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Abstract
This thesis concerns the synthesis and study of iron(ll) haide complexcs

supported by

inc-bis(phenolate) ligands. These paramagnetic molecules were
characteized by a varicty of methods including MALDI-TOF mass spectrometry and
UV-vis  spectroscopy. Two dimeric iron complexes, ~(FeCIONI™*"] (1),

{FCION]**44} (5) and one monomeric FeBO:NH]*" (8), where [N

- X and [N

i the sold sate by single crystal X-ray diffacton. The abbrevited nomenclaure for

onor atoms (1wo oxygens ar phenolic andone itrogen is aminc) ofthe ligand, R and
R define the substitacnts a the 2- and 4- posiions,respecively,on the phenol group,
and R represent heakyl group o the cetralamin donar such ss P forpropyl o
Bo for bewy). Varsbe tenpenure  mogetc suscepbily daafor

(FECITONI™™), (1 wa ls obtained using a SQUID magretomeer.

The casily synthesized, inexpensive, and relatvely air-stabl nove fran comples.

(FCIONJ")

aryl Grignards with alky! halides. Compared t other ron-<atalyzed sp™sp” C-C cross-
coupling reacions, i displays seveal advantages: i) the complex is casy to handle and
has the potential for largescale appliations, i) by employing microwave condions,

indered Grignard reagents can react

primary alkyl halides besring p-H stoms and




usd a5 clcropilc substrats ) & nmbe of fuctonal groups ae tolerted. Cros-
coupling products ae obsined i good 1 excllent e as shown by GC-MS and '
NMR analysis. Screening of cross<oupling reactions for over ity subsiate
combinatons and the €ffct of microwave heaiing on reaction yiekds are described.
Mechanistic stuies suggest @ radial-medioed route 10 cross-<oupling as shown by

“rad

i clock” experiments.

C-Clbonds in CDCIy in the presence of Grignard reagents. Diffrent cor

“The results are monitored by GC-MS and 'H NMR. To our knowledse, this s the first

time tha such transformations have been observed using an iron pre-catalyst, eading to

the first effcien double ayl-alkyl coupling of CH.C. Hypotheses regarding the
‘mechanism of cross-coupling ar presencd.
i

Keywords Homogencous catalyst; Green chemisiy; C-C formation, Grignard

reagent.
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Chapter 1. Iron-Catalyzed Cross-coupling
Reactions
1.1 Organometallic Background

The metal clements of groups 3-11 in the periodic table, which have partally
filled dorbials, are named the tansition metals (Group 12 clements have filled d-

orbitas). They can form coordinate covalent bonds to carbon or heteroatom-containing.

ligands. The formed complexes exibit a varity of sructural and magnetic properie,
and are useful candidate compounds. for catalytic tansformations used in academic
rescarch and industrial processs.

Many transiion metals have several possible axidation states and may form

‘omplex ions, which can gain or lose electrons in redox resctons. This resuls in close

fon "
can be wsed in catalysis!  For example, transition-metal catalyzed cross-coupling
resctions, such 35 C-C. and C-hetromom bond formaton re extremely powerfl
processes in organe synthesi, a5 they help o constrctmor complex molecules from

simpler precursors,

ed 10 the development of reen chemisty. This field secks to develop costefecive,

environmentally responsible and efficien processes tha minimize the cnergy used and




the requirements of green chemisry. For ths reason, ron-based catalysts are

experencing arenaisance.
1.2 Introduction to Catalytie Cross-Coupling Reactions

Promoted by Iron

the construction of carbon-<arbon bonds involve the use of ransiton-metal-<catalyzed

reacions and have served as indispensabl tool in organic synthesis. For the past 30

years,
which have taken cenire stage because of their generaliy and functional-group

tolerance ** Moden effcency requirements have promoted the search for grecner

catalysts. The cost ety of -
healthcare products. Moreover, the need for sructurally complex, costly and sensitive
Tigands cannot be ignored !

During the rapid development of transiion-meta catalyzed homoicross-coupling

the quest for new catalysts. lron-promoted C-C cross-coupling between alkyl, alkeny,
alkynyl, ayl and acyl mofeies have: been relized ** Iron-catalyzed reactons nat only

have the advantage of being cheap and environmentaly frindly, but alo show versatle

o Thas, bond formation

Unéilnow, iron-
catlyzed C-C coupling reacions have been realized with organomagnesium* zinc,

copper® * or even organoboronic-acid derivatives”. While there are. numerous



processes tha have found use in modern synthetic chemisty, only three cxamples of

1.2.1 Suzuki Coupling

The Suzuki reaction couples organo (ayl- or vinyk) boronic acidsisters with

viny, or alkyD.

the staring
mateias,easy handling and high functional-group tolerance. Orignaly, Pd acted as an
effcient catalyst and dominated in this fiekd for  long time.”* Recently, Fu et al. have
xtended this field by showing alkyl bromides and chlordes can be used as substates
effcenty by using a Nicatlyst”

Naki 1

s that can couple iodo= bromo-, or even chloro-

ives and aylboronic acids (Scheme 1.1. Bold bond indictes newly-formed

bond)"* Compared to analogous Pu<atalyzed Suruki reati

5 this catalytic system

possesses simplicity environmenta acceptability and low cost and because of these,

has the potenial for large scale applic



Scheme 1.1 Suzuki-type biary coupling by Nakamura e

Pror o this, Young and co-workers demonstrsed that high presure may have &
e et the liguid phase o fon-<atlyzed Suzak cross-couplin rectons. In
the presence of FeCl and dppy (2-(tiphenyiphosphinopyrdine), arl alides and
asfbronic acds can be coupled and give good yilds of biayls under high pressure

(scheme 12)""



Scheme 1.2 Sun

122 Negishi Coupling

The Negishi reacton resuls in the formation of a new C-C bond between an

used P and Ni'** s catalysts. Recenly, chemists found that irn sats can work very
well 10 achieve his task. Compared 10 Grignard reagens, organozine compounds are
softer mucleophiles. Therefore, more functional groups are compatible and reactions are

conducted under milder condiions with shorer eaction imes. The comesponding

that work well 0 couple organozine compounds and alkyl alides (Seheme 1.3)."" The
pronounced efect o a magnesium salt was found (0 b the key (0 the promotion of the
14,
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Scheme 1.3 Negishi type alkylations by Nakamura f i

e
rores L SboaivTEOA
e
o
Leonsn,
o o o
e o= O
b
o

a3 % "
Es %
‘Scheme 1.4 Negishitype arylations by Nakamura e .

(Caicz e al. reportd the first ion-<atalyzed oxidative ross-<oupling reacton.”

reagents
with 1.2-dibromocthanc in the presence. of [Fe(acach] (Scheme 1.5). Primary or

secondary alphatic diorganczine reagents were both applicable.in thi reaction. Good

6h).
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‘Scheme 1.5 Negishitype alkylaions by Cahiez t al.

which gave

19

10 synthesis of diarylmethane compounds.

e

O_/" ol
O (O SO

o A N
Q:Q %

o
14

- L
& e
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The Heck reaction is an important method of coupling of an unsaturated




often electrondeficent, such as an acrylte ester or an acrylonitile. In his reacton, a

srong base is ofen necessary and a transiton metal and igand cooperate 10 act a5 the

catalys. Originally, paladium 3! and nickel™ * were the only choices of meta, with
Phosphines nd diphosphines wsed as lgands.

Because the Heck cross-coupling reaction s one of the most important methods.
for the preparation of olefin compounds, more economical and environmentally fiendly

No doubt, Recenty,

Vogel and co-workers found tha FeCly catalyzed the arylation of alkenes using an aryl
halide (1 or B, -BuOK as the base and DMSO as the solvent™ Chesp and
environmentally frendly profine and picolinic acid could be employed as effective

ligands. in ashort time,

excellnt yilds (Scheme 17).

e e

b =
B Y

Erataty

Q_r@
20 Tm 50

Scheme 1.7 Hecktype reactons by Vogel et .

]



1.3 Kumada-type C-C Formation Reactions Promoted by Iron

During the past 100 year, Grignard reagents have been possbly the most widey

used orgamometallic reagents because they e cheap, easy fo synthesize and

(although atmospheric moisture and oxygen should be excluded). As carly as 1972,

Makoto Kumada reported the cross-coupling of organie. groups by reacting Grignard

I the past 30 yeas there has becn rapid development i the use of roncatalyss
in a variety of C-Cbond formation reactons between molecues with diffrenily-
hybridized carbon atoms. Some reports have shown that Kumada type reactions can
overcome the diffcultes of functiona group tolerance* thus making such couplings
more widely applcabl. Thus, examples of Kumada type C-C cross<oupling ractions

promoted by iron will now be ntrduced

1.3.1 Cross-coupling with Aeyl Electrophiles

o o
R
ol oo T

Fonctionalized Ketones are very imporant in various natural _ products,
harmaceuticals and materials science target molecules. Reaction of Grignard reagents

‘with actvated acid derivatives posed a significant chalenge to chemists (Equation 1)

itis limited

for wider exploration because the high reaction tempersture needed and unpreventable



and co-workers,

catlysts and conditons, they found that FeCly was very efficent for the alkylaton of

J choride, afford 3% »
process)*
“This study opened the door that allowed iron-catlyzed cross-coupling of acid

chlorides, cyaides and thioeters with alkyl or aryl Grignard resgents. Farstner et al

e [

This method showed unique compaibilty with a variety of functionsl groups in both

reaction partners.

o o

3ot e,
R

)ku THF,78°C. w)L

e 0

-

R

Y
e o
o
o o o ), S
o o oL
T .
o ok cemon

Scheme 1.8 Iron-catalyzed acylations reported by Firsier r i

Knochel and co-workers found by using Fe(acac)s in catalytic amouns without

any ather ligand,




eteroaryl Grignard reagents efficenty (Scheme 1.9) This method s a very efetive

Foacacy, 5 mots O_(h
T0comn R/ o

0
u.oO Ow.
o

008 08
€0,
© e

Scheme 1.9 ron<atalyzed scylations ccording 1 Knochel et af
1.3.2 Cross-coupling with Alkeny! Electrophiles
| T TN,
In 1971, Kochi and Tamura described an iron catlyzed vinylation raction
(Equation ) of alkyl Grignard reagnts with vinl halides (Equaton 2 and Scheme
1107 and, one year oer, the Kumada-Corriu cross <oupling rection was repored for

the firsttime

frendly and cconomic advaniages were not idenifed a he ime. More importantly, the

& 111, However, of

their work i th necessary use of excess alkeny! halide (3 equiv)



125
AN+ Pw B~ A~
o T e -

Scheme I

reagents by Kochi ral.

Fecty
g ———|

Scheme 1.11 Stercospcificity in the Kumada-Cortu Cross-coupling.

u’*"

Wetnyoyroldnone (WP)  Fofacach

Figure 1.1 Strctures of NMIP and Fcac),

scope of the reactions
112, Figure 1)

‘ The use of NMP resulied in shorter reacton times, higher yields, and improved

sereoselctivity. More importantly, this method can oleate various functional groups,

wh e, halids, and ketones. As this method




eiien, it was soon modified and developed by many other groups. 1t was found tha i
‘ould b used 0 couple a variety of alkenyl hlides and alkyl or aryl Grignard reagents
effcently. Some examples are shown below.

fmokFetacacy oo |

e
1-L3oqi THE P S00°C

ot

Scheme 1.12 Iron-cstalyzed alkenylaton of Grgnard reagent by Cahiez et al.
Fistner e . developed general condiions for a varicty of alkenyl tifltes

derved fom ketones, -ketoester, or cyelc 1,3-diketones that can be efficently cross-

coupled with

1o excellent yields in L3

“This procedure was also applid (0 the synthsis of Latrunculin B, (-)--<ubeben, * nd

(aculbebol”

[}



Rox
11+ 1300

.
J

ey

or
R 5 ol Facac),
Gl THENMP, 30 C, 15 i

‘ MOM(HCY i
‘ Scheme 1.13 Iron-catalyzed akenylation of Grignard eagent by Firsiner et al
Olsson and co-workers develop a general, high yielding and rapd iron-catalyzed
cross-coupling reaction between Grignard. reagents and imidoyl chlorides (Scheme

LI

‘while Grignard resgents without B-H typically give low 1 0% yields. Under the mild




Scheme 1.14 Synthesis of Clozapine analogues by Olsson e i
Alami and co-workers described a very ffiient iron-catalyzed coupling of
chlorocnynes and alkyl Grignardreagents (Scheme 1.15). Ths resction is very general,

i 7 . .

functonal groups are olerated e, propargyl actat, ethyl benzost, aryl bromide, and

hydroxyl groups).

L TR

3 ol Ffacac),
THEAMP,0-C, <1

Scheme 1.15 Cross-coupling withchloroenynes by Alami e al.

cam,




133 Cross-coupling with Aryl Electrophiles

o+ e e

Fas . et s condins oo rescios o syl Gignad
reagents with aryl halides and pseudohalides (C1, OTY, OTs) (Scheme 1.16).* It is worth.
i ot 331 s s i vl 0 i e sl thn e

corresponding bromides or odides, which are the prferred substrates for Pd and Ni-
aalyzed

Fe(acac)s ly acive with a wide

substrate scope involving functonalized sromatic compounds,

TV x o anpagx SmoiFecac
Kas el e

X=Cl, O, OTs. L
& oxe
o0 won 00
. .

xeor o xe 2
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xect 2% xect % xoc o

Scheme 116 Iron-catalyzed arlaton of Grignard reagents by Frstneref a.
Firsinr proposed a mechanistic rationale for_iron-caalyzed. cross-<oupling
reaciions between aryl halides and akylmagnesium halides " Acconding to the previous

reports by Bogdanovi, a formal Fe(MgX)s spcics was postulaed 10 be the acive low-



L EtMgBe exhiit
urkingly diferent behavior in atempted cross-coupling reactions with ary chlorides
(Figure 12, Scheme 119).

2(RoH,cr + RO

My ROHLCH,CHCHE
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Figure 12: Fistnerand L

ofary halides
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Scheme 1
iron-catlyzed cross-couplin reacions

Another unique. property shown by ion i its selective. monoalkylation of
dichloro-substituted arenes and hetroarenes in good yields as reporied by Hocek and
Fursner (Scheme 119, 120)%%% The behavior of 1,d-dichlorobenzene was. first

e,
favoring the dialkylation product, while palladium catalysts are unreacive. Iron-
s can give high product selectiviy. The reactions with

catalyzed Kumada-type rea

ofseric ffcts,
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Scheme 1.20 Monoalkylation of dichloro-substtued arenes Furstneref .
Nagano and Hayashi first reporied  system for xidative homo-coupling of aryl
Grignard ragents using FeCly as the catalys and 1.2- dichloroethane (1.2 equiv) as an
oxidantin EO at reflu. " Good to excellent yiekds were obtained with 3 variety of aryl

Girignard reagents. Cahiez et al. modified this cataytic system. They replaced the

THE in Moreover,they
Towered the quantity of the oxidant (dihaloethan) from 1.2 equv 10 0.6 equi, but sl
121),

08 oqu CICHCHCH
TR d0mn
T

Scheme 1.21 Homo-coupling ofarl Grignard reagents by Cahiez et al.




