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Chapter 1

Mechanistic Studies on Hydrocyanation

Reactions: a General Introduction.

In this chapter, an overview will be given on thiterature dealing
with mechanistic studies on the hydrocyanation tieac Pertinent
data on this topic are not easily available, duethie instability of
the reactive intermediates and the lack of isolatdéalyst species.
However, mechanistic considerations are imperatorea detailed
understanding of the reaction. Especially a profikmowledge of
the delicate structure-performance relation of thatalyst and
intermediate species and on the product format®missing. The

major focus of this thesis is to elucidate somihe$e aspects.




Chapter 1

1.1. Introduction

Hydrocyanation is the process in which HCN is adderbss a double bond of an
alkene to form a nitriléScheme 1.1).Nitriles are very versatile building blocks thainc
be used as precursors for amines, isocyanates,eamarboxylic acids and esters
(Scheme 1.23.

R
R~ H—CN- R\/\CN + Y

Scheme 1.1. Hydrocyanation of alkenes.

R”CH,NH,

/\C,R' ~n-NHy
| I
o)

R'MgBr |H:
-NHNH20 H,0

~g-NHOH - +nH,0H

R

2 H,0
RN —wy, R

H,0
H2S -NH3;\R'OH
Ha
SnCl,

_H
R7>C

O

R Il
NH

Scheme 1.2. Synthetic versatility of nitriles.

Despite the apparent simplicity of addition reaasido alkenes, it is still an important
challenge to control the regioselectivity of sualbgesses. For example, the achiral
(linear) anti-Markovnikov products are importantemmediates for the chemical industry.
Every year linear aliphatic alcohols and aminespaiogluced on a multimillion ton scale
as bulk-chemical intermediates. Due to the rel§tivew price of these products, the
corresponding production processes must be hidfitiemt (product yields > 95%, low

catalyst costs, etc.).

12



Mechanistic Studies on Hydrocyanation Reaction: a General Introduction.

On the other hand, the chiral branched productsofiem intermediates in organic
synthesis on a smaller scale and for natural prtosirthesis. They are also valuable for
the fine chemical industry as intermediates forrpteeceuticals and agrochemicals. Apart
from the aspect of regioselectivity, the controlstéreochemistry is an important issue
for these reactions.

In the last decades, more studies have therefauesénl on the synthesis of nitriles,
based on HCN addition to alkenes or to relatedesystin the presence of a transition
metal catalyst, most commonly based on niéKetis reaction can be considered as an
important tool in synthetic chemistry. On the othand the difficulties in handling the
highly toxic, volatile HCN compound is often regaddas a serious drawback. In fact,
most of the literature regarding this topic comesnt industrial rather than from
academic laboratories.

The first report dealing with a homogeneously gatadl hydrogen cyanide addition
to non-functionalized alkenes goes back as far9el and was published by Arthat
al.’ In this paper several alkenes were transformedhéocbrresponding nitriles using
Cox(CO) as pre-catalyst.

The most outstanding example for the applicatiomyafrocyanation is the DuPont
adiponitrile  process (Scheme  1°3). Adiponitrile is the precursor of

hexamethylene-diamine, one of the building bloakstlie synthesis of Nylon 6,6 and is

CN
Ni(cod),, L
N —2- /\/\CN + )\/
HCN
butadiene 3-pentenenitrile 2-methyl-3-butenenitrile

Do |

isomerization

/\/\CN NiL4, Lewis acid

NC
HCN

3-pentenenitrile adiponitrile

- Nylon(6,6)

—_—

Scheme 1.3. The DuPont adiponitrile process.
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Chapter 1

obtained by hydrocyanation of butadiene in the gmes of nickel(0) phosphite species.
This technology for direct addition of HCN to buite was unknown until the late
1960's. Since then, the commercial importance eflt#rge-scale adiponitrile synthesis
has forced a number of closer investigations is #iried. Particular efforts have been
made to find an eligible catalyst. Efficient catlsystems have been developed that
show a high degree of product selectivity, suppoessf the formation of side products,
improved turnover rates of the catalyst, and shagaction time§. Although a deeper
insight into the reaction mechanism would enable tevelopment of tailor-made
catalysts for special, well-defined purposes, themdbgeneously -catalyzed
hydrocyanation is still not fully understood.

In this introduction, the chemistry behind the yamanation reaction will be
discussed prevalently from a mechanistic pointieiw starting with a detailed overview
of the DuPont process. The discussion will be eldnto other classes of substrates
applied in hydrocyanation. Examples focus on nideghlyzed reactions while a brief

overview on the use of other metals will concludge ¢hapter.

1.2. The DuPont process: first studies on the reaction mechanism and

the hydrocyanation of butadiene

The synthesis of adiponitrile (AdN) based on a eldgatalyzed double
hydrocyanation of butadiene is a major industriatcess for homogeneous catalysis
(Scheme 1.39.In the first step, hydrocyanation of butadiened&edo a mixture of
mononitriles, the desired 3-pentenenitrile  (3PN) danthe undesired
2-methyl-3-butenenitrile (2M3BN). The branched igwmmeeds to be isomerized to the
linear 3PN. The second hydrocyanation of 3PN preduddN. This reaction only
proceeds with the assistance of a Lewis acid calsit Extensive mechanistic
investigations, in particular by the DuPont groatarted to appear more than 30 years

ago.

14



Mechanistic Studies on Hydrocyanation Reaction: a General Introduction.

The discovery that monodentate phosphine and pitesphsed zero-valent nickel
complexes catalyze the hydrocyanation of butadiedeto extensive studies on the
formation and reactivity of [Nik] complexes (Scheme 1.4, 1.5 and £.6).particular, a
detailed understanding of the solution behaviortestiary phosphine and phosphite
complexes of nickel was developBdExperiments have shown that electronic effects
play only a secondary role compared to steric &ffet determining the stability of the
Ni(0) complexes studied and the strength of theketiphosphorus bond. Electronic
factors contribute to the substitutional reactivfy{NiL 4] complexes and were measured
by IR spectroscopy using the change of the carbonlgtation frequency vco) in
[Ni(CO)sL] complexes:* For example, the-acceptor character of the ligand increases
the stability of the Ni(0) complexes. Steric fastaf a ligand L are defined by the
Tolman cone ang¥® Complexes with a small ligand cone angle of ~1G9fh as
[Ni[P(OEt)s]4], do not show dissociation even in dilute solusiofrurthermore, the

chelation effect of a bidentate ligand also coniies to the complex stability.

N|L4 —_— NiL3+ L

Scheme 1.4. Ligand dissociation of [NiL4] complexes.

The isolation of the 16-electron complex [Ni[P¢@elyl)3]]*? containing the bulky
monophosphite & = 141°Y° provided a remarkable opportunity to study howious
components of the catalytic system interact wittkel. Furthermore, alkene complexes
of the formula [Ni(alkene)t] have been isolated and characterize@he isolable or
spectroscopically detectable alkene complexes aenerglly 16-electron complex&sit
appears that substitution occurs through assoeigtithways. The stability of the alkene
complexes seems to be determined by the stericeterdronic character of both the
phosphorus ligand and the alkene. However, thetiaddof tri-o-tolyl phosphite to a
solution of  [Ni(ethene)[P(@-tolyl)3];] rapidly leads to tris- or
tetrakis-Nip-tolyl-phosphite) complexes (Scheme 1.5). Moreowbe importance of
metal to alkenern-electron donation in the alkene complexes wascatdd by the
guantitative displacement of ethene by acrylomitriin this case, the strength of the

metal-alkene bond was greatly enhanced by the gqeplant of one H of ethene by the

15



Chapter 1

more electronegative CN. The higher stability of terylonitrile complex is clearly an
electronic effect since ethene, the smaller alkehehe two, should be sterically

preferred.

olefin + NiL3 (olefin)NiL2 + L

Scheme 1.5. Alkene coordination to [NiLs] complexes.

