5 Linear fitting for Eyring equation of the first order decay of 13

Table4.2 Rate constantsand activation parameters of hermal retro-Diels-
Alder reaction of 13

Temp. Krt tue aqHY vesY PG

[C] [X10-5s7] [kcal mol]  [cal moltK1] [kcal mol?]

19 0.355+0.002 56.6 h 24.2 £2.0

40 7.92+0.04 24h 24.3+£2.0

50 22.19+0.38 52.1min  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 firstorder decay ofi3 in CsDs monitored by*H-NMR spectroscopy at

different temperatueis presented ikigure4.4, and the rate constantk), halflives

(t12), andactivationparameter§ @G o H ¥Wm@Svarious temperatusavere
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determinedFigue4.5 andTable 4.2). Based on Ao H andg $ obtainedfrom the
kinetic investigationa suitable temperature for decarboxylatioridfshould be lower
than15€. Thus, several unconventional methods were tested on compk##$031
But only trace amousbf 1,4-dimehtyl-oxa-norbornene wredetected byH-NMR
from an optimized Barton decarboxylation: ke@mperature decarboxylation of
Bartonester ofl3 initiated by U\tlight (256 nm)(Schemet.8). The corresponding
'H-NMR chemical shifts wereery closeto those of atentic1,4-dimethytoxa

norbornengwhich was synthesized later.

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

trace amount

Schemed4.8 Barton decarboxylation of 13 initiated by U\-light

The complicated mixter of crude produstinvolving urreacted chemicals and
many byproducts aised significantuestiors regarding the isolation dhe desired
product,15. Due tothe limited choices of decarboxylation techniquesthed
difficulty of purification, we consideretb solve the problem of the reti@iels-Alder
decomposition vidaydrogeneration ofl3 to a much more stable tgdmethyloxa
norbornane2-carboxylic acid14. Therefore, we proposed an alternative strategy: 1)
Diels-Alder reaction of 2,5limethylfuran and acrylic acid to construct efidg-
dimethyt7-oxabicyclo[2,2,1]hepb-ene2-carboxylic acid13; 2) hydrogenation of3
to give endel,4-dimethyl7-oxabicyclo[2,2,1]heptan2-carboxylic acid14; 3)

15¢



oxidative decarboxylation df4to form 1,4dimethyl7-oxabicyclo[2,2,1]hepR-ene,
15 (Schemed.9).

0]

la OH
\ | OH 1)
-CO,
-H
o na ;

Schemed.9 Alternative synthetic strategy from dimethylfuran to oxa-
norbornene

o a O
|

The hydrogenation df3 was simply conducted by bubbling Has into the
slurry of13 and 2 mol% of palladium on activated carbon in methanol for 30 minutes.
After filtration and removing solvent via vacuum, the white soliti4oias obtained
in high purity and yield (99%). Without double bond in the bicyclic ring, compound
14is very stable andould not undergo retrDiels-Alder dissociatiorat all. In order
to transbrm 14 into 1,4dimethytoxanorbornene, an oxidative decarboxylation is
required tare-form the double bond. There ayely a few reported methodsatcan

remove thecarboxylic acid and give an alkeas final produc$2333435
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Decarboxylative halogenatidollowed by hydro halide elimination is one of the
optiors. But the synthesis afimethytoxa-norbonyl halide encountered thproblens
of low selectivity and purification difficultyFortunately, the oxidative
decarboxylation reported by J. Kochi usingad(1V) acetate/Copper(ll) acetate
combination would successfully convé#into 15 under mild conditionn high yield

(Schemet.10).36

O
OH PbOAc, (1.1 eq.) / CuOAc, (10 mol%) w

pentane, 80°C, 6h

Pblll <+_e- PblV
N - o
N\ - /N
Pb“ H H CU” Cu'
Pblll PblV

Schemed.10 Oxidative decarboxylation of 14

By heatinga pentane solution df4 with 1.1 eq. of Pb(OA@)and 10 mol% of
Cu(OAc) to 80C in a sealed vessel forl§ 15was produced as a colorless liquid
with strong odor. The resulting blue slurry was degassed and vacuum transferred into
an ampule. The colorless mixture of-tinethyl7-oxabicyclo[2,2,1]hep-ene,
acrylic acidasby-product and pentane the ampule was washed wit® ml saturated
NaHCQG (ag.)3 timesand 10 ml of Dwater. The organic phase was dried over