Aneher exciting report from Cahicz and co-workers demonsirated that by using.
atmospheric it a5 the oxidant and FeCly as the pre-catalyst, ayl or akeny| Grignard
reagents could be coupled eliiently and 1o give biaryVakeny] products in good 1o

excellent yields with high chemo- and stereoselectiviy (Scheme 122).” Sus

development the chemical inds

environmentally

e O O D 3

Scleme 1.22 Homo-coupling ofaryl Grignard reagents by Cahiez et al.

Ax

Homo-couplng of organobromide compounds was reported by Pei and co-
workers (Scheme 1.23). Using  caalytie amount of iron salts and 2 equiv. of metallc
magnesium, aryl bromides could be coupled successully without the addition of an
organodihalide as an oxidant (DBM: dibenzoylmethane). The Grignard nucleophile was

formed in it
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Scheme 1.23 Homo-coupling of Grignard reagens by Pe e

Arylaryl cross-coupling reactions sre extremely important reactions, which can

ing blocks for supr oy
Traditonally, such inds of eactons are usually catalyzed by Pd or Ni complexes. Iron-

from

the homocoupling reaction caused by oxidaton with organic halides or iron-ctalyzed
halogen-metal exchange.
Fegadere and coworkers first. reported the arylaryl cross-coupling reacion

Fe(acac) with

moderatc 10 good results (Scheme 1244 Soan afer, Frstnr e a. repored a similar
caalyic sysiem, which could couple chlorides of various x-clectron deficient
heeroaromatcsin good yilds  PIé and co-workersalso demonsiated the synthess of
variaus unsymmetrical polyary or polyheteroaryl compounds with x-<leciron defiient

ings
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Scheme 1

A remarkable result in this feld was reporied by Knochel and co-workers

(Scheme 125)7 They showed that iron powder also effciently catlyzes. this

ransformation.

active catalyst.

CoL U L

Scheme |

Ralides by Knochel el

Knochel also reported a proses, which utilizes ary copper reagents and reactive.

anl
products (Scheme 1.26)* Some general trends in the reactvity were also repored.
Futhermore, functiona groups such as ketones, thers, aetals,akylsilancs, itils, and

amides could be tolerted.
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Scheme 1

In 2007, Nakamura and co-workers demonsirated an iron-caalyzed. scletive
crosscoupling reaction of ary chlorides with aryl Grignard reagents (Scheme 127) %
“The additon of NHC figand, SIPrHCI, and iron flucride salt, FeF+3H0 proved criical
o achieving high yield and seectiviy. This method is practically simple and yields
minimal by-products. A vast aay of aromaic and heteroaromatic halides were also
investigatd, following the genera rend C1 > OTF> B =1

w0

AT Fecpnrty

@%} o GO0 Cgv‘gﬁ

St

—

Scheme 1.

by Nakamura e al.



1.3.4 Cross-coupling with Alkyl Electrophiles

ol
e+ gx P pop )

Cross-coupling of Grignard reagents with alkyl electrophiles (Equation 4) has
many important contrbutors. Therefore, the most sgnifiant results will be presenied

rouped acconding toprincipal investigaor.
1341 Farstner

For these reacton, Firstnr and co-workers postlated tht the actve catalysts

o

They then probed this theory by testng the known, well-defined iron(-1) complex

1 confi

Primary and secondary alkyl bromides or fodides were used successfully with aryl
Grignard  reagents, The coupling reaction showed_remarkable  functonal-group.

compaibity, which implied that the iron-catalyzed. activation of alkyl hlides is

R, ! R
T T
o C o
PT——
s
e oem o




1342 Nakamara and Cossy

Nakamura and co-workers reported an effective caalytic iron-amine system,
‘which could couple primary or secondary alkyl haides with aryl Grignard reagent and
ave excelent yieds (Scheme 1.29) % An excess of TMEDA was needed 1o suppress the

formation of olefinic products through 3 formal loss of HX. Certain trends in the

reactivity of alkyl halides were observed (1 >Br >Cl, electon-rch > electron-poor

Grignard reagent). This s a rare report o acyclic secondary alkyl chlorides used as

substats in the fied of sp’sp’ Kumada cross-coupling reactons promoted by iron
Furthermore, the system tolerated functonalized subsrats and was highly sereo- and

chemosel

. e
PR et W

.
o
AO
e
C 45% cf 8% D i

a

Cosy et al. developed a simila catlytic system that, in the presence of excess

TMEDA, showed FeCly can be used as an effctve catalyst to couple alkyl halides and

»



alkenyl Grignard reagents (Scheme 1.30).% Futthermore, the system was capable of

employing functonalized subsraes, and the  reactions were highly. stereo- and

emcecve,
e, e
Nl F¥ 19 cquv. TMEDA
w2 e e
B
A oroes g
wan e
Sceme 130G
a
1243 Bt

13

in Figure 1.3 could be used to couple alkyl Grignards with aryl halides (Seheme 1.31)%

Fet

A o

metal salen complexes were examined (M = V, Cr, Mn, Fe, Co, Ni, Cu, Zn). The highest

conversion was obtained with [FeClsalen)] 1.4, The effct of sructural modifiation of

the Schiff base ligand was investigated. Increasing the size of the diamin linker lowered
the catalytc ability of the Fe complex 1.5-17, a did possessng an aromatc backbone.
(complex 18-1.10). Increasing the siric bulk on the aryloxide groups (L) led 1o

reacivity similar o that of 13 but gave less

lohexane by-product. The more



indered naphhy! anslogue 1.12 displayed lower

ity than 1.4 but till outperformed
18,

S L) ’S,o e

Scheme 1

Fe(ll) saken complex
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Figure 13: The effec o strucural modification ofthe Schiff buse ligand

A range of amine-Fe catalyss was latr investigaed (Scheme 1.32)% The three

best ligands, riethylamine, DABCO and TMEEDA, werethen sreened. Good to excellent




ined from aryl Grignard reagents with primary and

cross<oupling conversions were of

Secondary alkyl haldes
S Foch lomne

L+ v s

catstystom  FeCl/26quvNEly  FeCk TMEDA  FaCly DABCO
onveson (%) 8% 5% o

Scheme 1.
iron-amine catalyst

phosphie, arsine, or NHC ligands (Scheme 1.33). They all tumed out 0 be active

catlyss able 0 couple aryl Grignard reagents with primary and secondary akyl hlide
subsirtesbearing -Hydrogens.
smnrat (o
O - 2O i
L 10mol PhP(CH;)PPh, Conversion:81%

10mol% PhoASCHASPPR; o
20ma POy

20w POMal gr
20w BN By

Scheme 1.
different ligands




ihis may be nanopartculate ron (Scheme 134" Then they successfuly identifed that

itn  nanoparices,  cither formed in sim and  subilizzd by 16~

by PEG, were excellent catalysts for th cross-coupling of ary Grignard reagens with

pHydrogens. They

S ——
X _5monk FeCPEG (1) e
Drwm - S Spmrmman . 7y (0
i
- -
>, L OO
) A
O ™ e > Lo
=

1s~/.

5 Mol FeCIyPEG nancpariclesgeneraod n .
EO. ot 30 min

Scheme I

exelization/cross-coupling reation catalyzed by iron-nanoprticles
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Figure 1.4: Strcture of PEG

1344 Cabier

Caiez er al. reportedtwo efficient and practcal ron-<atalyst systems:
Fo(acac)yHMTA/TMEDA (1:1:2) and the complex. [(FeCh):(TMEDA),] (Scheme

13547

anylor alkenyl

yields. Furthermore, the system was capable of using functionalized substaes, such as
ester or niile groups. For the alkylation of alkenyl Grignard reagens, the couplng.

eaction was highly sereo- and chemoselective.
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1345 Others

Gaertner and Bica.reparied tht the fonc. liquid n-butylmethylimidazolium

136¢ e po
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Nagano and Hayashi discovered tht in the presence of catalytic amounts of

Fefacac) in refluing diethylether without another ligand, primary and secondary alkyl

s
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In 2009, Jacobi von Wangelin and co-workers reportd on th first dirct cross-
coupling reaction between aryl alides and alky halides (Scheme 1.38) Inthe presence
of FeClyamine, a mixture of an aryl halide (Br or C1) and alkyl halide (B or C1) (1.2

equiv) with a suspension of Mg in THF a 0 °C o ambient temperature, the
This

nreactive aryalkyl chiorides in

catalytc system broke th limiation associaed
some condiions and has the poential fo large scale application.

e 5ot ol
e

Mo, 12 oqu TMEDA, THE

oLy g%
HAH 4

Scheme 1




Successful reorts for iron-<atalyzed Kumada type C(sp'+C () bond formation
reactons are few. Tanabe et al. optimiced the cross-coupling reactions of gem-
diehlorocyclopropanes wih methyl Crignard reagent using Fe(DMB)s (DM
dibenzoylmethanc) s a pre-catalyst. The addiion of d-methoxytolucne signifcantly
accelrated the reaction (Scheme 139)°
S ot Feanoly

- Mogse
RT3

a
a  sewmw

Seheme 1
Grignard reagent
Ancther successfl report was from Chai and. co-workers, who found  that

halides wi

alkyl Grignard reagents and gave good o high yield ™ This was ks the
st explotarion ofan p’sp’cros-<oupling reaction bewaen primary alky maghesium

bromides and unactivated prmary alkyl bromides (Scheme 1.40).

3 moie Fefacacy,
RLa | R_wgar e
LI & moti Xanoh
% L AT, 15 min

Scheme 1.40 C



1.4 Summary of Cross-coupling Reactions

A brief account of the current advances in the C-C bond formation reactions
promoted by iron has been presented along with important applications. Iron catalysts
have caalytic properties complementary to P4 and Ni. For example, PANi-catalyzed
reactions may suffer from unproductive p-H. eliminaton. reactions when coupling
nactivated alkyl alides and ary Grignard reagents, but this problem i seldom present
n ron-<atalyzed sp’sp’ Kumada cross-coupling reactons.

Obviously, aryl group compounds are ubiquitous in natural products. From
previous reviews, it is known that many exciing results have been obiained in sp"5p

much room for improvement.

Some key shorcomings include: ) besides Nakamura's report,” there are fiw
successful repots of secondary alkyl chlorides as subsiraes, but they are desirable
because they are a more abundant and cheaper feedstocks, ) there are no reports of

success with hindered Grignard reagents, such a5 2,6-dimethylphenyl Grignard reagent,

halides a5 subsrates 1o give diaryimethane compounds, 1v) an casy-to-handle, low

catalysuligand
for lange scale application is desirable. Thus, the objectivs of this thsis are t0 ry to

overcome these difficuliesand make some breakihrough in these felds.



1.5 Introduction to Microwave Chemistry

Microwave-sceclerted metal-caalyzed organic synthesis has atracted great

ttention sine the beginning of his century.““** Commercially a

ble equipment can

ihrough easy

the reacion,

organic synihesis catlyzed by transition-metls can bring many advantages that cannot
e achieved by conventional heating, I this sction, some background information will
be provided for the reader.

Under the electromagnetic field, dipolar molecules may give orented oscllation,

Jar polarization and ionic conduction. Dipolar

mechanisms in microwave heaing:
polarization causes the movement of molecules while onie conduction causes the
movement of ions.

Thas,

ipoe momen. The heating characteisi of a paricular material under microwave:

frradiston condiions are dependent on the diclectrc propertes of the materal. Highly

and consequently 0. apid hsting of the medium.
Conventional heating is driven into the substance from ouside the vessel and

moves through t0 the inide,incluin the solvent and the reactants. This s a slow and

inelicient method for transfering energy int the reacion system. The reacion camnot



achicve @ uniform and stable heat. Furthermore, tadionally used vessels for

tempersture, solvents and reagents. Modem research microwave eactors allow rapid
heating of saled vessels under mnitored presure. Therefore, reactons can be safely
performed at temperatures above the normal boiling point of th salvent, allowing an

increased react

ate inaccordance with the Arthrius equation.
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Chapter 2. Synthesis and

Characterization of Amine-bis(phenolate)
Ligands and Iron (IIT) Complexes
2.1 Introduction and research objectives

“The Kozak group has previousy reporte that teradenta amine-bis(phenolaic)-
ether ion(1l) complexes catalyze cross-coupling reactons with primary and secondary
alkyl hlides bearing P-hydrogens. The ligands used were casily synthsized and gave

The use of

suiable ligand s expected to give contolled catalysis and decrease or climinat the
formation of undesiable by-products s described in Chapter 1. Equation 2.1 shows a

Ji alkyl bromide. In

addiion 10 th desired coss-coupled product one may obseve several by-products,
incuding the ary of quenched Grignard reagent, homo-<oupling of the Grignard nd
alkyl halide, respecivey,as wel as f-bydride elimination and hydrodehalogenston. By
using a low-<oordinate environmet, the ransiion meal cnire may become & more

reactive for catalysis, Thereore

icipated that rdentate ligands would lead to

exciting new chemistry.
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Eqaron 2. ron<atayzed C-C cross-<coupin resctins.
2.2 Synthesis of the [0;N] ~ type ligands,
Ligand precursors were symhesized v 8 madifld Manich condensaion

reactons in water? There are single pot reactions using a phenol, an amine snd

formaldehyde (Scheme 2.1). The mixtures were refluxed for 12 h in water and the sol

vacuum and washing the residue with methanol allow

isolation of these products as

whit solids. The ligands were purifed by recrystallization from hot cthanal. A ligand

library of prepared. Disubsttued 0
buiyl and Muoro groups were employed while the amines possessed cither 1-propyl,

isopropyl or benzy groups (Figure 2.1,
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Scheme 2.1 General proceds

d ek,

S Sy
b S

,mxn

Figure 2.1: Library of ligands synihesized



2.3 Characterization of the ligands

The 'H and "C NMR speciraconfirmed th formation of th ligands. The sgnal

of the phenolic OH cannot be identified clealy,this may be because the protons of the

" L,

s shown n Figure 2.2, which willbe discussed in detal elow.

o,

mmH

Figure 22: 1 NMR sectum of (L) HONI™"



The 'H NMR specium for L1 measured in CDCls (Figure 22) exhibied two
ingltsa17.03 pm and 6.7 ppm. These singlets corespondto the aromatc H atoms of
the benzene ring. The single i 3.66 ppm is ARCF. This means ther s e rotaton in
solion resling in cquivalent proton envionments. The tripet a 248 ppm i ssigned

10 NCH;CH;, which i split du o couplng 10 the neighbouring methylene group, 11,

benzene ring. The muliplt at 1,65 ppm resuls from the methylene protons coupled to

the adjacent methylenc and methyl groups, H and H',

espectvely. The singlet at 142
PP cortesponds 10 the H atoms of the £butyl groups on the benzene rng. Lasly, the
riplet at 0.89 ppm resuls from the 1 protons s CH:CHCH, which s split nto a iplet

by theprotons HTable 2.1 summarizes the 'H NMR spectrum.