The formation and decomposition of nickel hydridesl especially [HNi(CN)§] was
also studied by Tolmalt. Hydrogen cyanide is a weak acid (pkK 9) that, in the
presence of a Lewis acid, can become considerafdgger. Addition of HCN to Ni(0)
complexes gives the five-coordinated nickel hydrigecies [HNi(CN)k], which have
been characterized in solution By and*'P NMR as well as by IR spectroscopy for a
variety of [NiLy] complexes. The protonation precedes ligand diaion (Scheme 1.6).
Furthermore, ligand dissociation to form the [HNW)C ;] species can be observed only
for bulky ligands. The addition of an excess of HIehids to the irreversible formation of
[Ni(I)(CN) 2L5] complexes?® These complexes are not active in the hydrocyamati

reaction and their formation is considered as th@nreason for catalyst deactivation.

NiL, + HCN HNiL,"CN-

HNiL,"CN" HNIL3CN + L

Scheme 1.6. HCN coordination to [NiL,] complexes.

The first mechanistic studies have been publisimedtbene hydrocyanation (Scheme
1.7)1" 8 By substituting HCN for DCN, propionitrile is ford in which deuterium is
scrambled between theandp position. This indicates that the nickel hydrigdiglition to
ethene is reversible and occurs rapidly with respec the irreversible reductive
elimination of propionitrile’” Furthermore, the intermediate [Ni(I1){8s)L(CN)(CzHJ)]
has been characterized by NMR as the most stalikrmadiate in the ethene

hydrocyanation. In the catalytic cycle this intediae undergoes reductive elimination

16



Mechanistic Studies on Hydrocyanation Reaction: a General Introduction.

EtCN
L. CH, HCN
Ni— 1l
L CH,
SLow
L CoH
A H,C=CH,
L—Ni~Et I
/ Lp—Ni-H
NC &N
L
L
H20|=CH2 H2C|:CH2
L-Ni-Et EAST L-Ni-H
CoHy

Scheme 1.7. Catalytic cycle for the nickel-catalyzed hydrocyanation of ethene with monodentate

ligands proposed by McKinney.*®

of the nitrile product and regenerates the activ®)Ncatalystvia coordination of an
additional ligand. The stability of the isolablei{(l(C ;Hs)L(CN)(C,H4)] complex in
combination with a detailed kinetic analysis ledtb@ conclusion that the reductive
elimination is the rate determining step of thectiem '®

The reaction of butadiene (BD) proceeds througlatiredly stabler-allyl nickel
cyanide intermediates. These 18-electron specigs baen extensively characterized
using IR, UV and NMR spectroscopyThe addition of butadiene and HCN to the NiL
complex at 25°C leads to the irreversible formatdrther-allyl nickel cyanide species
(Figure 1.1)\" At higher temperature carbon-carbon coupling cector form 3PN
(coupling of CN with G, Figure 1.1 and Scheme 1.3) and 2M3BN (couplinGN with
Cs, Figure 1.1 and Scheme 1.3) in a 2:1 ratio forcbinplexes with monophosphite
ligands. Except for the first and the last 15%h@& teaction, the rate is nearly zero order
in both [HCN] and [BD], indicating that the consutiom of the intermediate, rather than

its formation, is rate determining.
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Chapter 1

3
N 2 Py P
/N| C /Ni\ >
PP P

teallyl cyanide complex bis-chelate complex

Figure 1.1. m-Allyl nickel cyanide complex and bis-chelate complex.

Keim et al®® compared the reactivity of conjugated and isolatiéenes. The
hydrocyanation of conjugated dienes yielded main#radducts. The conversion of the
diene decreased in the series butadiene > piperylenisoprene indicative for the
formation ofn®-allyl systems, which show different stabilitieshel hydrocyanation of
non-conjugatedo,o-dienes, such as 1,4-pentadiene, 1,5-hexadiene,1ahdctadiene
yielded various nitriles depending on the numbemethylene groups separating the two
double bonds. The products originating mainly froomjugated dienes are formed by
isomerization, followed by hydrocyanatioia an allyl mechanism.

A pronounced factor in controlling hydrocyanati@esed to be the steric influence
of the ligand®® Active catalysts based on monodentate ligands lave angles of
120-130°. In the ‘90s the monodentate phosphitese weplaced by bulky bidentate
ligands, which form catalysts superior in termsaofivity and efficiency. In particular
catalysts based on chelatingacceptor ligands show high activity in the reattio
although the high affinity for the Ni(0) center clad to the formation of inactive bis-
chelate species (Figure 12)In addition, the formation of bis-chelates is disfred for
bulky ligands.

In 1991 Baker et al. reported on the synthesis loibhenol-based diphosphite Ni(0)

complex and its activity in butadiene hydrocyamatioqFigure 1.2f%> The

Figure 1.2. Biphenol-based diphosphite ligand used by Baker et al.”*

18



Mechanistic Studies on Hydrocyanation Reaction: a General Introduction.

Ni-catalyst based on the diphosphite ligand, tholegls selective, showed an increased
catalyst turnover of at least four times that af tommercially applied DuPont system
[Ni[P(OCeHsMe-p)3a].

More recently, RajanBabu reported on the first gdamof a low temperature
hydrocyanation of dienes including an asymmetricsiom® The hydrocyanation of
1,3-dienes was attempted applying various ligamitiveld fromD-glucose (Scheme 1.8).
1-Phenyl-1,3-butadiene depicted in Scheme 1.8 @#% vyield and 78%ee for the
1,2-addition product using bis-3,5-dimethylphenygpphinite L3 as ligand.
Hydrocyanation of other 1,3-dienes was carriedsouilarly obtaining moderate to high

e€s.

CN
Phosphinite ligand (L1-L4) e
©/\/\ Ni(cod), (3 mol%)

toluene, from -15 to 22 C,

24-48h
Ligand Ar
L1 Ph

H L2 3,5-(CF3),-CgH

2-(LF3)a-Cels
PhngZo
AP0~ Lopn L3 3,5-(CHa)-CoHz
OPAr,

L4 3,5-difluoro-CgHs

Scheme 1.8. 1,3-Diene hydrocyanation reported by RajanBabu et al.?®

1.3. The DuPont process. isomerization of 2-methyl-3-butenenitrile

and C-CN bond activation

In a practical sense, the formation of 2M3BN is esithble because its direct
hydrocyanation cannot give AdN. Nevertheless, 2M3B&h be isomerized to 3PN
(Scheme 1.3). The isomerization can be catalyzethéysame Ni(0) catalyst applied in
the hydrocyanation reaction. Tolman studied thepleration of different cyanoalkenes

to the nickel metal center, using togelyl-phosphite as ligant. The complexation is

19



Chapter 1

favored for cyanoalkenes with a terminal alkenebd@uoond and by conjugation of the
double bond with the nitrile. Consequently, themiexal alkene 2M3BN will coordinate
to the metal center faster than the internal alk&#d. Furthermore, a decrease in solvent
polarity has been found to generally stabilizeileitomplexes.