anhydrous MgSeand filtered. Then the colorless mixture of-tljfhethyl-oxa



norbornene (1;4limethyl7-oxabicyclo[2,2,1]hepR-ene) and pentane was gently
distilled at 45€ to remove most of the pentane solvent. The residue was collected as
crude product which still contasrmbout 50mol% of pentane. Analytichl pure

sanples can be prepared by cooling down the mixtirel00T and removing all the
remaining pentanender high vacuum. Thugifthe first tme, 1,4dimethyloxa
norbornenethe intermediate d?,5-dimethylfuranéthylene tq-xylenesynthesisvas
synthesizd and isolatedFigure4.5 shows its'tH-NMR, 13C-NMR andheteronuclear

single quantum correlation experiméRISQC) spectra

Dimethyl_oxa_norbornene.11.fid
Dimethyl oxa-norbornene
in CDCI3 EECBRITRM G [0

05-22-2017 A A A A - 80000

'H NMR (400 MHz, CDCl;) & 6.08 (s, 2H), 1.66
(dd, /=11.1, 3.7 Hz, 2H), 1.59 (s, 6H), 1.38 (dd,
J=11.1, 3.7 Hz, 2H).
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Figure 46 NMR spectra of 15: (a) 1HNMR spectrumof 15 in CDCI3; (b) 13G
NMR spectrumof 15; (c) HSQCspectrum of 15.

Figure4.6 shows the NMR spectra of dimethgkanorbanene in CDG. Due
to its symmetry,15 shows twasinglet peak of alkene protonat 6.08 ppm and of
methyl groug at 1.59 ppmiwo paiis of methylene protons give twapublets of
doubletssignal around..66 and 1.38 ppm (Figure6 a). In the 3C-NMR spectrum
(Figure4.6 b), only 4 peaks of 138.53, 85.74, 33.70 and 19.16 ppm show up. With the
help of HSQQheteronuclear single quantum correlation experin@mngure4.6 c),

those 4 peaks were signedadiseene carbon, tertiary carbon, methylene carbon and
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methyl carbon. Higlresolution MS Thermo QExactive Orbitrajpgive apeakof
125.0959Pafor CgH130" (m+1, Calculated: 125.09609 Pa

With isolatedl5in hand, wewvere than able to studie kinetics bits retro-
Diels-Alder reaction at various temperatsirdhe aromatization reactismvere also
testedwith different catalystsThe retreDiels-Alder reaction was conducted by
heating a €De (0.6 ml) solution ofL5 (~0.015 M in a sealed and degassedaling
tube withsomenaphthalen€2.5 mM) as internal standard5is incredibly thermally
stable and would not undergo re®eels-Alder decomposition until heated to 125€C
or higher temperature. The first order decag®in CsDs was observed b¥H-NMR
at125€, 130€, 140C, 145€ and 150€ (Figure 4.7 and4.8). Its rate constas{k),
half-lives(ti2) andactivationparameter§ @G  ¥p H W@S8eshown inTable4.4
(linear fitting for Eyring equation in Figuré.9). The Gibbdreeenergy of activation
at 300C determiredbased on our experimentadtivationparameterss close b the
reported DFT calculatio(87.8+ 4.1 kcal/mol vs33 kcal/molat 300 €).37 The large
energy baier between 2 Slimethylfuranéthylene and 1;dimethyloxanorbornene
is confrmed and a catalyst féhe Diels-Alder reactionwould be the key to make the
conversion of 2, 8limethylfuranéthylene into i competitivewith fossiltfuel-based

method.

0.6mL C6D61

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

Schemed.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 € over 192 h
(a) denotesthe chemical shiftsof 15; (b) denotesthe chemical shifts
of 2,5-dimethylfuran; (c) denotesthe chemical shiftsof ethylene; (d)
denotesthe chemical shifts of 1,4dimethyl-oxa-norbornane; (e)
denotesthe chemical shifs of pentanes


































