‘Table 2.1: Assignment of resonances in the 'H NMR spectrum of L1
r—ry

pos Nyt e S
H* 2 .03 s Aromatic
H 2 6.76 s Aromatic.
w s 206 . e
H L] 248 t NCH:CH2
He 6 227 s ArCH;
H 2 165 m(q)  CHCHCH;
He 18 142 s C(CH)
H 3 089 t CHCHCH;




2.4 Synthesis of Fe(IIT) complexes

As mentioned above, ironill) complexes of teradent_amine-bis(phenolatc)
ligands caalyze cross-coupling reactons with. primary and  secondary alkyl halides
bearing [+hydrogens. The hard aryloxide and amine donors of these lgands sabilize

metals in higher oxidtion staes and t was anicipted ridentat ligands may give more

fand precursor and the anhydrous Fe(1l) st *

A THE solution of anhydrous FeCly was added dropwise 10 a THE solution ofthe
Tigand at oom temperaure (Scheme 2.1). A dark red-purpe soluion was generated, 0
‘Which NEt was added 0 neutralize the HC produced. However, dditon of excess base

may resultin a yellow-brown precipiat. Stiring was contnued for 2 h. The mixture was

fiteed through Celite and the solvents and other volatile components were removed in

vacuo, A dark

A similr procedure was followed while preparing FeBr[ONH" " comple 8, using
Felry (Figure 2.3). The product obained using FeBr differed from that obiained from

both phencli

~OH sites were deprotonaed. In additon to forming one equi. of HE,the protonation
of the central amine was observed. producing a quaemized ammonium fragment. The

tructure of § s discussed n the next sction.
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Figure 23 Library of ironI1) complenes synthesized



2.5 Characterization of Fe(III) complexes
25.1 MALDI-TOF MS

MALDI-TOF mass spectrometry was used 1o analyze the metal complexcs

masses higher

than expected for the monometallc complexes shown in Figure 2.3. This suggested the

formation of mulimetallc species, such as dimers,in the gas phase. For comple 1, 3
fragment possibly arsing from the (FeCI[ON]™*); (2M) complex was observed
[2MCIT', (9654531) in addition o the molecular-ion and fragment peaks of the
monometallc complexes, namely, [MJ', (2 = 499.1992); [M-CI', (2 = 464.2276);
[MFECIT', (m/z = 411315) under mass-spectrometic conditons (Figure 2.4). Amine-

bis(phenolate) complexes of iron() previously reported by the Kazak group typically

igan M) on peak is very weak.
Theref

gh bridging ligands. Both

the halid ligand and the phenolate-oxygen donors posses additonal lone pais capable
be expected in the

sold state. Indeed, such structures were observed via single crystal X-ray

‘which will b discussed i the next secion



Inteny, counts

Figure 2.4: MALDLTOF MS for (FeCHON™*") (1)

1. Thatis,

unlike the specium of 1, no peaks suggesting the exisance of {FECI[ON|™"}; (2M)
were abserved. Instead, only lower mass fragments, namely [M-CII', (/2 = 5122318)
and [M-FECIT', (2 = 456.167) were bserved under MALDI conditions (Figure 2.5). At

his point, i inteesting to relate some perinent structural parametrs fo complexes 1

" i1 o
those in 1. Ths, it is Fikely tht fragmentaton of $ under MALDI conditions s more

extensive than in 1, therefore fons such as[2M-CIJ” and [M]" are notobserved fo S under

our conditons. Similar bservations can b made inthe mass spectrum of complex 2 (sce



‘Appendix Figure A7) but  high mass pesk (m'z = 896.4744, presently unassigned) was

also observed

mgment fons: (M, (m'z = 6263681); (M-Be]", (mz = 545.150) [M-28e]', 'z =
465239 [M-FeBr]', (2 = 408.2807) under MALDI conditions (Figure 26). These
results are simila 1o fron(1) bromide complexes that the Kozak group previously
eported.* The [M'] ion peak is very weak, while peaks arisng from oss of one or both

bromide ligands are higher n intensity. Unlike complex 1, no dimeric fragment can be

detected from the mass spectrum. However,th presence of a peak at 6263681 supports

the existence of a protonated central amine, which produces a quatemized ammonium

‘ s



ragment and two bromides on an iron fon. Altematvely, the phenolate oxygen may.

remain Clearly, molecul

tructure data obained from single cystal X-ay diffaction s required o uneguivocally
onfirm the nature of these complexes, at least in the solid state. These data will be

discussed inthe et section,

Inensty,couns
g

8523
? 5451504 6263681

Figure 2.6: MALDI-TOF MS for FeBr{O:NHI**"" (8)

2,52 Molecular structure determinations

Inthe solid lex 1

in rigonal bipyramidal Fe'”centes bridged by chlorde ligands as shown in Figure 2.



‘Complete Tabls of bond lengths, angles and torsion angles are given in the Apppendix.

The Fe(1)-Fe(2) interatomic distance of 3.4658(7) A precludes any bonding interaction
between the metal centres. The two phenolate oxygen donor atoms and a bridging

chloride oceupy the cquatoral plane around Fe, where the sum of bond angls i 359.88°

g near prfect planarty: i and ancther
up the axial positons, giving a CIC2)-Fe(1}N(1) bond angle of 178320 The cis-
orientated chlride ligands are ncarly orthogonal with a Ci(1)-Fe(1)-CI(2) bond angle of

73604, The asymmetic nature of the bridging chiordes is demonsirated by the

iferent Fe-Cl bond lengths of 22982) for Fe(1)-Ci(1) and 24911(18) A for Fe(1-CIC).

‘complexes of rlated tetradentate diamine-bisphenolat) ligands (abbreviated [ONN'],

where N' represents a pendant dimethylaminoethyl or pyridyl am). an informative

comparison of bond distances can be made. For example, the terminaly bonded Fe-Cl
bond lengihs in FeCI[ONN'] of 23051(10) and 22894(5) A are very similar o the
shorter Fe-Cl nteaction observed in 1. The Fe-N distance of 2.183(3) A s shorer than
hose observed i previously reporied mononuclear iron(l) complexes from the Kozak

srou, which show Fe-N disances of 22706(15) and 22482) A between the five-

wnd itrogen doror. atoms
exhibit bond disances of 1818(2) and 1817(2) A for Fe(1}0(1) and Fe(1}00),
respestively. These iteractions are shorter than those observed in Kozak's FeCI/ONN']
complexes, where average Fe-O distnces of 186 A are observed. Detailed

crystallographic dataand efinements for 1 are shown in Table 22



Figure 2.7: Molecular structure (ORTEP) and partial tom labelling of 1.

babil




“Table 2.2: Crystallographic data and refinements for 1

Chemical formula
Formula weight

™

Crysalcolo, Habit
Crysal dimensions/mm
Crysalsystem

Space group

wA

WA

aA

a

"

"

CanChFe:N:0s
100182

2

black, chunk.
031023 4021
Trclnic

PG

9997(6)
11386(8)
128790)
06505
778
73695

nA
z

Digem”
MoKy

Fooo)

Orange forcollestion”
Reflctionscolected
Independent efections
Ry

Rk )

Rk 11> 200]
GoFon

13319016)
'

1249
688

s
250311
10935
5309
00467
0.091,02:
00916,05
1104

si6
309




Figure 2.8: Molecular structures (ORTEP) and partial tom labelling of 2 (top) and §

(bottom). 4

Structures of two other iron(11) ehloride complexes (2 and ) were obtained and
are shown in Figure 2., Detaied crystallographic data and refinements for 2 and § are

similar dimeric

shown in Tables 2.4 and 2.5, respectively. Complexes 2 and § exhil



stuctures resuling in rigonal bipyramidal Fe'" centres bridged by chloride lgands,
similar o that observed in complex 1. Table 2.3 presents a comparison of th selected
bond lengths and angls of thes three complexes, which shows the effct of different

substituens ofthe ligands (L1, L2, and LS). The Fe-O, Fe-N and Fe-Cl distances in 1,2

0-Fe-0 bond angls, with benzylaminecotaning comple § exibiin the naronest
angle whereas the -propylamine-containing 1 and 2 contain slghtly wider O-Fe.0
angles. The ligand L2, possesing 2-ter-buyl groups may b considred slghty more
cecton rich than L1, which posseses ercbuyl byl groups. Therefore, the
marginal diferences in bond lengths around the iron cenire may be arributed to subtle
varisions inclecronc ffects, a5 well a5 modest steric diffrencs. Detiled
erystllogaphic daa and refiements for 2 and $ are shown i Tables 2.4 and 2.5

respectively.



Table 2.3: Selected bond lengihs (A) and bond angles (*) of 1. 2 and . Symmetry

operators used 0 generae cquivalent atoms: (1) x + 1,y + I,

+1

1 2 s
Fe(1)-0(1) 18180) 1825(4) 18276(13)
Fe(1)00) 18176) 18340) L82202)
Fe()N(1) 21834 21849 21819010)
Fe(1)CIT) 22980 23150) 23200(4)
FeCity” 20911018 24950)

Fel1)€I2) 250250)
O(Fe(}0Q) | 12463(14) 12899017 1936(5)
NOMFe(MCD) | 93.92(10) 918612) 935903
NOMF(CI | 178320) 165701

NO)Fe(1)CI) 177250)
cpFeyCi® | $7366) 91279)

CIFeCI) #3404
FelCUILFe(l)® | 92.64(6) 730)

Fe(1)-CI(1)-Fe(2) 95384(14)
OUpFIRC) | 1131801 1185904) 11496(4)
O(FICIO | 8986(11) 82303

OQFe(CI) 38916)
o@rF(NCIN) | 12208012) n21203) 12552
o@rFCI 94101 $0.1802)

OQFFe(1)-CIR) 92.600)




OFFN) | $8.99013) 80416) 03804

ORMFIND | 906203) 9093(16) 90.039)
Table 2.4: Crystallographic data and refinements for 2
Chemical formula CutiCLFeN:00 VAT 16630)
Formula o z i

23 Digem® Li6s

Crystalcolor,Habit dark brown, Mo-Kapim ! 060
Crystal dimensionsimm  022:0.19:015  F(000)
Crysalsystem Trclinic Orange forcollcton” 2766010 30,8904
Space group. P Reflectons colected 11654
aA 10248(8) Independent eflections 5702
HA 11.6169) R o134

‘ oA 14662(12) RwE (all) 0.1381,0.3987
w 99.827014) RWRI>200]  0.1327,0379
" 104057012) GOFon £ e
” 200




ble 2.5: Crystalographic dta and refinemens for

Chemical formula
Formula weight

Crysalcolor, Habit
Crysal dimensions/mm
Crysal system
Space group
@A
WA
oA
a

"

”

CatnChFeNO,
109791

153

Dark purpe.prism
046 x0.41 <030
Triclinic

P16

3

z

Digem”
WMoKayem

F000

O range forcollecton”
Refections colected
Independent eflectons
Ram)

Rk (el

Rk (1> 200
GOFon

2172010
1250

et
23254305381
s

11990

oo21s
00382,0.0948
00361,00928
L0is




Figure 2.9: Molecular structure (ORTEP) and selective atom labelling of 8. Ellpsoids
Shown at S0% probability. Hydrogen atoms, except for H17, arc omited for claity
In the solid state, complex 8 exhibits a monomeric. structure resultng in
etrahedral Fe'" centres as shown in Figure 2.9, Tables of bond lengths, angles and
dihedral angles are given n the Appendix (Tables A7, AR and A9). Unlike complexes 1,
2, and §, and also unlike the previously reported iron(ill) complexcs of amine-

bis(phenolate) ligands reported by the Kozak group, the bis(phenolate) ligand binds in a

a fashion). As discussed above in Section
251, the mass spectrometry data suggesied & complex possessing an iron atom, two.
bromines and a monoprotonated amine-bis(phenolat) ligand, i.c. (O:NH]. The single

crysal Xeray diffrction data confirm and clarify the connectivity and siucture of




complex 8. The cental amine itrogen atom s proonated resulting in a quaternized

amonium group. The two phenolte groups remain anionic thereby resuling in & nct

‘monoanionic amonium-bis(phenolate) ligand. The iron(l) centr is futher bonded to

in an overall zwiteronic complex. The two phenolate oxygen donor atoms and two
bromide fons compose th terahedral lgand sphere around Fe. The bond angles around

‘which are only moderately distoried

the metal range from 105.23(15)" t0 11288(11)"

1095

Slighty 6907 and 237237) A, " e Kozak
has previously reporicd mononuclear square pyramidal ron(Il) bromide complexes of

reoted  Tinear  teradentate N N-dimethyl-N\N"bisC-methylenc-4-methyl-Gter-

For example, Fe-Br bond length in
FeB(O:N:] of 23683(11) A appears o be intermedite of the two Fe-Br bond lngihs
observd n . The phenolae oxygen aoms exhibitbond distances 0 iron of | 828(3) and
1836(3) A for Fe(1)-0(1) and Fe(1)-0(2), respectvely. These nteactions are similar 10
those observed in FeBr{O:N:] complexes, where average Fe-0 distnces of 1837 A are

boerved. Table 26,




Table 2.6: Crystallographic data and rfinements for §

Chemical formula CusllBeFeNo; 1/A" 21330)
Formula weight o734 z 4

™ ) Digem® 1390
Crysalcolor, Habit black,imrgular  p(Mo-Kaem" 08

Crysal dimensionsimm  030<029.x028  F(000) 13840

Crysal system Moneclinic: Drange for collction” 2.3498-30.8607
Space group P2n#14) Reflectons colleced 40002

wA 115336(18) Independent reflectons 6630

WA 166780) Ry 00494

oA 168910) R Gl 00618,0.1674
@ 98.5100) RWRU>200) 0057306630
” %0 GOFon F* 1075

" %

‘Although  large number of systems contaning the highsspin, terahedral [FeX.]
anions are known.* there are fow neural, heteroeptic tetrshedral iron(l) compleses in

the

eratre [F[DpyridinelN-RAR)] (R = C(CD;)CHy, A= 2.5-CHFMe)'and
he thioura ron( fodide complex Fe,[SCINMiey1' are two exampls. Morcover,
ehedral eon1) complexes bonded to o alides stoms normally exhibit dimerc
smctues, The  Leanoll  gowp has epored o such  examples,
(FeBr{MesN(SiMex):0):’ and (FeBraLilMe:PhN(SiMex)}:0):" (Figure 2.10). The
ironl) comples, FeBr{ONH™*" (8), therfore shows an unisal moremeric
meunl teshedl swuctwe, A comparison of sclcied bond lenghs for 8,
inthe Table 27,