The first publications on 2M3BN isomerization refgor that the reaction is facilitated
by the addition of a Lewis acid, such as ziCl Experiments have been carried out
with deuterium-labeled (-CPgroup) 2M3BN in the presence of [Ni[P(@tolyl)s]4] and
ZnCl, at 110°C® The deuterium label was found in both the metmd anethylene
groups of the resulting 3PN (Scheme 1.9). It se#mas the mechanism involves a
dehydrocyanation of the substrate. This resulbissistent with the observation of small

amounts of butadiene in the reaction mixture.

D ot (D)
/\) NiL, /\/ K\/\
= VA _— CN

HCN
I © . &)
HNIL,CN

Scheme 1.9. Deuterium scrambling in the isomerization reaction.

In combination with Ni(cod) phosphine€?"?¢ phosphinite¥, phosphonite&?’
and phosphité8 are reported to catalyze the isomerization reaatithout the addition
of Lewis acids. The catalysis has also been peddromder biphasic conditions (ionic
liquid/organic solvent) in the presence of ionicopphites® The reaction showed
sensitivity to the nature of the anions and catiofsthe ionic liquids. Moreover,
partitition experiments showed that the catalyss wamobilized in the ionic phase and
recycling of the catalyst was possible, althougtilieg to significant deactivation.

An important contribution to the understanding dfe tisomerization reaction
mechanism comes from the investigation of C-CN boledvage reactions mediated by
Ni(0) complexes reported by the group of Jones.ciR&a of [[(dippe)NiH}] (dippe =
diisopropylphosphinoethane) with a variety of &yt heteroaryt', and alkyf® cyanides
have demonstrated the formation of a Nif®nitrile complex, which undergoes
oxidative addition eithewvia C-CN or C-H cleavage to form a nickel(ll) complex
(Scheme 1.10). This electron-rich Ni(0) fragment cdeave the C-CN bonds of aryl

20



Mechanistic Studies on Hydrocyanation Reaction: a General Introduction.

nitriles and heterocyclic nitriles under very mddnditions*>*! The C-C bond cleavage
proceedsvia n’coordination of the nitriles and is reversible.eTeame cleavage is
observed for alkyl cyanides and is irreversible vesl.>* For the smaller substrate
acetonitrile, such activation proceeds both thelymahd photochemically. For larger
nitriles the process does not proceed thermally dngs occur under photochemical
conditions. The interaction of acetonitrile witretNi catalyst was also studied by DFT
calculations® The C-CN bond activation was found to be favoraeroC-H bond

activation due to the strong thermodynamic driviogce and slightly lower kinetic

barrier.

iPr,
C-C activation [P\Ni/R
” “CN
iPFQ
/Pr2 iprz
\ RCN P\ . N
Pt e ey
I |
Pr2 ’Pr2 Pr, R ’P
2
[(dippe)NiH], n>-nitrile Ni(0)
complex > [ PALN
C-H activation R'CN
’sz

Scheme 1.10. General scheme for the C-C and C-H cleavage of nitriles using [(dippe)NiH], as

catalyst.

Reaction of [[(dippe)NiH] with allyl cyanide at low temperature has alscerbe
reported* to quantitatively generate thg-alkene complex (Scheme 1.11). At ambient
temperature or above, the alkene complex is coeddd a mixture of C-CN cleavage
product and alkene isomerization products, whiah farmedvia C-H activation. The
latter ones are the exclusive products at longactien times; indicating that C-CN
cleavage is reversible and the crotonitrile compethermodynamically more stable than
n-allyl species. Addition of the Lewis acid BPlo the n*alkene complex at low
temperature yields exclusively the C-CN activation product
[Ni(n>-allyl)(CNBPhs)(dippe)]3** This complex as well as the [Niallyl)(CN)(dippe)]
species have been fully characterized by X-rayratiffon studied*® Both complexes

show a square pyramidal Ni-center with the CN grougpical position.
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iPrz
P CN
C jNi—(
P
i ’Pr2
IE r2 cis-crotonitrile Ni(0)
C-H activation E >l\lli—v—CN complex
THF-dg P +
; ra IPr2 NC
Pry, CN P\
P\ ) l: Ni_/
/NI—/ — p/
P Pry
'Pry i L
;’rz CN trans-crotonitrile Ni(0)
2-olefin Ni(0 . complex
n ©) THF-dg [ \,\'“_\9

complex C-C activation p/

iPrz

n3-allyl complex

Scheme 1.11. The C-C and C-H cleavage of allyl cyanide using [(dippe)NiH], as catalyst

proposed by Jones et al.>*

Sabo-Etiennest al presented a mechanism for the isomerization c32Nlto 3PN
using the [Ni(PMg),] catalyst that was supported by DFT calculatithaccording to
these calculations, there are five steps (Scherti2) linvolved in the mechanism,
beginning with the coordination of the Ni-catalystthe C=C bond of 2M3BN. The
C-CN bond was shown to be cleaved, formings-allylic species that was further
iIsomerized into ar-allylic species. This intermediate rearrangedhfertto a branched
o-allylic species and finally, the C-CN bond waseemed giving the Ni-3PN complex.

However, experimental evideridg*®

would suggest a transition state, in which both th
carbon atoms involved in the C-CN bond are cootdmhdo the metal center, instead of
an allylic coordination, as presented by Sabo-Bgen In this case the
o-alkyl complex B' would be generated after the atik addition of 2M3BN and the
c-alkyl complex B would be formed before the reduetielimination of 3PN.
Furthermore, the [Nif-crotyl)(CN)(PPR),] has been isolated and characterized by NMR
and X-ray spectroscopy, showing a pseudo-tetrah@&treenter with the crotyl unit in

the apical position.
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Scheme 1.12. Mechanism for the 2M3BN isomerization proposed by Sabo-Etienne, et al.

Vogt et al performed spectroscopic studies on the reducélmnination step
associated with the 2M3BN isomerizationThe activation parameters of this reaction
were determined for the [Ni(cod)(DPEphos)] catalggstem (Scheme 1.13), and the
individual reaction steps were studied by NMR. Tiewersibility of the reductive
elimination was demonstrated. The catalytic resigdtsthe isomerization of 2M3BN to
3PN pointed to zero order kinetics in substraterddoer, the C-CN activation product
[Ni(n>-crotyl)(CN*ZnCL)(DPEphos){®® was  synthesized independently and
characterized by single-crystal X-ray diffractiomhe molecular structure is best

described as pseudo-tetrahedral around the niekeéc
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CN

2M3BN 3PN

o 1
(/Niz\"—|
P CN

Scheme 1.13. Catalytic cycle for the Ni(0)-catalyzed isomerization proposed by Vogt et al. and
molecular structure of [Ni(n®-crotyl)(CN*ZnCl,)(DPEphos)].*

Also, stoichiometric and catalytic isomerizationactons of 2M3BN with
[[(dippe)NiH];] in different solvents and at different temperatihave been described in
order to further investigate the mechanistic detafl this system® The stoichiometric
reaction was monitored by NMR and the mechanismwehan Scheme 1.14 was
proposed. Two possible pathways for the bond aobiwaresulting in the formation of
n-allylic intermediates based on C-CN activatiorCeH activation are considered. These
intermediates undergo further rearrangement to fagither n?-coordinated, non
conjugated 3PN on’coordinated, conjugated 2-methyl-2-butenenitr2®2BN). 3PN
undergoes C-H cleavage to produce the more statmgugated 2-pentenenitrile (2PN).
Reactions of 2PN and 2M2BN with [[(dippe)Niflindicated that there is no reverse
equilibrium. A series of reactions were run with 2BN to determine the molecularity of
the system. The resulting data show a first oreégreddence in 2M3BN. Additionally, a
variation of nickel concentration also showed atforder dependence of the initial rate,
indicating that the reaction is overall second ordé&e apparent contradictory results on
the order in substrate for the isomerization reaciescribed by Vodt and Jone$

might be explained by the difference in activity tbe two systems or by the dimeric
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Scheme 1.14. The C-C and C-H cleavage of allyl cyanide using [(dippe)NiH], as catalyst

proposed by Jones et al.*®

nature of the catalyst precursor applied by Johes$act, dippe is a very electron-rich
ligand and therefore not comparable in terms ofvigtand selectivity with the
n-acceptor phosphite ligands commonly applied in tBRI3BN isomerization.
Furthermore, C-H cleavage appeared to be favoregolar solvents, whereas C-C
cleavage is favored in non-polar solvent. This atawn was attributed to the different
solvation of the transition states.