As expected, the terminal Fe-Br disances of 8 are shorte than those in the bromide-



bridged dimeric complexe

e

é / \0’!‘\
/ o

/o\

/%3

Figure 2.10: The strucures of (FeBr{MesN(SIMe3):03 and

(FeBLIMesPAN(SIMe FO): from references 20 and 21

FeBrONHr

(FeBr[MesN(SiMe:)]: 0}

(FeBrLIMePhN(SIME) )

FeBr(1): 2356907)

FeBr): 23723

FeO(1): 18280)

FeOQ): 1836(3)

Fe N 34350)

FeBi(1):2.4712)

Fei(2): 25032)

FeNQ): 1864(8)

FeNQ):1880(7)

FeBr(1): 24601(11)

FeBr2) 24313(11)

FeNQ: 1905(4)

Fe0(1): 3330




253 UV-visible Spectroscopy

Electronic absorption spectra of al the synhesized. iron(Il) complexes show
muliple intense bands i the UV and visibl regions. The specia of three complexes
were obtained in a vriety of solvents for examination of solvent polarty effects.
Electronic absorption specra of 1, 5, and & are shown in Figures 211, 2,12, and 213,

respectively. In complexes 1, § and 8, the absorption maima observed in the near-UV

vegions below 300 am) are cavsd by %1 transiton inolving the phenolate units
absorptons i this region ae also obscrved n the spcta of the unmetallted ligand
prcursos (shown in Figure .11, ntnse, high cnersy bands ae also abserved i the
region between 300 and 450 am, which re ssigned to charge tanser transitions from

of high spin Fe(I),

aise from charge- fom the

Ralilled e orbitals of Fe(I). A shiftof these LMCT bands s observed on changing,

the solvent used, Tabl o

of the chloride and bromide compounds

I complex 1, the absorption spectrum in MeOH shows the visible band a lowest

wavelength (596 nm) compared 1 other solvents examined. The absorption specta in

MeCN, met i

@



In complex 8, the absorption spectrum in MeOH shows the wavelength of the

lowest energy visible band at a wavelength of 600 nm. The absorption spectra in THF

By UV region (Figure

213)

pm—

Wavsengh o)

Figure 2.13: UV-vis spectra for FeBr{ONH]"™ " (8)



Figure 2.11: UV-vis spectra for {FeCI[ONI"™""}2 (1)
I complex 5, the absorption spectrum in McOH shows the visble band at a
wavelengih of 19 nm. The absorpton spectr in MeCN, THE and pentane display

similar this LMCT band around 490 am (Figure 2.12).

Figore 2.12: UV-vis spectra for {FeCI[ON™}, (5)



Complex | FeCIHON™ ™" | FeBr O;NH|™"" | FeCl/ON|™"*

Solvent ol morem’) | i L molem’) | A L. '

MeCN. (486) = 1266 499) =2010
3339) = 1563 .

MeOH 600) =936 519) =999

H328) = 1668 0= 1797

THE 79 1486 = 2028 499) = 1390

332 = 2934 025) = 2334 3321 =279

Pentane. 480 = 2805 497 = 1252 a0 = 1124

3623) =303 339) = 1698 0620 - 129

2.5.4 Magnetic studies

Varible tempersure magnctc suscepbity sudies were performed on
rpresenaive complex 1. The g vs T plat fo 1 is shown in Figure 2.14. The
emperature dependant magnetic behavior o 1 was xamined n the range o 2 300 K.
Varisle temperature magnetc stdies show a very wesk decrsse i the magnctc

moment rom 7.67 un at 300 K 107.26 i at 40 K per mole of dimer complex (5.42 ua per

mole of ion). per

moment s slghtly Jower than expected fo two magnetcaly dilute high spin ¢ ons and

ot of 1 vs. T '




beysthe Curie-Weiss aw [ = C/(T - 0 (Figure 2.15) with C = 7.5 cm’ K mol” and &
= 5.4 K (C is Curie constant and 6 is Weiss Constant. a negative 8 value indicates

aniferromagneti. inermolecular inteactions between iron() centres). These resuls

fpe
the ron toms ofthe dime.
pat
0
| 78] eeeser s e e oo oo

‘ Ire

Figure 2.14: Magnetic moment v. temperature plot



Figure 2.15: 1/ vs temperature

“The absence of intramolecular coupling between ron centres in 1 is perhaps
surpising. The similar five-coordinat, iron(11) halide bridged dimers with disoried
irigonal bipyramidal geometsies, (FeX[BuN(SiMe:O}: (X = CI, B (Figure 2.16),
have been shown 1o exhibit the rare form of magnetc behavior Known as quantum

I ot 300

7

spin

K which is much lower than the expected spin-only valu for a pure §

st (= 5.92 s, fve unpaired eectrons) and significanly higher than the spin-only

87 py for three unpaired

value for a pure $ = 312 inermediate spin stte (i
electrons). However, the dataare readily explained f the Fe(ll) meta centes exist in a

32, 572 spin-admixed state. Moreover, the UV-vs specta of these compounds also

‘ould be assigned as d-d transitons, which are not allowed in a pure § = 572 spin stae.




-

For comparative: purposes, slected bond lengths in ({FeCI/ON] ) and
[FECIBUN(SIMe:0}:) are shown in the Table 2.9. Most noably,th interatomic Fe-
Fe distance in 1 is shorter than that observed in the reported (FECI[ BUN(SIMes L0}
complex. However, the Fe-Cl bond lengths in the two complexes tell  different sory.
One of the Fe-Cl bond lengths in (FECIBUN(SIMe[:OJ: is shorter than. the
corresponding distance i 1. As a resul, t s ikl due 10 stronger overlap between the
iron and chloride-centrd orbitls in (FeCIBUN(SMe)O): which gives ris 10 the
unique magnetic behaviour of this complex. The Fe-0 and Fe-N interctions in are
Signifiantly different beeen the two complexes, but hi i explained by the ature of

' the O-donor in

{FeX[BUN(SiMe:)1:0}: i neutral. On the cther hand,the N-donor in 1 is neural while

the N-donors in

an ion and a Lewis base are ypicaly longer than the corresponding bond between two.

(FeCIBNSME, 10l

Figure 2.16: Molecularsructureof {FeCl BUN(SIMe:) O



Tengihs f (FeCTON|**}and {FeXIBUN(SIMe: O}

TGN, X TG BaNEMEN 05 K
Fell)-Fe@) TR Fel) Fed) A7)
Fe()CUt) 200600 Fe(1)}CI1) 2318109
Fe(1)CI) 2000049 Fe-CIR) 2465207
Fe(1)0(1) 18180) Fe()N(1) 18875)
Fe1)00) 18170) FelNQ) 1.894(4)
Fe()N() 2180 Fe(1)0(1) 25974

2.6 Experimental Section
2.6.1 Materials
Chemical reagents were purchased from Aldrich, Alfa Aesar or Siem.

Commerially available reagents were used without further purificaion except for

stem or, in the

solvents, usin cither
case of THE, distled under nitrogen using sodium benzophenone ketyl. The amines were

handied carcfllyas they have strong smell.

2,62 Methods

An e
n @ well venilated fume hood. All of the complexes were synthesized unde nitrogen
using Schlenk techniques. The ron complexes were stored in a glove box and all

recrystallzation ttemps were performed theren.



L2 ion loop.

and feczing 10 -150 °C. Al Rigak
Satun CCD area detector with graphite monochromated Mo-Ko radiaton. The data were

zaion effcts and absorption.” Neural

processed” and corected for Lorentz and po
atom scatering factors for all non-hydrogen atoms were taken from the Iniernational
Tables for X-ray Crysialography.* The stractures were solved by direct methods'* and
cxpanded using Fourier techniques® All nonchydrogen atoms were  reined
anisoropically. Hydrogen atoms were refined using the riding model. Anomalous
dispersion effects were included n P the values for AF and AF* were those of Creagh
and MeAuley." The values forthe mass ttenuaion coefTicients are those of Creagh and
Hubbell” Al calulations  were  performed using the  CrytalStructure™!
crystallographic software package except for refinement, which was performed using
SHELXL.97.
2,63 Instruments

THNMR and PC-NMR were recorded in CDCh on Bruker Avance:S00 or
Avancelll-300 Fourier Transform spectrometers with Me.Si as an nternal standard. Data

are reportd as follows: heical sif, mulipliity (s = singlt, d = doublet, dd = doublet

of doublets, = trplets, b = broad, m = muliplet),coupling constant (1, Hz),assignment
and.integration. 'H-NMR and "C-NMR spectra were processed using MestreNova
software.

The MALDI-TOF MS spectra were recorded on an Applied Biosystems Voyager
DE-PRO cquipped with a reflectron, delayed on extracton and high performance

7



nitrogen laser (337 nm). Samples were prepared at a concentrtion of 0.01 mg L'in
methanol, Matrix (anthracene) was mixed a a concentration of 001 mg L 10 promotc

& d Opties USB4000+

a

Delta, Brtish Columbia, Canada
The crystl strctures were solved on  AFCS-Satum 70 single crystal X-ay.

diffractometer from RigakwMSC, cquipped with an X-sream 2000 low temperature

system. nd ©
data colecton and processing. The variable temperature magnetic measuremens were

run on a Quantum Desigas MPMSS SQUID magnetometer.

2.6.4 Synthesis
Unfortunately, the charactrization of several compounds is incomplete due o
lack of time. Complete characterzaton for the ligands should include 'H and "'C NMR,
and for L7 "F NMR. Ao, cither clemental analysis or high resolution mass
spectromety s sl equired for severaliron complexes. The ligands L1, 12, LS and L6

previousy. However, i iven, except for

2
HON L1y

A mixtre of 2-butyl 4-methyphenol (2024 g,
012 mo), n-propylamine (3.64 g, 00615 mol), and 37%

aqueous formaldehyde (9.17 mL, 0.123 mol) in deionized




water (75 mL) 21Uy
and the liquid phase was a cololes solution. The upper phase was decanted and the
remaining oily residue was triturated with cold methanol (0 give a pure, white powder
(23.0/2,91%). 'H NMR (500 MHz, CDCl, 3): 703 (5, Arh, 2H); 6.7 (5 Arb, 2H): 3.6
(5 CH, 4H0); 248 (1, = SHz. CHy, 2H) 227 (5, CH, 6H: 165 (m, CHs, 2H); 142 5,

CHy, 18H) 0.89 (1 = 7.5Hz, CHs, 3. "C{'H) NMR (500 Mz, 298 K, CDChy: 5

1527 (ArCOH; 137.0 (Ar) 129.1 (Ar); 1283 (Ar); 1275 (A1) 1227 (A1) 573 (CHa);

$5.7(CHo) 348 (CCCHy Y 29.9 (CCH)) 210 (ArCHy); 19.7 (CH); 120 (CHy.

0N L2y

A misture of 2,4-di-butylphenol (2562 .

w13 iy e g | K
37% aqueous formaldehyde (9.17 mL, 0.123 mol) in N.
s b

121, Upon cool quid
remaining oily residue was tritrsied with cold methanol to give 8 pure, white powder

0

(177.5,59%). 'HNMR (500 MHz, CDCly, 8): 725 (5, ArH, 2H): 695 (5, ArH, 2
(5, CHa, 4105 253 (1= 7.5Hz, CH, 2H) 165 (m, CH, 2005 142 5, CH, 184130
(5, CHy, 18H) 090 (1 = 7.5 Hz, CHy, 31, "C{'H) NMR (75 MHz, 298 K, CDCl): 5
15240 (Ar) 1415 (An) 136.04 (An; 12893 (An; 12808 (A0 12506 (A0 12348 (A0
12176 (Ark $7.24 (ArCH:) $5.53 (ArCH:); 3488 (CICHI; 3422 (CICH): 3168
(CCHN); 29.73 (CCHY 1940 (CH; 16.67 CHICH).




0N (13)

A mixure of 2.butyl-4mehylphenol 2024 .
0123 mol), isopropylamine (3.64 . 0.0615 mol), and 37% | on

sqvcous ormaldehyde (9,17 L 0123 mol) in deionized >

e (75 mL) was sinsd and refocd fo 12 h. Upon

coling 8 pale yellow prsiptate formed. The liqud phase was decanicd and the
emining ol s was ritursted with cokd methanol 1 gve  pure, Whe powder
(153 g, 60%). "H NMR (500 MHz, CDCIs, 8): 7.03 (s, ArH, 2H); 6.76 (s, Ark, 2H); 3.68
(s, CHy, 4H); 3.17 (septet, CH, 1H); 2.26 (s, CHy, 6H); 141 (s, CHy, 18H); 119 (&,
Sz, i, 6H)."CL'H) NMIR (75 Mz, 298 K. CDCI) 8 15270 (A0 13635 (Ar

12893 (Ar); 12808 (Ar): 12726 (A 12241 (Ar) 169 (CHy); 4833 (CH); 3463

(CLCH: 2969 CCH:Y; 2085 (ACHY; 1667 (CHICH)).
L{ON™*" (L4)

A mixture of 2,

butylphenol (25.62 g 0.123
mol), isopropylamine (3,64 g, 0.0615 mo), and 37% ono.
aqueous formaldehyde (917 mL, 0123 mol) in

deionized water (75 mL) was sifrd and reluxed fo 12 h. Upon cooling a ellow-brown

sold formed.
with cold methanol 1o give a pure, white powder (821 g, 27%). 'H NMR (500 MHz,
CDCh, B 725 (5, ArH, 2H); 695 (5, Ari, 2H), 374 (s, CH, 41); 320 (m, CH, 1H);
142, CHs, 18H); 131 (5 CHy, 18H); 121 8, = 5 Wz, CHs, 6H). "C'H) NMR (500

MHz, 298 K, CDCL): 8 153.4 (ArCOH): 137.6 (An): 120.6 (Ark: 128.7 (Ar): 127.9 (A



1230 (Ar): 524 (CH:): 490 (CHo): 353 (CICHM): 303 (C(CH)): 215 (CH); 174

(CHy).

A ON| ™ (L)

37% aqueous formaldehyde (9.17 mL, 0.123 mol) in N,
o LE e

12 . Upon cool formed. The upper

remaining oy residue was tritursied with cold methanal (0 give 8 pure, white powder
(1940 g, 58%). 'H NMR (500 Mz, CDCl, 8): 721 (s, Arh, 2H); 681 (s, Arh, 20,
485 (5, CH, 2H); 404 (s, CHi, 2H); 3.94 (5, CH, 2H); 14 (5, CHy, 18H); 131 5, CH,
181, "CY'H) NMR (75 Mz, 298 K, CDCL): 8 150.63 (Ar); 142,17 (An); 13845 (As

136,61 (Ar); 129,18 (A 128.48 (AN 127.34 (Ark 12209 (An); 12197 (Ar); 11895

(A 098, (AFCI); 55,68 (ArCH:); 51,01 (ArCH:); 3488 (CLCHI); 3422 (CLCHI):
3164 (C(CH); 2973 (CCH).

0N L6y

S TS

12 Upon cool - e

white powder



(180 8, 60%). 'H NMR (300 MHz, CDC. 51 7.37 (s, Ack. 1H): 735 (5, Ark, 1H):

732 (s, Ac, 1H): 729 5, AvH, 1H): 722 (s, AcH. 1H); 699 (&, = 1.6 Ha. AcH, 2H):

674(4.= 1.6 He. ArH, 2H): 3.58 (s CHs 4H): .53 (s CHs 2H): 222 (. ArCH,, 6H),
138 5, CHi, 181D "CE'H) NMR (75 MHz, 298 K, CDCL): 8 152.27 (A0 137,59 (Ark
13676 (A 129.56 (Ark 120.06 (A1 12902 (Ark, 128,08 (An: 12799 (Ar) 12744
(AN 851 (CH; S6.59 (CH; 3466 (CLCH: Y 2962 (CLCH); 2081 (ArCHy
0N

A mixure of 24iflaorophenol (16025,
0123 mo, i-proplamine (364 5. 00615 o). and
37% aqueous formaldehyde (9,17 L., 0.123 mol) in

deonized water (75 mL) was stired and refluxed for

121 Upon cooing, a white solid formed. The upper phase was decanted and the
remaining oy residue was iturated with cold methanol (0 give & pure, white powder
(570 8, 27%). 'H NMR (500 MHz, CDCy, 8 6.78 (m, AtH, 2H); 642 (m, Act, 2H);

3,75 5, CHa, 41

11 spte, A1, ) 1.20 9, CH,, 61
(FECION™" )3 (1)

o an ethanolc slury of recrysalized L1 (2.68 g, 6.52 mmol) was added a
slution of anhydrous FeCls (1.06 . 6.52 mmol)in THE resulng in an innse purple

solution. To this solution was added tithylamine (1.32 . 13.0 mimol) and the resultng

miture was stirred for 2 h then fikered through Celite. Removal of the solvent under

Vacuum yiekded  dark purple solid 2,87 . 88%). Anal.cald for 1: . 64,74

N

299, Found: €, 65.02; H, 7.85; N, 280 MS (MALDI-TOR) miz (%, fon): 408.1 26, [M-




FeCIT), 4642 (100 [M-CIF), 4992 @0, [M]). 96545 (10, M), UV-Ai b, 1
(0 (Pentane) 450 (2805). 323 (3039): (MeCN) 499 (2583), 323 (2736 (MeOH) 59
(2121), 334 (2262); (THE) 491 2796). 323 (2934).par (51, 27 C) .67 per mol of
dimer.
(FeCUONI™™"" 13 2)

To an thancic slury of recrystallized 12 (.23 g, 652 mmo) was added a
solutin of anhydrous FeCls (106 £ 6.52 mmol) in THF resaing in an intcnse purple

solution. T this solution was added tiethylamine (1.32 ¢, 13.0 mmol) and he resuting

.
yieded adark purple product (.50 . 9249). MS (MALDI-TOF) m (%, ion): 495.4 25,
IM-FECIT), 5483 (100, (M-I
(FCHON|™" 1 (3)

To an cthanolic slury of resrystallized L3 (268 g, 652 mmol) was added 3
Solton of anhydrous FeCly (106 & 6.52 mmol) in THE resuling i an intense purple

Soluion. To this solui

was added tiethylamine (1.32 g, 130 mmo) and the resuling

yiekded a dark purple product (297 g, 91%). MS (MALDI-TOR) ms (%, fon): 4081 21,
[MFeCI]), 4642 (100, [M-CI]'). 96

0,121,
[FeCION|™™"" }2 (4)
o an cthanaic slury of rcrystallized L4 (323 g, 652 mmo) was added 3

soluion of anhydrous FeCly (106 g. 6.52 mmol) in THF resuling in an intense purple



solution. T this solution was added tiethylamine (1.32 g 13.0 mmal) and the reslting

vielded a dak purple product (331 £ 879). MS (MALDI-TO) m %, ion): 495.4 (100,
[MLFCI)), 5493 65, IM-CIT), 5843 5, T,
FCUON™ ™3 5)

“To an cthanlic sumy of recrystllzed LS (299 g, 6.52 mmol) was added a

solution of anhydrous FeCls (1.06 g, 6.2 mmol) in THF resuling i an intense purple

soltion. 2

jelded a dark 15, 90%). fon): 4562 20,
[MFECI]), $122 (15, [M-CII'). UV-vis s, 1 (6 (Pentane) 490 (1124), 320 (1296);
321 279,

(FECHON|™"" 3 (6)

To an ethanolic slury of recrystalized L6 (354 g, 6.52 mmol) was added a

solution of anhydrous FeCly (1.06 g, 6.52 mmol) in THF resuling in an intense purple

solution. To this solution was added rithylamine (1.32 . 13.0 mimol) and the resulting

vielded a dark purple product (.51 g, 5%). MS (MALDI-TOR) iz (%, fony: $40.4 (67,
[MAFeCII'), $96:3 (58, [M-CIT) 631.3 10, M)

(FeCIONI"™): ()



To an cthanolic sy of recrystalized L7 (224 . 6.52 mmol) was added a

Solution of anhydrous FeCls (106 . 6.52 mmol) in THF resulling i an intense purple

soluion. To this thylamine (1.32 g

yiekded a dark purple product (158 g, 37%). MS (MALDI-TOR) ms (%, fon): 342.1 (90,
[MAFECI)), 397.0 (40, [MCIY).
FeB{ONH ™" 5)

To an cthanolic shuy of recrysalized L1 (268 £, 6.52 memol) was added a
Soluion of anhydrous FeBi, (192 g, 6.52 mmol) in THF resuling n an intense purple

soluion. To this soluion was added tiethylamine (1.32 g 13.0 mmol) and the resulting

for 2 hthe

92%). MS (MALDI-TOP). - 4652 (100,

MBI, 5452 (38, [M-Br]), 626.4(10, [M]). UV-vis b, o (o) (Pentanc) 497
(1242), 339 (1698); (MeCN) 486 (1266), 335 (1563); (MeOH) 600 (936), 328 (1668);

(THE) 486 (2028), 325 (2334). Anal. Caled fo 8: C, 5178; H, 6.44; N, 224. Found: €,

204 1,676, N, 258
2.7 Conclusions.

A small library of ligands has been synthesized using modified Mannich
condensation 10 produce diprotic tridentate ligands. The tridentate ligands were.
coordinated to Fe(I) ions. The yields of the complxes were good and they were quite

Simple to synhesize. The mass spectral data indicae that the meta complexes ragment




extensively under MALDI conditions. Intrestingly, (FeCI[ONI ) seems more
sable to fragmentation than (FECI[O:NI**®]. Of the eight complexes synthesized.
complexes 1. 2, S and 8 have been structurally characterized by single crystal Xy
difraction. The chloride complexes 1, 2 and § are five-coordinate exhibiing mildly

disorted.tigonal bipyramidal geometries around e, whereas 8 s four-coordinate

he
charge ransfr (LMCT) bands. Magnetic studies show the rprescniative dimeric chloride.

complex 1 i a magnetically dilute high-spin d° system.
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Chapter 3. Iron-Catalyzed sp*-sp’
Kumada C-C Cross-coupling Reactions
3.1 Introduction

“Transition metal catalyzed Giignard cross-couplin is an important clss of C-C

bond forming reactons, including. nickel- and. palladium-catayzed. Kumada-Corru

Kochi and in the inteest of sustainabilty (lower cost and 1

P i that they sucsessflly couple alkyl halides with Grignard reagents, which is not
easily achieved using Ni or Pd due 1o competing (-hydride climination. However,

Akl continue hallnge and

ples of C-C bond format o
Also, there have been few reports of the synthsis o dirylmethane compounds via ron-

catalyzed coupling of ryl Grignards with benzyl halides,” and others have found these:

unsatisfactory. A catalytic system that can address tese shortomings i required-
The breadih of iron-atalyzed methods used for Kumada-type cross-coupling is
divers. = se of FeCl, whetheron s own of o generate an active catalyst in i, is

often inconverient on a large scale becaus it s highly hygroscopic and yields vary

 Although Fe(acac)s

less hygroscopic starting materal” amine additves are often employed o achieve high



conversions and yields of cross-coupled products: > An easy 10 use, non-hygroscopic
single component catayst precursor i, theefore, highly desircabl. Also, whercas many

sz 03 g

the most commonly used solvents for these reactons, dithyl ether and THE, have

product formation previously hindered by high actvation barirs, such as those caused

by steic consraints in the cross-coupling partnrs.”* Kappe has reporied he use of

Grignards and aryl chloides” but the use of microwave-asised heating has, 10 our

Knowledge, ot beeninvestigated fo ron-catalyzed cross-coupling.

aryl Grignand reagents with primary and sccondary alkyl haldes.” In order 1o generate

more reactive catalyss, yet till maintain the robust naure of the catayst precursor,

fention was tumed 10 tridentae amine-bis(phenolate) ligands. This Chapter reports

dgat
iron(ll) complex for C-C cross coupling of aryl Grignard reagents with alkyl halids,
partcularly primary and secondary alkyl chlorids, including benzyl  chlorides.

Funhermore, reactions for certain subsraies that give. poor  conversions at room




3.2 Results & Discussion

3.2.1 General Procedure

Reactions were first carried out using a rdentate amine-bis(phenolate) iron

complex as catalyst. Different Grignard reagents and electophile substates were

d,

Fe complex 1

(Figure 3.1) was added 1o flasks folowed by the alkyl haides, solvnt and the Grignard
reagents. The rato of Grignard reagent o the halide was 2. It has been proposed that
of Grignand reagents with electrophils proseeds by the

formation of reduced Fe as the active specis, which s generated by excess Grignard

iron-catlyzed cross-coupli

reagent. "' The reacton mixture was sted for 30 min at oom tempersture or for 10
min, at 100 °C by microwave-asisted heating, afler which t was quenched by adding
HCI (39 20 M, 50 mL). The product yields were quantiied by GC-MS (rlative 1o

standard curves) andinseveralcases by 'HNMR.



Figure 3.1 Stucture of {FeCHONI™ ™"} (1)

2 Cyclohexyl halides as substrates

Based on previous work in the Kozak group with Fe'” compounds supported by

tetradentate amine-bis(phenolate)-cther ligands, complex 1 was employed under similar

» s previously
ether is superior 10 THE a5  salvent for cross-couplng of Grignard reagents wth alky1
alides using these complxes,” therefre it was the solvent of choice fr the curent
study. Also, it was previously found tha ractions performed at oom temperatre gave
superior resus to those conducted at owe temperatres. Under these condiion, 5.0
mol% of complex 1 was an effcive catlys for cross-coupling of ypicl substrats and
excellent yields were obained for sccondary alkyl haldes, specficaly cyclohexy!

bromide when combined with phenylmagnesium bromide on a scale of 1.0 gram of alkyl



halide (Table 3.1, enty 1) Excellent yields were also obtained with r-anisyl and p-

orophenyl Grignrds (Tsbe .1, enres 2 and 3, ndicating good nucleophilcy even
5. destvated et posiion, o ithclectronegatve groups in the paa-posion. The
more srically demanding 26-dmthyphenylmagncsiom.bromide. was adempied.
Unfrtunsely, no cros-couping product was obtaned witheyclohexyl bromide, cven
atr microwave heating 10 100 °C (Table 3.1, cny 4. lthough this method was
Saccssful for cther subsite combintions (s below). Bedford has repored a
ehctnce of 2.6-dimethylphenylmagnesium bromide 1 undergo cross-coupling wih

eyclohenyl bromide. "> Reaction of 1-naphihylmagnesium bromide with cyclohexyl

bromide, however,gave a moderae yild (Table 3.1, enty 5).
Cyclohexyl chloride was found t0 give modest 10 good yiekd, depending on the
Grignard reagent. p-Tolylmagnesium bromide (Table 3.1, enry 6) gave poorer yield of

3.1, entry 7), which was in

m super

poor yields with p-anisylmagnesium bromide, ven at 40 °C (Table 3.1, entry 8).

Microwave beating 0100 °C for 10 minutes, however, improved the conversion

markedly for cyclohexyl chloride, giving the cross-coupled product in 91% yield. Since

micrawave heating lone could account ot the rise in yied. Perorming tis eacton in

theabsence of 1, however, gave 10 ieldof cross-coupled product.




Entry ArMgBr. ‘Alkyl Halide  Product Vield (%)
‘ " O OO 7
: i "
OO
’ e OE =
. e S U S
: i - ol 30 ®
9"
.
- ; o

8o 30 10 e e o 10 100 th
sbencs of compoun 1.




3.2.3 Benzyl halides as substrates

Formation of diarylmethane motis by iron-<atalyzed coupling of benzyl haldes

W ¥ low yiclds and
poor selctvity resulting in the formation of homo-coupled.by-products* Excellent

vields were obtaned for coupling of o-tolyimagnesium bromi

with benzy chloride
(Table 32, entry 1). The previous report from the Kozak group resuled in only 68%

conversion when benzyl bromide was used.'* Surprisingy. unlike cychohexyl bromide

(Table 3.1, entry
i in 78% yield, 32,

entry 2). Exciingly, double arlaion of 13-bis(bromomethyDbenzene with o-
folylmagnesium bromide was achieved in high yield (Table 3.2, entry 3). 20 equiv. of

functonal

the double arylation using 2,6-dimethylphenylmagnesium bromide (Table 3.2, ctry 4).




benzyl halides as subsrates

“Table 3.2: Kumada ype spp’ ross-couping by

Enry ArMgBr Ayl Halide Product Vield (%)

2 26MesPh o

oF Xo

4 26MesPh 2 1

3.2.4 Primary alkyl halides as substrates

" in selecive

atack at the bromide st resuling in & moderste yild of 1-(3chloropropyl)2-

3.3, entey 1), Arylation by
poor, even under microwave heating condition (Table 3.3, entry 2). Interestngly, while

14
an excellent yeld of the singly arylated 1-(4-chlorobuty)2-methylbenzene was obained

jgnard reagent were required per halide

(Table 33, entry 3). Agan, 20 cquiv. of

functionalgroup.