Several other [Nil] systems have been investigated by Gaetial.*®****°The two
Ni(0) moieties [Ni(dcype)] and [Ni(dtbpe)] (dcype =
1,2-bis(dicyclohexylphosphino)ethane, dtbpe = IJigfddtert-butyl-phosphino)ethane;
Figure 1.3), convert 2M3BN under catalytic condigpalthough the branch&2M2BN
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product was preferret.In the case of 2M3BN and 3PN, therotyl metal complex was
observed in solution and characterized by NMR g$pscopy. The use of
bis-diphenylphosphinoferrocene (dppf) (Figure 1a3) ligand and Ni(cod)as metal
precursor gave modest to good yields and selgesvih the isomerization of 2M3BN
towards 3PN A decrease in the catalytic activity of the sysieas observed when the
electronic properties of the phosphorus atom wexged from ac-donorfi-acceptor
ligand (dppf) to a stronger c-donor such as tBuppf
(bistert-butylphenylphosphinoferrocene). Crystals suitdbleX-ray diffraction studies
of [Ni(n*-crotyl)(CNBPh)(dppf)®® were obtained, showing a pseudotetrahedral
geometry around the Ni center. In addition, thestigaly of [Ni(TRIPHOS)] (TRIPHOS

= bis(2-diphenylphosphinoethyl)phenylphosphine, uFeg 1.3) with 2M3BN was
studied®® The C-H activation that promotes the formatiornhef branched isomeE and
Z-2M2BN was favored compared to the C-C activatiwhich enables the formation of
3PN (Scheme 1.14). The low yields for the lineaN3#ere attributed to the occurrence
of C-P bond cleavage reactions taking place infREPHOS ligand.

The characteristic activity of low-valent nickel naplexes toward the oxidative
addition of C-CN bonds has been applied in catalysi Nakao and Hiyama. They
reported that the insertion of an alkyne into aonaatic C-CN bond (arylcyanation of
alkynes) can be catalyzed by a nickel comfekhe choice of the ligand is critical for
this type of reaction to occur. The less hinderaed alectron-rich PMgis an efficient

ligand in arylcyanation reaction, as was also olegkrin similar cross-coupling

Fl’h

P

(Cy)oP P(Cy) (tBu),P  P(tBu), PPh,  PPh,
deype dtbpe TRIPHOS

2 /

X L

PPh2 P7< P\< PPh2
Fe Fe Fe Fe

PP =P @% < PPN
dppf tBuppf dipf dppf-N

Figure 1.3. Ligands applied in the isomerization of 2M3BN by Garcia et al.**3%4°
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Ni(cod)/PPhy(t-Bu) ~ Me_ CN
AlMes Pr Pr

| |

Me, Ni-CN--—-AlMe;

MeCN + Pr————Fr

N___
MeCN-—-AlMe; —= Me\Ni,C AlMe;

Pr Pr

Scheme 1.15. Ni-catalyzed carbocyanation of alkynes in the presence of Lewis acid proposed by

Nakao and Hiyama.*

reactions! In addition to alkynes, norbornene and norbormasliean be inserted into
C-CN bonds by this reactidfi.Moreover, C-CN bonds in allyl cyanides can be adue
alkynesvia a w-allyl nickel intermediaté? The utilization of C-CN bonds in alkyl
cyanides for catalytic reactions represents aaddliffitask. This is not only due to the
thermodynamic stability of the C&pCN bond but also to the susceptibility of the
intermediate, an alkylmetal cyanide complex, toargdp-hydride eliminatiorf® The -
hydride elimination of the alkylmetal cyanide sgecrepresents a difficulty also in the
hydrocyanation of monoalkenes, as will be explaimeBaragraph 1.6. Recently, Nakao
and Hiyama reported that the scope of the Ni-ca&alyarylcyanation reaction can be
expanded dramatically by the presence of a Lewis @scatalyst:* Under the improved
conditions, the C-CN bond in acetonitrile can beleatl across an alkyne triple bond
(Scheme 1.15). In fact, in stoichiometric systemgolving a cyano group, both the
oxidative additiof*® and the reductive eliminatibhare accelerated by the coordination

of the cyano group to the Lewis acids.

1.4. The DuPont process. hydrocyanation of 3-pentenenitrile,

formation of alkyl inter mediates and application of L ewis acids

The isomerization of the internal alkene 3PN to téreninal alkene 4-pentenenitrile
(4PN) is the starting point and the critical stapthe hydrocyanation of 3PN to AdN.
Unfortunately, there is a loss in yield becauseuhéesirable conjugated isomer 2PN is
also produced (Scheme 1.18)When a 3PN solution containing [Ni[P@tolyl)s]4] is
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treated with trifluoromethylsulfonic acid (1eq/Ni) 50°C, rapid isomerization occurs and
4PN and 2PN are produced in a ratio of 78:IThe kinetic preference for the
isomerization of an internal alkene to a terminkkeae is in contrast to the strong
thermodynamic preference for the conjugated isorB®N. The thermodynamic
distribution of the pentenenitriles at 50°C is 73031:1.5 (2PN:3PN:4PN). It should be
emphasized that the ratio 4PN:3PN never exceedsdudibrium ratio of about 0.07:1,
but arrives at that equilibrium ratio before angrsiicant production of 2PN. The use of
acids in the absence of nickel does not cause ispaien. It was proposed that nitrile
coordination may direct the nickel hydride additeeross the double bond as illustrated
in Scheme 1.16.

Scheme 1.17 summarizes the results of the hydratigemof 3PN and 4PN to give
ethylsuccinonitrile (ESN), methylglutaronitrile (M@, and adiponitrile (AdN). Lewis
acid addition affects both the rate of isomerizatid 3PN to 4PN and the relative rates of
formation of dinitrile products, as shown in Talld !’ These results illustrate that the
rate of hydrocyanation relative to isomerizatiohighest with AIC} and decreases in the

order AICk > ZnChL > BPh. Moreover, the selectivity towards adiponitrile is

CN
\E:\W H F] CN ) /”\T/\

N|—NC N

Scheme 1.16. Isomerization of 3PN towards 2PN or 4PN catalyzed by nickel hydride species,
proposed by McKinney.?

3PN 4PN

CN CN
/”\r/\ /)\v/\CN NC\/A\//\CN

CN
ESN MGN AdN

Scheme 1.17. Isomerization of 3PN to 4PN and formation of dinitriles as proposed by Tolman."’
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Table 1.1. Lewis acid effect on steady-state concentrations and relative hydrocyanation rates of

pentenenitriles® reported by Tolman.*’

Lewis acid ([4PNJ/[3PN]) ss° ks Ko ks Ka
AICI; 0.5/99.5 1.0 0.9 365 678
ZnCl, 3.0/97.0 1.0 1.5 220 1470
BPh, 7.0/93.0 1.0 1.1 39 1260

4 At 68°C in neat pentenenitriles with Ni[P(O-o-tolyl)z]s, P(O-o-tolyl)s, Lewis acid, and PN in the
molar ratio of 1:10:2:240. HCN was fed continuously at a rate of 30 mol of HCN/mol of Ni/h. b)
Pentenenitrile ratios at steady state as determined by GC.

different. The reason for the much poorer distidgnutvith AlCl3 (47.7% AdN) compared
to ZnCh (81.8% AdN) and BPH(90.5% AdN) is partly due to the lower value af(ks +
ky) (Table 1.1) and partly to the very low concentraiof 4PN relative to 3PN at steady
state.