Other primary halides were also screened (Table 3.3, entres 4-8). The previous
report from the Kozak group showed very good yieds for cross-coupling of o-
tolyimagnesiom bromide with r-octylbromide.”” hence we investigaed whethr this

reaction could be performed on a larger scale. Reaction of 1.0 gram of r-octylbromide:

with 20 equiv.
33, entry 4). Using the more serically demanding 2,6-imethylphenylmagnesium
bromide gave trace quaniies of product when the reaction was conducted at room

temperature but, unlke the reacion with cyclohexyl bromide (Table 3.1, catry 4),

microwave imdiston t0 100 °C for 10 minutes incressed the yield to 94% (Table 3.3,
cury 5). In comparison, Hayashi rporied the cross-coupling of 24,6

Fe(acac) in

refluxing diethyl ether” Beter resuls were obtsined for 1-iodopropane, where cross-
oupling t0 o-tolylmagnesium bromide and p-fluorophenylmagnesium bromid resulted
in 7% and 67% yields, respecively (Table 33, enries 6 and 7). Again, 26-
imethylphenylmagnesium bromide gave trace quantiies of product a room temperature
but microwave irradiaton gave the product in 88% yield (Table 3.3, enry 8). This
contrass with the selctivity for double arylation seen with benzyl halide subsraes

(Table 32, entry 3)
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3.2.5 Acyelic secondary alkyl halides as substrates

Unfortunael

dimethylphenylmagnesium bromide showed o cross-coupling product with 2-

bromobutane, even under microwave heating (Table 3.4, entry 1). However, some

promising resuts were observed for less indered ary Grignands with lky chordes.
Reacton of 2-chlorobutane with vrious Grignard reagents gave modest yields at room
cmpersturs and mild improvement under microwave heating (Table 3.4, eniries 2 10 ).
here are few reports of Kumada-ype crosscoupling using scondary alky chorides.
e most remarkable repore comes from the group of Nakamurs, whre FeCIYTMEDA

catlyzed crosscoupling of phenylmagnesium bromide.

ih cyclohexyl chloride

proceeds nearly quantiaively, and in $4% yield with 2-chlorobutanc. Slow additon of

oG ek ro
Tater” Interestingly, when Fe(cac)/ TMEDA was employed by Cahiez and co-workers,




as substates

iy ArVighr  Alkyi Talde Product Viewd (%)

T L % Trace”
2 peAisyl O 3

3 oToly

s Pl .

g
o<

T Nicrowave heatng for 10 i o 100 °C. " Microwave heating for 10 min ot 180 C.

3.2.6 Functional-group alkyl halides as substrates

Functonal

akyl bromides were generally well tolered with o-
olymagnesium bromide at oo temperaue, 2-2-Bromocthy)-1-doxane, 6-bromo-
I-hexanol and cthyl-bromaexanose showed moderae o xcelentyilds (Table 3.5,
i 1103, Clealy,the acobol funtonality i enry 2 was deprtonsed by excess

Grignard reagent and regenerated upon quenching with dilte acid. The positon of the




well s the nature of the mucleophile.” When the bromo group was present n the &
position of the ester, an ecellent yield of cross-coupled prodiuct ws observed for 0-
{olylmagnesium bromide st room temperature (Table 3.5, entry 3), but cross-coupling of

ethyl-6-bromohexanoste with p-uoropheny! Grignard, however, was modest, even upon

35, entry 4. When

o-tlyl Grignard, no cross-couplng was observed (Table 3.5, eiry 5. Reactng I-bromo-

35, oy

‘where etenion ofsereochemistry was observed (Table 3.5, ntry 7).



Fairy  ArMighr Vield (%)
T oTon o
1 ooy s
3 ool e
4 pEm Y

2
s ooyl o
o
6 ooy 19
7 ooyl 9
o

T Microwave heating for 10 min a 100 C.
3.3 Mechanistic Studies

Resenty, iron-based caalytic systems have atracted increasing intrest. from

o of s’ ond sp’



Unil very recenty, however. itk was known about the mechanisms of iron-catalyzed

reactions because of the paramagnetic natue of Fe and the instabily of the alkyliron

itermediates. ™ Chemists can only propose some possible pathways according to their

resuls and observatons. This secton will discuss the meshanistic study of sp’
Kumada C-C cross-coupling promted by iron.

Furstner™ and co-workers demonstrated that welldefined iron-complexes of
oxidation states Fe(+1)Fef3), Fe(0VFe(2), and Fef-2VFe() can all be sctive catlytic:
specis, acconding 10 the acquired data that C-C bond formations can occu, a prior,
along different catalytic cycles shutling between meta centres of the formal oxidation

stats (Figure 3.2).

Figure 3.2 One of many conceivable scenarios of

interconnected catalytic redox eycles
Hayashi e al. llustated a plausible mechanism ccording o the distribution of
products in the reaction of arl Grignard reagent and alkyl halide bearing a p-H (Figure

337 ke
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In Nakamura's iron<atalyzed sp’sp’ Kumada type C-C cross-coupling report™*

they showed diferent reaction condiions lead o different resulis: when phenyl Grignard

TMEDA and FeCly

178 °C and warmed o room temperature, the product of adica-niiated ing closing,

PhMgBr and TMEDA was added dropwise (0 a soution o 1-bromo-S-hexene and FeCls

othr afong ived-radical ™ Furter escarch for the efect of TMEDA was pefomed

complexes”” When (TMEDAYFeArs racted with bromomethyleyclopropane, it gave a
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misture of cyeli

and alkeny products. This implied single electon transfer was.

involved inthe reacton. A proposed cycle i shown n Figure 3.4

L=TeoA
LM

Feci,

Lo,

N’TD
- na

Figure 3.4: Plausible meshanism from Nokamura et al.

Bedford et al. sugsested a possile radical-based coupling mechanism.

Felphosphine,
pheny] Grignard reagent reacts with bromomethyleyclopropane or 6-bromohexene, fo

geneate products formed by predr

inantly radical-based routes, As shown n Figure 3.5,
e Grignand reagent frst reacts with theiron pre-<atalyst, then the active iron specis in
oxidation state n reacts with the alkyl halide by the transfer of a single cleczon 10
generate an alkyl radical (v the intermediate formation of & radical anion) and an
[F¢"X] species. Transmeallation 1o give an organo-iron speies s followed by

reductive limination 0 give the cross-coupled product,



Figure. Bedord eral.

 hased on the reports of Fu et ol and their own observations. Fu and co-workers
showed that the secondry alkyl halides do no react under palladium catalysis as the

oxidative addition is 0o slow. They belive the main reason s steic ffects. However,

iron catalyss,
primary and secondary alkyl halides s substrates. Both seric cyclic and acyclic
Secondary alky bromides can be used successully. Therefore, Cahicz proposed a two-




o Feci,
ar 15K
[wretiox|
[— oo
Rx
o,
R X

Figure 3.6: Plausible mechanism for th arl-alkyl coupling from Cahiez e ol

In our conditions, reaction of o-toly Grignard with bromomethylcyclopropane in

the presence of (FECIONJ™* (1) yieldd a mixture of the eyclopropyl and alkene

nansfr processes compete during the catalytc cycle (Scheme 3.1). However,reaction of

“The estimated rae of ring opening of cyclopropylmethyl raical is 1.3 x 10° M 5" and

10X 1M s

lifetime of i s t00 short for w©

oceur, but
Al successful coupling with secondary alkyl halides s clectrophile substrtes also

implied a radical s involved i the catalytic pathway.




Ol O O =

‘Scheme 3.1 “Radical Clock™ sMy

©\/'\

3.4 Experimental

3.4.1 Instrumentation

NMR n CDCI on a Bruk Gas

erap MS) anayses were performed Agilent

Technologis 7890 GC system coupled t an Agilent Technologies 5975C mass seective
detector (MSD). The chromatograph is equipped with electronic pressre.control,
spltspltess and on-<olumn injectors, and an HPS-MS column. All caalytic reactions
were performed on a Radleys Carousel Reactor™. Twelve 45 mi. reacton tubes were
fited with threaded Teflon caps cquipped with valves for connection (0 the inet gas or

vacuum supply of Schlenk spparatas, and septa for the inroduction of reagents.

symhesizer.
3.4.2 General Procedures

All experimental manipultions were caried out under an amosphere of dry
nitrogen using standard Schlenk techniques and glovebox. Solvents were dried using

ither an MBraun salvent purificaion sysem or distlled under nitrogen using the



prep samples for GC-MS.

was 1% 10° g L, CDCH; with TS was th solvnt for 'H NMR analysis
3421 Catalytic Method for Microwave asssted

Cross-coupling reactions: In a love bo (50 mg. 0.1 mmal, 5.0 mol% of Fe vs.

val, whi A

L EGO (except for

Table 3.2, entres 3 and 4 where 8,00 mmol of Grignard was used, and i Tabl 3.3, ctry
3 where 25.0 mmol of 14-dichlorobutane was used with 400 mmol ArMgBi). The

o™ Eight Mirowave Syntheszer using the

misture was hested in  Bioage I

ollowing parameters:time = 10 i temperature = 100 °C; prestiring = off; absorption

level = high; fixed hold time = on. Upon completon, 2.00 mmol of dodccane (intemal
standand) was added 10 the mixture followed by 0 mL of | M HCI(aq) 10 quench. The
organic phase was extacted with EGO (1 x 5 mL) and dried over MgSOy The product

" W

NMR
3422 Catalytie Method at Room Temperature
Catalyst (50 mg, 0.1 mmol, 5.0 mol% vs. alkyl halide) in CH,Cls (3 ml) was

‘added 10 the reaction flask followed by removal of the solvent in vacuo. To the catalyst

108




were added ELO (5 mL), and the alkyl halide (2.0 mumol). The aryl Grignard (40 mimol)
was added carfully and the resuling miure was strred at room temperature. Afer 30

min, dodesane (20 mmol as intenal standard) was added and then the reacion was

a (9,2 M, L) N

s 50,

44 NMR andlor GC. NMR samples were prepared by careful removal of solvent under

Vacuum and disolving the residoe in CDCls.

3.5 Conclusion

In summary, we have developed a new easily prepared, air-sable, single
component Fe™ complex tha catalyzes the C(sp’)-C(sp") bond forming reacion between

ary Grignard reagents and alkyl hlides, including primary as wel as cycic or acyclic

sccondary alkyl chlorides. The system shows improved. reactvity for sterially

demanding nucleophils, such s 2.6-dimethylphenylmagnesium bromide, and has

chlorides. Lastly, microwave heaing of diethyl ether solutions 10 100 °C gives improved
conversions for sveral substate combintions.
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Chapter 4. Iron-catalyzed Double C-Cl
Bond Cleavage in Dichloromethane and

Chloroform
4.1 Introduction

Transition-metal catslyzed C-C cross-<couping is 3 powerful ool in organic
‘yhesis and signfican advancs have been made using ryl and alkeny halides and
pcndolides s lectrophies. Unactivaed alky halids, howeve, continue 10 pose
challenge,” and only a few examples of C-C catalysis using alkyl chlorides in particular
have been reported.** Even fewer reports exist of catalytic coupling of di- or
polychlorolkanes with organometalc nuceophis. Paricularly noteworhy s the Ni-
caalyzed acivaton of CHCl and CHC leading o selesiv - bond formation with

o Grignand eagens (Figure 4.1)”

et

Z8ager+ CHCl BucH;BY

Mg, cat oadng: 3ot

Tomp:20°C
NGl Tme01n

BB o Ak Hakde ra 1125

N, e 82%
et
Figure 4.1: Ni-catalyzed activation of CHCly and CHCy

Related Ni(D) alkyl complexes (Figure 4.2) can react skowly with CH.Cl: (765

equiv), a 110°C. butno organic product was identifed.”
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Figure 4.3 Ag-catalyzed insrtion f a carbene nto ane C-C1 bond of CH,Cls
“The use ofiron forcatlytic C-C cross coupling is undergong  renassance and
various iron-based processs have been described ** ron is chesp, nontoxic and
environmentally benign; therefre, the use of eadily prepared iron catalyss that are

casly handied is extremely desirable. The abiliy of iron(l) salts o catalyze cross-



couplng reactions of dichloro sysiems with Grignard reagents was demonsirated by

5 i P,
2 . +mao
- THE,RT. 30
a e

Figure 44
eagent
Herein we repot the it example of muliple clavage of C-Cl bonds with
bzl Grignad reagnts by o) under mild condidons.Th producis of the cross-
coupling are diarlmethans, but sometimes diarykthanes and other diaylakanes are
obtained 35 minor products.

4.2 Results & Discussion

42,1 General Procedure

Catlytic resctons were performed at cther oom temperature, orat 100 °C using

micowsve-asisted  heating.  An  amine-bis-phenolate) iron  complex,

(RECIONI™)5 (1), or FeCly wre usd inlly a calysts. Difeent fron sals

Higands and Grignard reagents wee then screencd, and poor yieling reactons were
optimized with rspect 0 difeent rescion onditons. A catalyst loding o § mol% (vs
Grgnard reagent) of Fe(-complex or FeCl was added o flasks followed by CHiCly
and the Grignand reagent. The bt ratio of Grgnard reagent 10 the organobalide was
found o be 1112, Therection mixtue was stired for 30 min at room temperature o 10

min,at 100 °C, aftr which time it was quenched by adding HCI (a4 2.0 M. 5.0 mL), The

16




Coupled products (Scheme 4.1) were deteced using GC-MS and 'H NMR, with dodecane

5 theintemal sandard.

—

Procuct

D e

+ onen — ] )
-

S

4.2.2 Catalyst Loading Study

.
of 1 versus the aryl Grignard reagent actually decreases the yiekds of diarylmethane
formed (Table 4.1, enirics 1 10.3). It has been proposed that iron-catalyzed cross-<oupling.

of Grignard reagents with elctrophies proceeds by the formation of reduced Fe as the

actve species, which are genersted by excess Grignard.* Therefore, a higher caalyst
loading consumes more Grignard resgent, which is the limiing reagent snce the alkyl

halide ichloromethane) i present in

e excess

1 was found o be 1. L

eniry 1) giving $3% yi product,

10.0.5 mof% causes lower yiekds of diaryimethane (Tsble 1, entry 4). The sbsence of 1

1, eniry ), ot repeated

for FeCls.



ondition Optimization: Differen [at]loading.
e Produet  Product
A B

Talyst Loading _ Grignard
(mol%) R

cagent
Gl T 135 owhl 1125 5 )
n 25 3 c n 7
> s © 7
4 05 4 56 7
s - - “ o 0

Taversge of o rums. " Grignard resgentCLCT
Ratio, Addition Rate and

4.2.3 Effects of Nucleophile to Electrop!
Temperature

Incrasing the CH,C-t-Grignardratio also lowersyield of diaryimethane (Table

1 loading of Grignard to CH,Cly resuls in much lower yilds of

42, ey 1. A
2,eniry 2.

inutes usng a syringe pump (Table 4.2, enties 3 and 4) decreases

overa perid of 20
h yiekd ofdirylmethane, s does conducting th reaction a 0 °C (Table 4.2, niry ).



‘Table 4.7: Condition Optimizing: Nucleophile (0 Electrphile Ratio, Grignard Addition

Rate and Temperature

ety ot Loadig  Grigard  Ratis  Product  Product
Reagent A B

(mol%)
1 1 125 w125 51 0
2 . 125 2 7 0
¥ - 125 ms s 0
© 25 . s s n

werage of two runs. * 3.8 mmal e gt s it opvie b g g
over 20 min. 0 °C. * Grignard eagent C

2.4 Varintion of IronSalt and Use of Adiltves

Inerestingly, using FeBr, gave lower yiels of diaryimethane (Table 43, entry 1)

than the chloride salt (Table 4.4, cnry 1), and no dirylethane was observed. The

and phenyl Grignad eage, yilds diarylmethan dros sigifcntlysnd daylthane
was obseved in spproximately cqual yikd. Microwave-asisied heatng 10 100 °C
signifcany incresed the yeht when pheny! Grignand reagnt esced ith CHCl
(Table 4.3, ctry ), Low oxidaon sste iro is believed 1o be involved dring the
calyic pathway of Fecaalyzed cross <oupling resctions. Threfore, previous reports

have introduced low oxidaton iron-<atalysts possessing x-carbon type ligands™* which

"



may fist ract with RMEX and form an anionc complex,then react with alky alides.

These catalysts are effective for cross-<ouplng reactions. Thus, we screened different

ligands,such B e find they do

3. entries

“The tace impurites o ion(l) sat copper, palladium and other metal sals have
also been shown to strongly influence the yields of cross-coupling reactions where
iron(I) salts were used as caalyss” threfore we studied various oher simple metal
sats for their abilty o perform this reaction. Perhaps strangely, FeCly shows a poor
abiliy o catalyze cross-coupling (Table 4.3, entry 7), whereas CuCl and Cubr; (Table
4.3, entry 8 and 9) give 1o yield of cither product A or B. Using Fe(acac)s with and

without TMEDA does not catalyze cross-coupling when phenyl Grignard reagent reacs

with CH,Cl,
(CHLC,. Using Pd salts, such as PACI; and PA(OAC); gves moderse yields when o-olyl
Grignsnd reagent react with CH,CL5 It is worth noting that Pd caalyss produce product

B, diarylethane,as the major producs.

120



Table .8 Differen MetalSals and Use of Additives

Eniry Caayst Grignard Product Product
Reagent A B
' Fe, otolyl 56 0
2 Fecly pheny! 207
3 FeClh+ " 5
TMEDA
- FeCly+ DMF - 16 s
(7 FeCly+1- B "
Octene
6 Fecly +COD 2 2
7 Fecl; ooyl 2 0
8 el oolyl 0 o
9 cubr, C 0 0
" Fefacac)s phenyl e race
e Fefacac), + “ e rce
TMEDA
n Fe(acacy ool % e
1 Fe(acacy + d " 7
TMEDA
" PAOAG) 2 st
1 pac i 3




* microwave-assised 100 °C. 1 cquiv. ligand to Grignard reagent.© 10 mol%
e Gt g, 15 o o G

4.2.5 Different Grignard Reagents

A range of Grignard reagents were also screcned. When peiolyl- and

phenylmagnesium bromide solutions were added 1o solutions of 1 in CHCl at room

 entris 1 and 2),

but in the case of pheny Grignard, 1.2-diphenylethane was the major product, abeit in

poor yild.
ntermedistes. Use of sccondary and primary akyl Grignard nucleophiles (Table 4.4,

nucleophilesbut no conversion was shown fo aryl nucleophiles.

Eries 79 in table 4.4 show that various ansy! Grignards allgave poor yiekds. It

HClin

‘additon to darylmethane and diarylethane, 1,3-diarylpropane and |4-diarylbutane were

When the simple ion salt, FeCly was used s the pre-catalys, p-olyl Grignard

reagent gave poorer yields compared 10 1, but ool Girgnard gave beter yield of

dioryimeshane than 1 (Tabl 4.4, enries 10, 11, Inerestingly, when 26-dimethylpheny!
Grignard reagent was reacted with CHCl, only product B, dirylethane was obained
Microwave-asisted heating 10 100 °C could be used 10 increase the crosscoupling

moderaely (Table 4.4, entry 12)

)



Both clectron-donsting and withdrawing functional group-containing benzyl

Grignard reagents were reacted with CH:Cls and gave good yields of cross-coupling

L enty 5.6, 1), For Tisamore
v cays than FeCl

No croscoupling prodsts wee detecied when sl and 2-methylaphihy|
Grignard resgents were reacted with CHCHy (Tabe 4.4, enay 14, 15) using FeCh.

Howener,

-

products, and caused a diaryl propane product o form, as shown by GC-MS (Table 4.4,
eniry 16), i yied (Table 44,

enury 17)

)



Table 4.9: Effctof Grignard Reagent on Cross-coupling

oy st Grigmard atlo Produet  Product
Reagent A 1

' ' shenyl s on 2
2 - pol 125 2 10
3 exclohey! s 13 o8
‘ byt - o o
s Amethoxybenzy! n 9
. eoursbenzy] @ o
7 Rl 2methoxpheny! . 3 1
5 Semethoxyphens! s s
5 metboxyphens] 5 1
M “ ol 125 u 1
u - oyl s e
n 26dimetiylphensl e 1640°
1 semethorylbenzy! E 9
i ayl 0 0
s 2 methyaphhal] 0 0
1 uoropheny! s
v Lnaphiny| . 3




* microwave-asssied. 100 °C. 10 min

42,6 Results for CDCI, Activation
Using chloroform as the electrophile, only 1,2-dchloro-1.2-daryethane was.

obiained s the main product. Complex 1 and FeCly gave similar resuls with o-olyl

Tand
yild entry 2). This trnd in yilds i similar 1o that observd for CHCly activation.
Whilethe chloroform reactd with th hindred Grignard reagent 26-dimetylpheny]
magnesiom bromide, 1 2-darylethene was obtsined s the product (entry 4). All the
yields are quie poor.

‘Table 4.10: Resuls for CDCls Activaion

Fairy  Catlyst Grignard Reagent Ratio Product Vel

T T ot Y 1 7
2 1 proiyt L o8 6

3 Rl oolyt ¢ u

4 RCh 26dimehyipheny 11125 H

125



4.3 Conelusions
Tron complex 1 and simple iron sals (FeCls and Fe(acac)) can caalyze multple

C-C1 bond activations in CH.Cl: and CHCl. This is the first report in tis fekd. The

effet

Howener, only o-toyl and benzyl type Grignard reagents gave good reults for double

cross-coupling.
were obtaned in high yilds. The resuls suggest tha the cross-coupling reactions and

Homo-coupling reactons are very competiive during the catalytic cycle. When the

Grignard reagent is 100 ulky 10 form the homo-coupling by-product it wil be prone to
eact With CH,Clyand give the cross-<oupling product. Thes resuls indicate a dliate
balance of sei inflacnce,snce o-toly appears wll suitd 1 giving the coss-coupled
product whereas 26-dimethylpheny s too hindered for double cros-coupling and
insiead gives the diaylethane product preferentall. Furthermore inceasing. the
nducted

nuceophilicity will

high temperature (Table 4.4, entries 9 and 16).
The formation of diarlethane in the cross<ouplng of CH:C: with some

Grignard reagents suggests the formation of an arylmethyl radical, which subsequently

undergoes radical couplng. Since yields of the diarylmethane products are favoured

under optimized conditions, the reacton of aylmethyl radicals with aryl mucleophiles

proceeds fister than homocoupling, particlarly if the concentraton of Grignard vs. Fe

biaryl

formation dominate. Since no Ar-CDCl; product is observed, it must thercfore resct

126



o

upon formaron wit F -CDCT rdicl, w
ive the 1.2dichloro-1.2-diarylethane produst,Furhe studis 1 extnd te sope of his
methodology and to gain detiled mechanisic might are currenly underway in our
abortoy.

Another hypothesistht may b proposed s during he catalytic cycl a carbene
intmediste (H,C:) may oceur since GC-MS can detect 1.3-daylpropane and 1.4
dirybutane 2 products (o example, Table 4.3, enry 2 Table 4.4 enries 9 and 16).

Moreover,

o forma.

carbine (Figure 44)."

cHncon

Hey + (CHiHCOK 0l + (CHILCOH + K
o

<o

Figure 4.5 Carbene formed from chloroform under basic onditions

Difalomethanes also give similar reactons that form zinc or copper carbencids.

As shown n Figure .5

ez i

Xk 2.[)( "] —% -
o

O e 2

Figure 4.6: Dibalomethane insertion eactions via cabene




™

form 3 Mg carbenaid. This intermediate may react with the low oxidaton state iron

intermediae, a5 shown in 3 hypothetcal mechanistc model shown in Equation 1. This

pli why adding the

Grignand reagent sowly will decreas th yiekd(Table 4.2)

o o) — v

)
4.4 Experimental
4.4.1 Instrumentation
NMR i CDC) on  Bruker
A1S) anslyses Agnt

Technologies 7890 GC system coupled 1o an Agilnt Technologies 5975C mass selcctive
detector (MSD). The chromatograph s equipped with elctronic pressreconrol,
spltsplitess and on-column injctors, and an HPS-MS column. Al catalytic reactions
were performed on a Radleys Carousel Reactor™. Twelve 45 ml. reacton tubes were
fited with threaded Teflon caps cquipped with valves for conneetion (o the inet gas or

vacuum supply of Schlenk apparatus, and septa for the introducton of reagents

it

symthesizer



442 General Procedures

dry oxygenfice nitrogen by means of standard Schlenk o glove box technigues

Anhydrous diethyl ether and THE were stored over sieves and distlled from sodium

in the case of TH or purified by an MBraun Sol
Purification System in the case of diethylether. Reagents were purchased cither from

Aldrich, Alfs Acsar or STREM and used without futher puri

fon. Grignard reagents

were analyzed by GC-MS after being quenched with dilue HCI(aq) 10 quanify biaryl

o s hydrous FeCly
(97%), FeBr, 999%), FeCl (99%) were purchased from Alrich. PA(OAG) (99%), PACT,

Monash University, Austai

4421 Catalytic Method at Room Temperature

(Catalyst 1 (0.05 mmol, 1.25 mol% vs. Grignard eagent, pr Fe atom) or FeCly

(97% purity, 0028, 2.8 moi% o Grignard reagen) in CH,CHy (3 L) was added 0 the
resction sk, and a soluon of Grignad reagent was added dropwise under vigorous
tiing. Theresling mixure was st fo 30 minuts, then qenched with S mL 2 M
HCH (30.). The organic phase wasextacted with E10)(5 L) and drid over MgSO, The

mixture was analyzed by GC-MS and 'H NMR. 'H NMR samples were prepared by

DCh.

1



4422 Catalytic Method for Microwave Heating

3 glove box 1.25 mol% 1 or 2.5 mol% FeC'lsand a magnetic i bar were added
1018 Biotage™ microwave vial, which was sealed with a septum cap. 1.5 mL CHCl: (25

he

minture was hested in @ Biotage Iniator™ Fight Microwave Synthesizer using the

following parametes: time = 10 min; temperature = 100 °C; prestiring = off; absorption

i
the mixture followed by $ mL of | M HCI (ag). The product yiekds were quantifed by

GCMS andin some cases by 'H NMIR.

4423 Catalytic Method at 0°C

Catalyst 1 (0,05 mmol, 2.5 mol% to Grignard reagent) or FeCly (97% puriy, 002

5 mol% vs. Grignard reagent) in CH,Cls (3 L) was added 10 the reaction flask. The

soluion was stirredat 0 °C for 10 min, and the Grignard reagent was added slowly. The
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Chapter 5. Future Work

5.1 Introduction

ron-catalyzed cross<oupling reactions have matured 10 an advanced sage and

show  versaile range of organic synihsis routes. Although iron i the most abundant

very ecently.

catlysis
52 Further Studies of Iron-Catalyzed CHyCl; Activation
Reactions.

As the iron-caislyzed CHCly reactons show iteresting resuls, further

optimization of the eaction conditions to obiain beter yilds of the coupled products

Even though

information iron-catalyzed C-C

cross-couplin resctons may be revealed through trying different iron sas, igands and
temperatures.
o salts or complexes), such as Fe(dbm), (dbm = dibenzoylmethido) or the

complex. [Litmeda)LFe(C:Ha)) should be investgated because they show

or
methyl Grignard resgent” and alkylation of aryl Grignard reagens, respetively. Some

other kinds of low-valent iron complexes may be also worth investigating. This work



may illustate e visas inironcatalysis, which i curently a “hot area” f esearch duc

10 thecheap, non-oxie naure of iron and is diverse applications.

5.3 Iron-catalyzed Sonogashira C-C cross-coupli

g reaction

Ant alkynes are very imporant compounds in chemical industry and
pharmaceuticals.”* The Sonogashira-Hagihara reacton has been known as. the most
Sightforward and cliient method 1o form C(sp-C(sp) bonds. Although transiion-

metal free Sonogashira-Hagihara reactions have been previously reporid. they require

vary
using P4 or Nicatalysts n the presence of  lgand and a copper co-catalys. However,
chemists will never cese o find  cheaper and non-doic catalytic sysem that reqires
mildcondiions. I thisrespec,iro catalyts stand out 35 vahable shematv candidates
usedin Sonogashira coupling resctions.

Several outstanding reports have been published already in the e of iron-

ary odides with temina alkynes. One i from Boim

and coworkers, Fecl
and cheap amine, dmeda, in the presence of Cs:COs, could couple aryl fodides and

terminal alkyneseffcently (Figure 5.1).




- ™
o =
O=—C ~= —
- - -
Scheme 5.1 oy Soogahis sction by Bl i
vt epon i om Vogel o who dechoped i sl s
g e nd Cul 1 catlyt (P .2, No llapenhv g s,
bt KM, DS oDVt wr s a s may s vy el o

ligand." Furthermore, microwave heating can be employed efliciently 10 shorten the

Mao ef al. also reported a similar

reaction time sharply, whilt keeping the high

catalytic system to Vogel's " Howexer they replaced the base C5:CO; with KOs but

the
unique catlyte eactiviy of Fe(acae), compared 1 other iron sals, such ke FeCly and

FeCl

136
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Scheme 5.2 Iron-<atalyzed Sonogashira eactons by Vogel e al
As previously mentioned, the iron complex is an effiient catalyst for use in
Kumada cross-coupling reactons, therefor, they may be useful fo the Sonogashira

reaction. More studies may focus on the role of solvent and the choice of base. Also

the yields. Moreover, for some unactive subsrates, such as C-Cl bond activaion, the

5.4 C-H Functionalization

Direct C-C and C-heteroatom bond formtion via C-H bond activation s always.

ofinterest 0 chemists because of

inberently tom-<fTcient naure. However,tis task

P hrough the wse of i Js such as
Pd. Rh and Ru.™" In the quest for cheaper and greener methods, more and more

h - functionali

been discovered that showed iron has some unique properties.* This cheap metal can




achieved by others. However. the development of eficient iron-caalyzed C-C
functonalization s st imited 10 activated subsirates, such as those. containing
heteroatoms or directing groups.

Nakamur er . developed an ron-catalyzed C-C bond-forming rescton through

iniial C- 1 The oversl

nucleophilic displacement of the orthohydrogen atom by an arybine. nucleophie

1

aceeptor. It TMEDA

5 oqu PGB

fromias. AN JE——
fipedicosiny N
) iy TN
THF,0°C, 16h "
T -~
~ o

ivation by Nakamur e .