The role of the Lewis acid in increasing the cattlifetime and turnover number is
not clear. Isomerization of 3PN to the conjugat&N2may be negatively influenced
compared to the isomerization to 4PN. Furthermtine, steric crowding around the
nickel center is increased by the coordinationhef ltewis acid to the cyanide nitrogen.
This may help in reducing the attack of HCN to mickyanide alkyl intermediates with
subsequent formation of inactive nickel dicyanidenplexes.

Comparable experiments using®&N and DCN provided additional insight as to
which dinitrile formation pathways predomindfeUnder addition of EFCN it was
proven that essentially no MGN is formeth hydrocyanation of 2M3BN, using either
ZnCl, or AICI; (Scheme 1.18a). Experiments were carried out W@N (Scheme
1.18b), to distinguish between 3PN and 4PN as psecwof MGN. Experiments with
ZnCl, gave nearly completely regiospecific deuteratioboth AdNd and MGN4d, both
products being derived only from 4PN and not frofN3 Recovered 3PN contained no
significant deuterium. The fact that the deuteriunthe AdNd and MGNd was added
regiospecifically to 4PN indicates that isomeriaatiof 3PN to 4PN takes place
independently of the deuterocyanation step and dooation to the nickel hydride
species. In the AlGlexperiment, deuteration in the E®SNvas found only in the —GH
group of the ethyl group, indicative of ESNfermation from 3PN but not from 2PN. The

deuteration in recovered 3PN using BRhd AICE was observed at C4, as well as at C3
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and C5. The result is consistent with alkene dcbbled isomerization catalyzed by
addition and elimination of nickel hydride spe&es

A series of tin compounds [(85)sSnX] with X = Sbk, CKESG;, or CRECO; has
been synthesized and their steric and electroriectsf on the selectivity in the nickel-
catalyzed pentenenitriles hydrocyanation has beploeed?’ The nucleophilicity of X in
[RsSnX] may be expected to affect the electronic reatior example the acidity of the tin
center. A second way to analyze electronic effeets to vary the aryl substituents using
the Hammett relation.
[(4-Y-CgH4)3SNGSCR] with Y = F, H, CH;, or CHO. In an attempt to probe steric
effects, a series of [(alkg®nSbk] compounds (alkyl = Ck CHs, i-CsH7, t-C4Hg) were

Results were obtained fromset of tin compounds

evaluated. The selectivity towards the formatiorPAdN was found to be insensitive to
electronic changes of the co-catalyst, but semsitivthe size of the Lewis acid with the

paths leading to AdN being favored by greater stbulk. In fact, with increased steric

(@) CN
NCN EE /\/\CN ESE )\/
4PN 3PN 2M3BN
\QifCN ///H“CN ///QBCN

1SCN CN
CN '3CN
MGN MGN
(b) C4\ Cc2 _
A CN C/\/\CN = F¢N
5 C3 (4

4PN 3PN 2PN

AdN CN )Y\CN on
DA~y CN N ESN
MGN /\ACN ESN

MGN

Scheme 1.18. Reaction pathways for dinitrile formation using H**CN (a) or DCN (b) as reactant,

proposed by Druliner.?®
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bulk around the nickel center, coordination ofcaalefin like 4PN should be preferred
over a sterically more demanding internal alkenehsas 3PN.

The hydrocyanation of 3PN to AdN was also invesédausing ionic phosphites in
ionic liquids (Figure 1.4f% Varying the ZnG¥Ni ratio and the ligand/nickel ratio caused
large variations of more than 80% of yield. A loatio of L:Ni (2 equivalents) and an
excess of Lewis acid (3-5 equivalents) are necgssanbtain high yields. Furthermore, it
has been proven that there was no significantaotem between the two factors. The
catalytic performance was similar to commonly usagtems for hydrocyanation
reactions (conversion 3PN ~ 40%, yield of dinigile 40%, and linearity > 70%). The
cationic phosphite-based system might provide theplementary advantage of the
immobilization of the catalyst and the Lewis aaidthe ionic phase when the reaction is
run under biphasic condition.

The use of bidentate ligands to increase the &gt the nickel catalyst in the
hydrocyanation of 3PN has been introduced in therpditerature’® Lower L:Ni ratios

could be applied in the reaction and higher coneasswere achieved.

<§ }0>P—o{ z> | <§ >7O>P—OA< Z
2 NMe;*BF, 2 NMe;"BF 4
2 BFs 2 )

Figure 1.4. lonic phosphite ligands applied in the hydrocyanation of 3PN carried out in ionic
|.48

liquids by Galland et al

1.5. Asymmetric hydrocyanation: use of chiral ligands and prochiral

substrates

Practical industrial application of asymmetric 3@nd formation reactions are rare.

In the case of the hydrocyanation reaction theyatrecparticularly interesting, because
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the resulting nitrile products are easily transfednnto amines, aldehydes, acids and a
variety of other valuable intermediates.

[Pd(+)-(diop}] and [Ni(+)-(diop}] complexes have been prepared and used as
catalysts in the asymmetric addition of hydrogeanige to norbornene (Scheme 1.31%).
Lower yields and enantioselectivities were obtaimath the nickel based compound.
Moreover, the addition of a small amount of a Lewdd, zinc chloride, was not
beneficial. Pd and Ni complexes containing monacateniphosphine and phosphite
ligands were found to be much less effective tliendiop-based catalyst systems. Only
when much greater quantities of metal compound feee ligand were used, did the
reaction give appreciable yields. The hydrocyamatd norbornene in the presence of
[Pd(+)-(diop}] shows a significant predominance for the formataf the (52S4R)
enantiomer, while the use of the Ni catalyst letma predominance of the $2R,49)
enantiomer. An explanation for this effect is neported.

The Ni(0) catalyst based on the diphosphine ligBHdAP (Scheme 1.19) was also
tested as hydrocyanation catalyst in the reactibmarbornene in the presence of
acetonecyanohydrine (ACH) as HCN precurScFhe reported chemical yields were up
to 70% and the optical yields up to 38%. The additiof BPh increased the

Ab — b o
! 99
H PPh,
%o. PPh;, PPh,
e
H

DIOP BINAP

Scheme 1.19. Hydrocyanation of norbornene in the presence of DIOP*® or BINAP®! as ligand.

CN

©/\ HCN @2\

NiL,CN

Scheme 1.20. Hydrocyanation of styrene proposed by Tolman.™
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hydrocyanation rate and allowed the use of lowerperatures.

Tolman et al were the first to report on the hydrocyanation styrene using
[Ni(P(O-o-tolyl)3)s] as catalyst® The favored product was the branched nitrile (8whe
1.20), the yield of the linear nitrile was only 10%he different regioselectivity
compared to other dienes or monoalkenes (BN and) 38 attributed either to the
stabilization of the branched alkylnickel cyanidéermediate by interaction of the nickel
center with the aromatic ring or by formation ofiwgbenzyl intermediate. The addition
of BPhs as Lewis acid gave higher yield of the linear matd(33%), though product
formation was considerably slower. These findingevexplained with an increased
steric bulk around the nickel metal center duéheoltewis acid coordination to the nitrile
group and a consequent increase of the strain yasspciated with larger alkenes.

Other vinylarenes were investigated by Nugent antikhey as precursors for the
two anti-inflammatory drugs ibuprofén and naproxéh (Scheme 1.21). The
hydrocyanation was carried out in the presenc®PfO-p-tolyl)s)s] as catalyst, leading
regiospecifically to the branched nitrile produthe addition of a limited amount of the
Lewis acid ZnC] seemed to increase the rate of the hydrocyanatompared to the
competing oligomerization reaction of the vinylagen

The addition of HCN to 6-methoxy-2-vinylnaphthale(dVN) in the presence of
catalytic amounts of Ni(cogdland carbohydrate-derived diphosphinites was iiyasd
by RajanBabuet al.>*** The enantioselectivity of the catalyst increaseanmtically
when the glucose-based ligands contained electithttawing P-aryl substituents
(Scheme 1.22® The substrate and the solvent also strongly infled the

CN COOH
T e, T —
MeO MeO MeO
Ibuprofen
W rew W —. W
—_—
CN COOH
Naproxen

Scheme 1.21. Synthesis of ibuprofen® and naproxen® according to McKinney et al.*
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enantioselectivity, and the highesd#s (85-91%) for the hydrocyanation of MVN were
obtained in a non polar solvent such as hexaneemhgtioselectivities were independent
from MVN conversion, catalyst loading, and L:NiicatThe branched nitrile was formed
irreversibly in the final reductive elimination pteThis conclusion was based on the fact
that the enantioselectivity did not change withctiga time or substrate conversion,
along with the observation that the optical acyiwaf the enriched nitrile was unchanged
when it was stirred with the catalyst and HCN. Dgrdeuterocyanation experiments, the
deuterium incorporation proceeded exclusively & fhmethyl position, but to different
extent. Therefore, it seems that after MVN coortiataonly then®-benzyl intermediate
(Scheme 1.20) is formed, but the formation of #uscies is reversible.

In combination with nickel, electronically asymme&i bis-3,4-diarylphosphinite
ligands derived from a-D-fructofuranoside (Figure 1.5) were describechthieve the
highest enantioselectivity ever reported (up t&%).for the asymmetric hydrocyanation
of MVN.** As illustrated in Table 1.2, electron-donating stithents on the phosphorus
aryl groups of the ligand formed the Ni-catalysthjch gave the lowest ee’s (Table 1.2,
Entries 1, 5, and 8). Electron-deficient phospkibiased catalysts increase the selectivity

to some extent (Table 1.2, Entries 2, and 10). Hewethe most dramatic increase

CN
R e
MeO MeO
o HsC FsC F FsC
g R O/
R,PO OPh
OPR, CHs CF3 F

Scheme 1.22. Ni-catalyzed hydrocyanation of MVN using glucose-based diphosphinite ligands
proposed by RajanBabu et al.*®

Figure 1.5. Fructofuranoside-based phosphinite ligands reported by RajanBabu et al.>*
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Table 1.2. Substituent effects of asymmetrically substituted fructofuranoside-based phosphinites
on MVN hydrocyanation reported by RajanBabu et al.>*

Entry/Ligand X Y % ee
1 H H 43
2 3,5-(CFs), 3,5-(CFs); 56
3 H 3,5-(CF3); 58
4 3,5-(CFs), H 89 (95at0 C)
5 4-CH;0 4-CH;0 25
6 3,5-(CF3); 4-CH;0 84
7 3,5-(CF3); 4-F 88
8 3,5-(CF3); 3,5-(CHj3); 40
9 3,5-(CF3), 3,5-(CHj3); 78
10 3,5-F, 3,5-F, 45
11 H 3,5-F, 40
12 3,5-F, H 63
13 3,5-F, 3,5-(CF3); 42
14 3,5-(CF3), 3,5-F, 78

(Table 1.2, Entry 4) was noticed when ligands vatie electron-rich (BR) and one
electron-deficient ([3,5-(C.CsH3)]2P) phosphinite were applied
Chelating phoshorus ligands with a rigid backbome @ large natural bite angle were

.*® The para substituents in the

applied in the hydrocyanation of styrene by Vegta
diphenylphosphanyl moiety of the 4,6-bis-(dipheingdpphanyl)-2,8-
dimethylphenoxanthine (Thixantphos) ligands wereiedh (Figure 1.6) and their
electronic effect on the activity and selectivity the catalytic experiments were
investigated. The activity of the nickel complex#screased when basic phosphorus

ligands, bearing electron-donating substituentsevapplied, while electron-withdrawing

R

S P-P
La Me,N
Lc
P P Me
R Le

Lf F
Ly cl
CFs

Figure 1.6. Thixantphos-type phosphine ligands reported by Vogt et al.>*
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substituents led to higher activities. For the lgaitahydrocyanation it was proposed that
ligands with fixed large bite angles would disfavoactive square planar nickel(ll)
dicyano species and stabilize active tetrahedckieh(0) complexes.

Enantiopure xantphos and thixantphos diphosphdigends bearing binaphthoxy
substituents (Figure 1.7) have also been appliedhbygroup of Vogt in the nickel-
catalyzed hydrocyanation of styrene and other wiryyles’* Enantioselectivities of up to
63% were obtained for 4-isobutylstyrene. In therbgglanation of MVN in the presence
of xantphos ligands toluene and hexane were appfiesblvents. In contrast to the results
reported by RajanBabYy the ee value dropped from 31% (toluene) to 10% (hexane),
using a less polar solvent. This led to the conctughat a solvent effect may be
attributed at least partially to the different dwlity of the diastereomeric catalyst-
substrate complexes formed during the reactionthEtmore, it has been observed that
the strongly coordinating diphosphite ligands témdorm very stable and catalytically
inactive bis-chelate complexes. Introduction ofrist&encumbering substituents in the
3,3-position of the binaphthyl moieties preventedfibrenation of bis-chelates.

Chiral aryl diphosphite ligands derived from bindph (Figure 1.8) were found to be
effective in the nickel-catalyzed hydrocyanation @ variety of alkene¥.
Enantioselective hydrocyanation of styrene, 4-sttetl styrenes, and norbornene was
achieved with excellent regioselectivity and motikeraenantioselectivity. The
hydrocyanation of vinyl acetate gave the produdhwi2.9%ee The catalytic activity
and the enantioselectivity of the [Ni(0)-diphosphitomplexes were found to be highly

dependent on the structure of the ligands.

R X R OO R’ Xant(S,S)Bino, X=CMe,, R=R'=H
\Qioji;( OH Xant(R,R)Bino, X=CMe,, R=R'=H

- ~ Thix(S,S)Bino, X=S, R=ye, R'=H
o)
R

—T
—T

Thix(S,S)BinoMe, X=S, R=R'=Me

Figure 1.7. Xantphos and Thixantphos diphosphonite ligands reported by Vogt et al.?*
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Figure 1.9. Binaphthol-based diphosphonite ligands reported by Vogt et al.>®

A series of chiral (R)-binaphthol-based diphosphgands with different substituents
(Figure 1.9) was prepared and applied in the asytnorméckel-catalyzed hydrocyanation
of styrene and 1,3-cyclohexadiene by Vegal.>® The optimum steric properties of the
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ligands for the application in the hydrocyanatieagtion lie within a narrow window. By
controlling the steric properties, the ligand cantbned not to form bis-chelates, while
the corresponding metal complexes remain activhénhydrocyanation of vinylarenes
and (cyclic)-1,3-dienes. Moderate enantioseleatisitvere found for styrene (53%) and
4-methylstyrene (54%). The hydrocyanation of 1,8kalgexadiene proved to be selective
to 2-cyclohexene-1-carbonitrile with 868€°°

Diphosphonite ligands containing (bi)cycloalkyl spes were synthesized covering a
range of different steric properties at the sparet at the phosphacycle (Figure 1.30).
Their complexation behavior with Ni(cadwas investigated by NMR spectroscopy.