Scheme 5.3 Tron-catalyzed C-H
Shi and co-workers developed @ nove iron-catlyzed C(sp’)-C(5p") bond-forming.

reacion between alcahols and olefins through direct C(sp’+H funciionalization, and
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Scheme 5.5 Irom-catalyzed C-H actvation by Shi r al.

As there have been some excellnt reports that showed C-H actvation of

unactivated substates s posible,”"” it is of possiilies that a rich varety of

catlysts will undoubiedly become an indispensable tool for sustainsble syntheses of

complex moleculs.
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Appendix

Figure Al: 'H NMR spectrum for LI.

PP
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Figure A2: 'H NMR spectrum for L2.
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Figure A3: 'H NMR spectrum for L3.
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Figure Ad:

NMR spectrum for L4.
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Figure AS:

NMR spectrum for L6.




Figure A6:: 'H NMR spectrum for L7.




Figure A7: MALDI-TOF spectrum for {FeCI[O:N|"""" };2)
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Figure AS: MALDI-TOF spectrum for {FeCI[O:N|™""“"}; (3)
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Figure A9: MALDI-TOF spectrum for (FeCI[O;N|*™**™" }(4)
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Figure A10: MALDL-TOF spectrum for {FeCI[O:N|BuBuBn }:(6)




Figure AL1: MALDLTOF spectrum for (FeCI[O:N|"™}:(7)
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Figure A12: Molecular structure (ORTEP) and complete atom labeling.

of (FeCION|™""},. Ellipsoids shown at 50% probability.

Hydrogen atoms omited for claiy

‘Table Al: Bond lengths (A) for (FeCI/ON]""""),
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 Hydrogen

of {FeCI[0:N|"™™*} Ellipsoids shown at 50% probabi
atoms omitted for clarity.
Table A4: Bond lengths (A) for {FeCI[O;N]**"""};
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Bi2

Figure A14: Molecular structure (ORTEP) and complete atom labeling

of FeBr[O:NH]*"™, Ellipsoids shown at 50% probabil

Hydrogen atoms omited for claiy.
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"H NMR data of pled products and radi

(for Chapter 3)

lohexylbenzene. ' NMR (500 MHz, CDC, 5): 244 (m. 1H.
fr xD(m o, i)

I-cyclohexyl-3-methoxybenzene. ' NMR (500 Mz, CDCl, 5
S OCHY 1 o T e 6 0.

Tale3, Eaiy hexyh-4-Muorubenzene. ' NMR (500 Miiz. CDC,,5): 247
(m, 1H, ATCH: 139-1.84 (m, 10H. CF).

Table 3.1, Entry §¢ H NMR (500 Mitz, CDCl, 53
IHACH) |>51m(m 108, cm

Table 3.1, Eat methylbenzeae. 'Hl NMR (500 MHz. CDCH, 5):
708 o 8 35 o A 0 S CH 9 S 5T,
cHy.

‘Table 3.1, Entry 7 1-cyclohexyl-2-methylbenzene.'H{ NMR (500 Miiz, CDC,, ):
7.14 (m, 4H, ArH; .70 (m, 1H, ArCH); 23 (5 3H, ACHy): 215 m. SH, CF), 1.53
(m,2H, CH2);1.39 (m, 3H, CIE).

“Table 3.1, Entry 8 1-cyclohexyl-4-methoxybenzene. 'H NVIR (500 Mz, CDC, &)
71342640, 2: 37903, OCH): 24 . I4AKC; 81 SH. 1t

D23, Eaty 1 g methienons. H NV (300 M5 DO, 5373 6.
2, CHE); 233 (5, 3H, ATCH
“Table 3.2, Entry 2: 2-benzyle1 3-dimethylbenzene. 'H NNIR (500 Mz, CDCl, o)
405,20, mu,m, 35 o i A

312 om0 1, CDCl 3
i 0 A 2 H).
I.)-tm(lkﬂlmulylbenyl)belune HNMR (500 Mitz, CDC,

24 (5 6H, ATCH).

SR e

Table 33, Ex methylbenzene. ' NMR (300 Mz, CDCh,
93512, CHCI; 270, HLAICH 23 0 3 ALCH) 184 . 2H,

§

Tabe 33, Eney : L C-charoprog--Baorbeazee. I NMR (500 M, CDCly
8351 (dd, 2H, cucn 275 ( 2H, ACH:); 20 H)

Table 33, Entry 3: 1-(4-chlorobutyl)2- m:llylknx:n:. HNMR (300 M. CDC. )
3.61m 3, CIECY: 2.6 . 2L ACHE: 1.1 (. 28, CHCH 169

167



Entry 4: 1-methyl-2-octyIbenzeac. ' NMR (500 Mz CDCL 5 741 (5

A T A T S ATCH 4 B At

108, CHs x. 103 u.m CHCH),

Table :1.3dimethyl-2-oetylbenzeme. ' NMR (500 MHz, CDCl, B 258

(m,mmcm o oA B e AR 38 o o
Hy).

muu Eatry 6: 1-methyl-2-propylbenzene. 'H NMR (500 MHz, CDCl, ) 258 (m,
HLACH: 239 o S ARCH 1160 0 3, AFCIE) 098 (m 20, C1E)
“Table 3.3, Entry 7 1-fluoro-&-propy benzene. 'H NMR (500 Mz, CDC,, 51 260
24, ACH mm 2H, crm.nqz 3H, um

H MR (500 MHz, CDCl, )
241 (LG Amm,:xm gy AnCIIv) s S0 ARCHLCIE: 092 1, 10
'H NMR (500 MHz, CDCy, ):
ey DCH.).zznm I 45 3 NI 13 S CHE
0870 3H,
Table 3.4, m.y: nﬂ utyl-2-methylbenzene. 'H NMR (500 Mz, CDCl, 5): 233
o ALCH: 209 1 1. ALCH: 146 m. 2. ACHE) 129 (. 30 CHCHY; 092 .
3H, CHC

Table 34, huy
Art‘ll)‘ 145 m,

e, MR 0 M D 5235 (o e
A 18t S cuum,nm.:u CHCHy

E:

P A.cu.»,uum HACH

(m, 38, CH,CH

“Table 3.5, Ea m 20
2 1 W, CH) 4.12(m,

mul.nux \m.:n LH,L‘N;

o B CHON 130 S CHCH 038

thypbnetiy - lsane. H NN (500 Mz CDCl

375 2, OCH 21 . A
7m, 21, CHLCHCI)

oty HNMR (5 mmu..mcn, a2,

LI 385 RIS 3 1 CHCONLI 6 WA 156,
20 ACHLCH:; 21, CHCH, CO); 140 4, 31,
“Table 3.5, Eatry 4: cthyl -(4-woroy M\vl!h:nnmu. HNMR (500 Mz, CDC, )
4150024, OCH) 261 (21 ALCH 3 m, 2, CHLCO 65 (. 2,
ACHCI 3 COJ; 130 (m, 2H, ArCHCHCHy; m, 3H, CHy)
Table 35, :.», J-pk.ylhkyzlll!z.lll:p nNMR(mu MHz, COCH, 8
273 (m, 1, AICHY; 233 (1, 2H, CHCHCH) 1.42-1.78 (m, $H).




NMR Data for “Radical Clock” Experiments.
5 bty om0, CDCl, 5100
O/\/\/ =CH, 1H,); 497(m, ~CHy, 2H); 2.59(m, C1
S0 200, 2.

s Bt OV S0 SN
CH, 11, .02 2H.),269(m, CH 20,
NS G ity

(s e GO 1 5
O BB B S .




GC Traces and Mass Spectra of Selected Products Given in C}

Table 3., Entry 7200
=821 min. By-product, biphenyl: R = 8623 min.

m




‘Table 3.1, Entey 2: Dodecane intermal standard: R, = 7.204 min, 1-<yclohexyl-3-
methoxybenzenec: R, =9.$81 min. By-product, 3 3-dimethoxybiphenyl, R, = 12839 min.

- B o
|

i
|
% i

m



‘Table 3.1, Entry 3: Dodecane intenal sandard: R,=7.202 min. 1 cyclohexyl4-
R, = 8282 min. By-product, 4-ifluorobiphenyl: R = §.594 min.




‘Table 3.1, Eatry § (MW method): Dodecane intemal sndard: R, = 7.203 min.
(Cyclohexcne: R, = 5.286 min. Saring mater

L cyclohexyl bromide: R, = 4.174 min.




‘Table 3.1, Entry S: Dodecane intemal sandard: R,= 7204 min. I-
cxclobexylnaphitalene: R, = 12.915 min.

1y
|




“Table 3.1, Entry 6: Dodecane ntermal standard:

= 6,694 min. 1-<yclohexyl-4-

methylbenzene: R = 8440 min. By-product, 4 #dimethylbiphenyl: R, = 9,588 min.

= ‘
-

17s



‘Table 3.1, Entry 7: Dodecane intemal sandard: R, = 6.726 mi. | cyclohexyl2-
methylbenzene:

176




Table 3.1, Entry 8 (Heated to 40 °C): Dodecane internal sandard: R, = 7.203 min. 1-
=996

Ry 4413 min.

ceveen il




“Table 3.1, Entry 8 (MW method): Dodecane inernal sandard: R, 7.206 min. 1-
R,=9.967 min. 4 R,

= 13.468 min.




‘Table 3.2, Entry 1: Dodecane intemal standard R = 6724 min. |-benzyl-2-
methylbenzene, R =9.155 min. By-product: 2.2dimethylbiphenyl, R = §447 min.

=
=

E |




“Table 3.2, Entry 2: Dodecane intemal standard R, = 6694 min. 2-benzyl-|3-
tctramethylbipheny,

dimethylbenzene, R, =9.630 min. By-product:2,
min. 1.2-diphenylthane, R, =.062 min.

|
g

.




able 3.2, Entry 3: Dodecane inernal standard R, = 6.689 min. 1,3-bis(2-
R=14.067 min. 2 R84l




“Table 3.3, Entry 1: Dodecane intrnal standard R 6.461 min. 1-(<hloropropyl)-2-
methylbenzene, R, =7.520 min. By-product: 2.2-dimethylbiphenyl, R, = 8.195 min.

) -
Pty -‘“.‘mmmr,.‘r.\..,.‘.M.M“..,,.




idard R, 7213 i, 13-

“Table 3.3, Entry 2 (MW method): Dodecane inernal
N R~ 7.501 min.

8599 min.

wwm ] ow e 1 m




Table33, i 6693 min
methylbenzene, R = 8.513 min. By-product: 22"dimethylbiphenyl, R, = 8.416 min.

k-‘mlm-.:mm_u STl

el




Table 33, Entry 4: 7206 min.
832 min. By-product: 2.2-dimethylbiphenyl, R = 8.908 min,




Table 3.3, Eatry § (MW method): Dodecan intemal stndard R, = 7.203 min. 1.3+
dimethyl-2-octylbenzene, R, = 10.576 min. By-product:

“o00min
-
_: | |
- |
A | |t =




Table 3.3, Entry 6: Dodecane intemal standard R, = 7202 min. |-methyl-2-
propylbenzene, R, = 6166 min. By-product: 22 dimethylbipheny, R, = 896 min.




“Table 3.3, Entry 7: Dodecane inernal sandard R, =7.204 min. 1-luoro-4-
propylbenzene, R, = 5224 min. By-product: 4.4diflaoxobiphenyl, R, = 8.594 min.

|
a0 e | e n | e




Table 3.3, Entry 8 (MW method): Dodecane intemal standard R, = 7207 min. 1.3+
i R=7.079 min. iphenyl, R,

9399 min.

1



“Table 3.4, Entry 2: Dodecane intemal standard R, = 7203 min. |-sc-butyl-4-
methosybenzene, R, = 7733 min.




‘Table 3.4, Entry 2 (MW method): Dodecane intemal standard R
butyl-4-methosybenzene, R, = 7.734 min.

208 min. 1-sec-




‘Table 3.4, Entry 3: Dodecane inernl sandard R,
methylbenzene, R,

208 min. 1-sec-butyl-2-
605 min. By-product: 2.2-dimethylbiphenyl, R, = 8907 min.

L



“Table 3.4, Entry 3 (MW method at 100 °C): Dodecane intemal standard R, =7.202
min, 1-sec-butyl- 2-methylhenzene, R, = 6,602 min, By-product: .2-dimethylbiphenyl, R,
=8908 min.

- = | -
- 1




Table 3.4, Entry 3 (MW method at 180 °C): Dodecane inernal sandard R, =7.205 min.

R, 6.60S min. By-product: 2, R=
8908 min.
i - -
- i |



Table 3.4,

Ry=7.204 min.

5.649 min. By-product: biphenyl, R, = $.623 min.

R R
=

195



“Table 3.4, Entry 4 (MW method): Dodecane intermal standard R,=7.220 mi. sec-

butylbenzene, R, = 5,650 min. By-product:biphenyl, R, = 8.631 min.

e i i e e e “L:.ui;-’«”-uﬂ .




‘Table 3.4, Entry 5: Dodecan intrnalsandard R, = 7.204 min. 1-sec-butyl-2-
methylbenzene, R = 6.538 min. By-product: 44dimethybiphenyl, R, = 10,124 mn.

197



Table 35, Eatry =7.206 min.
1.3-dioxane, R, = 10264 min. By-product: 2.2-dimethylbiphenyl, R




Table 35, Eatry R-7200
1398 min. By-product: 22dimethylbipheny1, R, = $908 min. Other small paks.
are impuritesfrom the stating mateial,ehyl-6-bromohexancat.
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‘Table 3.5, Entry 4: Dodecane intrnal sandard R, = 7.206 min. Ethyl 6-(4-
R=10497 min.




Tableds,

R,=10.495 min. Y R~

8592 min.

.
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‘Table 35, Entry 7: Dodecan intrmal sandard R, = 7.206 min. (15.25.4R)2-
phenylbicyclo[2.2. 1 Jheptane, R, =8.964 min. By-product: iphenyL, R,

el

0



Table 3.5, Entry 7 (MW method): Dodecan intemal standand R, = 7209 mis.
1 1] heptane, R, = 8.968 min. R~

8624 min

T Y
J Ly




GC traces of adical clock experiments.

R~ 534 min.

85 min

R

24min. 22"

R=806







"H NVIR data of cross-coupled products (for Chapter 4)

Dio-tolylmethane (500 Miiz, CDCl. 51 384(s CHz, 2H); 219 (5, CH, 6H.).

12 dio-tolylethane (500 MHz, CDCl, 5 278(s, CHs, 414); 2245, Cl, 61,

i S0 O, 5 198l
o0
Dlnninhse 0 M Ot 371 T )
Qe
AW ARS

@
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GC traces of cross-coupling products: o-tolyl Grignard Reagent with

Dichloromethane
Table 4.1, Entry 1: Dodecanc inernal standard R, = 6.728 min, dio-tolylmethanc, R, =

9.768 min, 1.2dio-tolylethane, R, = 10.340 min. 2.2 imethylbiphenyl, R, = 8.450 min.
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