Figure 1.10. Diphosphonite ligands with (bi)cycloalkyl spacers reported by Hofmann et al.*’
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[Ni(cod)(monochelate)] complexes were formed in albes. No bischelate complexes
were observed. In the hydrocyanation of styreneselcatalysts were highly active (93%
conversion) and highly regioselective (99.9% brauclproduct) at a moderately high
catalyst concentration (1 mol%). They also proved ke very active in the
hydrocyanation of butadiene and efficiently catalyzhe isomerization of 2M3BN to the
linear 3PN’

Addition of HCN to 1,3-cyclohexadiene resulted e tformation of 2-cyclohexene-
1-carbonitrile. Both 1,2- and 1,4-addition led ttemtical products. However, by using
DCN instead of HCN, one could distinguish betwesa 1,2- and 1,4-addition products
by NMR spectroscopy. These deuterium labeling érperts, reported by Vogt al,>®
were performed in the presence of a chiral diphitsphigand (Scheme 1.23). From
GC-MS measurements, it could be proven that thelymohad incorporated only one
deuterium atom and that the substrate had no délectieuterium incorporation. If the
insertion of the alkene into the metal hydride wHse enantioselective step,
1,3-cyclohexadiene would insert in a specific wegding to only one regioisomer (either
from 1,2- or 1,4-addition). The reductive elimirmatiof the product was established to be
the enantioselective step in the nickel-catalyzgdrdcyanation of 1,3-cyclohexadiene,

on the basis of equal 1,2-/1,4-product distribution

CN

Ni(cod),, L
e
HCN

Scheme 1.23. Hydrocyanation of 1,3-cyclohexadiene.

1.6. The hydrocyanation of non-activated monoalkenes: the role of

the Lewisacid

The hydrocyanation of 1-hexene to a mixture of &eenbitrile and

2-methylhexanenitrile, using Ni(0) phosphite comeke in combination with Lewis
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acids, has been studied by Taylor and SWifinalysis of the reaction mixture showed
that the isomerization of 1-hexene to the equilibrimixture of isomers was a very rapid
reaction compared to hydrocyanation. The Lewis ,agcid addition to significantly
enhancing the reaction rate, has an effect on th#o rof heptanenitrile:
2-methylhexanenitrile. Although it is possible teeshow the Lewis acid can cause
changes in this ratio, it is not easy to corretheechanges with any particular property of
the series of Lewis acids studied. Using Al&$ the promoter, approximately 85% of the
2-methyl-hexanenitrile produced resulted from diregdrocyanation of 2-hexene, and
only 15% from “Markovnikov” addition to 1-hexenetefic hindrance in the substrate
had a marked effect in directing the —CN additiontlie terminal rather than to the
internal position. Propene gave only 60% of thenteal addition product, whereas
isobutene gave >99%. Phenolic solvents were foondatve a promoting effect on the
reaction rate compared to aromatic and nitrile esaly and also improved the selectivity
to terminal addition products.

Keim et al® investigated the hydrocyanation of 1-octene usiritp-fold excess of
monophosphites as ligands and different Lewis a(8theme 2.24). The reactions, in
which BPh, ZnCh, and AICE were added as co-catalyst showed very low coromessi
Only by applying AIEtC} a good activity was achieved. Furthermore, uskhagtenes as
starting material it was found that the anti-Markiov product 1-cyanooctane was
formed with 80% regioselectivity, irrespective dktposition of the double bond. The
double bond of the unsaturated substrate is isa@eeria an intermediates-alkyl
species, reaching an equilibrium between internad aerminal alkenes. The
isomerization and3-(H)-elimination rate K;) was found to be much higher than the

hydrocyanation ratek{() (Scheme 1.25).

NSNS Meoda NN e
HCN

Scheme 1.24. Hydrocyanation of 1-octene.
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HCN > /\/\/\/\CN

Ky
ko

- [N

/\/W

Scheme 1.25. Competition between isomerization and hydrocyanation of monoalkenes reported
by Keim et al.*°

Hydrocyanation of 1-alkenes andunsaturated fatty acid esters was accomplished by

Vogt et al,*

1.24 and 1.26). The use of diphosphines with ldnige angles induced yields that are

applying chelating diphosphines with a L:Ni ratbonly 1.05 (Scheme

comparable to the commercialttho-tolylphosphite system in the hydrocyanation of
1-octene. For methyl-dec-9-enoate the obtainedlyiahd selectivities were similar to
the non-functionalized alkenes. The presence ofeter group did not inhibit the
catalytic reaction. The Xantphos type diphosphihase almost identical electronic
properties but different bite angles. Moreover, $ibridge in the backbone of DPEphos
is missing, which makes the ligand rather flexibl&ese characteristics influence the
regioselectivity towards the nitrile products. lasvsuggested that the more rigid ligand
backbones disfavor conformational changes in thieesponding metal complexes.
Nickel-catalyzed addition of deuterium cyanide to
(E)-1-deuterio-3,3-dimethylbut-1-ene and subsequealyais of the bis-deuterated nitrile

to establish the stereochemistry of the hydrocyandtave been reported in 1991 by

Backvall®? Estimation of the ratio aérythro- to threo-product by'H NMR spectroscopy
(@]
Ni(cod),, L 9
oo G N HCN e g™~
S
o o , B
PPh, PPh, DPEphos PAr PAL Thixantphos, Ar = Ph

CF3-Thixantphos, Ar = C6H3(CF3)-3,5

Scheme 1.26. Hydrocyanation of methyl-dec-9-enoate in the presence of diphosphine ligands
reported by Vogt et al.**
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indicated that the addition had occurre@b% cis. The remaining traces of unchanged
alkene have been isolated, in order to find therc®uwf the small fraction of
threo-product formed in the addition of DCN. NMR analysif the recovered alkene
showed that noE-Z-isomerization had occurred (>98%) and therefore, alkene
isomerization cannot account for the slight loss stéreoselectivity. The proposed
mechanism for the reaction is depicted in Scher®é. oordination of the alkene to the
metal followed by hydride addition would give a ket c-complex, which on reductive
elimination would yield the organic nitrile. Sintensition metal hydride additions are
knowr® to proceectis, the observed stereochemistry requires the raduefimination

to occur with retention of configuration at thelwam.

NiL, + DCN —_— L—Ni,,,
|
CN
D R, H D
| oL R H n . P L
L—l\fl.,/ )= == |—w
' - '/,/
CN H D HY D éN L
R
HE D . R
< reductive H& D
. elimination I
Hi.
Hu.,
D NiL, '
| D CN

CN

Scheme 1.27. Stereochemistry of the nickel-catalyzed hydrocyanation of alkenes reported by
Backvall et al.®?

1.7. The hydrocyanation reaction applying different metals

1.7.1. Cobalt-catalyzed hydrocyanation

The first example of homogeneously catalyzed alkeydrocyanation was reported
by Arthur et al.in 1954° Unactivated monoalkenes, as well as conjugatetedjevere
hydrocyanated in the presence ob(@®D). Hydrocyanation of monoalkenes appeared to

become more difficult as the chain length of tHeeaé increased. For example, ethene,
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propene, and 1-butene gave more than 65% convetsionitriles under similar
conditions whereas 1-octene gave only 13% conversityrene gave 50% conversion to
2-phenylpropionitrile. 2-Butene, having an interndbuble bond, gave only 9%
conversion to 2-methylbutyronitrile. Under theseditions, only branched nitriles were
accessible. The addition of HCN to conjugated atkesuch as butadiene and isoprene
gave primarily 1,4-addition products. However, tealy stage of research was marked
by its empirical character and a lack of mechamissight.

A conceptually new hydrocyanation reaction of nctivated alkenes giving access
to secondary and tertiary nitriles has been regafitumented* The cobalt-catalyzed
HCN addition is one of the few procedures to allbw selective synthesis of branched
nitriles (Scheme 1.28). The salient features «f gnocess are the broad functional-group
tolerance, mild reaction conditions (room tempe&tuEtOH as solvent), readily

available starting materials (TsCN, PhgiHlkenes), and ease of execution.

R' R'
cat (1%), TsCN (1.2 eq) CN
R")\ PhSiH; (1eq) R"K
EtOH, RT, 1-3 h

R' =H, Me
R" = Ph, PhCH,CH,, PACOCH,CH,
PhCOOCH,CH, PhNHCOCH,CH,

M
=N_ N=
%%/CO\%

Scheme 1.28. Cobalt-catalyzed hydrocyanation reported by Carreira.**

cat =

1.7.2. Copper-catalyzed hydrocyanation

Few patenfS have reported on the advantages of copper comp@redickel
complexes as catalyst for the hydrocyanation oadiene: low price, stability, and high
selectivity for the addition reaction. Copper cgsed appears to be a very convenient and
efficient method for realizing the monohydrocyaaatiof butadiene, as the yields are
good (>90%) and the reaction leads selectively ubsstuted 2-butenes (>95% of

1,4-addition). Moreover, the catalyst is practigalhsensitive to traces of water or
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oxygen. However, as the copper-catalyzed hydrodi@naf butadiene has to date been
limited to the monoaddition of HCN, this reactioashnot been applied on an industrial
scale for the preparation of Nylon 6,6. A decreasaitrile yield was observed for
substituted conjugated dienes and is mainly dugéocompetition of cationic side-
reactions. Oligomerization, telomerization, andypwrization are enhanced by the
presence of electron-donating methyl substituentthe diene.

In comparison with nickel catalysts, copper-basgstesns have been rarely studied
from a mechanistic point of vie¥:*"°® The copper-catalyzed hydrocyanation of
butadiene leads essentially to the 1,4-monoaddgroduct (unsaturated nitrile) with the
addition of a second molecule of HCN being undetkcinder standard hydrocyanation
conditions. The activity of CuBr and CuBais catalysts seems to be linked to the facile
formation of intermediates by initial protonatiohtbe alkene (Scheme 1.29). The role of
the bromide anion can be explained by the increasddity given to the [H(CuBrCN)]
complex. The reaction would then proceed througivaon of HCN by preferential
coordination to copper. The very acidic [H(CuBrCNpecies leads to the formation of
the allyl moiety, which remains to some extent colfed by the copper center. However,
the synthesis afans-3-pentenenitrile from butadiene strongly supptitshypothesis of
a nucleophilic attack of a non-coordinated @&l an—allyl Cu" specie$® The copper-
allyl intermediates have not been detected, bufdheation of such species as transient

intermediates is considered to provide the besaegtion for the results.

5 CN
—f

Scheme 1.29. Copper-catalyzed hydrocyanation reported by Waddan.®

. 8%

-B
Cu r

CN

NF !
CuBr + HCN =——= H*[CuBrCN] ——— | \.

1.7.3. Palladium-catalyzed hydrocyanation

The hydrocyanation reaction has been investigaeddzksonet al,®

using the
catalyst system [Pd(diog)) Reactions of both terminal and cyclic alkenesehbeen
shown to occur in a stereospecificaltyss mannervia deuterium cyanide addition

(Scheme 1.30). The conditions chosen for the hy@dnoation were deliberately mild to
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minimize the chance of isotope exchange reactiadglze yield of nitriles was restricted

to ~10%. The stereochemistry of the deuterium ipomtion was established By and

H NMR spectroscopic analysis of the products. Whken catalyst system based on
[Ni[P(OPhX]4 and ZnCj was applied, both intramolecular and intermolecula
scrambling of the deuterium label occurred.

Similar cis-addition of DCN to norbornene and norbornadiens ®alao observed by
Jackson using [Pd(DIOR)as catalyst system. Furthermore, an enantionexoess of
28% was reported for the hydrocyanation of norboenand 17% for norbornadieffe.
Addition of a Lewis acid, for example ZnCHid not lead to any improvement in yield or
enantioselectivity.

The asymmetric hydrocyanation of norbornene cagmlyby chiral palladium
diphosphine complexes has been investigated by $todgnd Parkér (Scheme 1.19).
The loweste€s (13%) were obtained with [Pd(digh)while [Pd(binap)] gave 40%ee
but with an inferior isolated chemical yield. Theechanism has been studied using
[Pd(GH.)(diop)] as convenient precursor complex, whose crystakstre is reported.
Stereoselective complexation of norbornene to thkagium(0) centewria the exo face
was observed. The reaction intermediates [Pd(nodm&)(diop)] and
[Pd(IDhydrido(cyanide)] have been characterizedNMR spectroscopy. The oxidative
addition of hydrogen cyanide to the Pd(0) centenseto precede the alkene binding and
B-cis hydride transfer. The weakness of the palladiukersd bond, manifested by the
structural analysis of the ethene complex sugdbkatshe alkene binding is rate limiting.

Bu H DCN tBu D H
—_— Wy 4
H: iD (DIOP),Pd HD/\ (CN
CN D
A D CN
DCN
(DIOP),Pd
tBu tBu tBu

Scheme 1.30. Palladium-catalyzed deuterocyanation reported by Jackson et al.®

The palladium complex bearing the phosphine-phdsphigand R,9-Binaphos

(Figure 1.11) has been applied in the asymmetridrdoyanation of norbornene by
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Nozaki/? giving the correspondingxonitrile. Enantioselectivities of up to 48&ehave
been obtained, which is the highestever reported using norbornene as substrate. The

palladium-catalyzed reaction was greatly inhibibydan excess of ligand.

SYN

SORa S
6, ¥

(R,S)-BINAPHOS Q

Figure 1.11. (R,S)-BINAPHOS.

Vinyl and allyl silanes have been tested in theitamd of HCN, catalyzed by
[palladium(O)tetrakis(thiphenylphosphite)], obtaigiyields in the range of 30-80%.
The linear cyano-silane isomer was always the najdition product.

Furthermore, the rate of the reductive eliminatibthe complex [Pd(CER)(CN)(L)]
has been studied by Marcone and Moloy (Scheme .£23d)vas shown that relatively
minor changes in the chelate bite angle induceymifsiant effect (ca. 10fold) on the
rate of reductive elimination. Variation of the afie structure can also cause the
elimination rate to vary. Moreover, the reductivemeation can be significantly
enhanced adding Lewis acids. This represents d garameter that governs reductive
elimination rates of nitriles. The coordinationlafwis acids, for example BEobr AlEts,

to metal cyanides is known to induce positive chafgrmation at the nitrogen and

CH R
P\
_CH,R . .C
CP\ 2 <P Pd, _»C Pd— ( Pd
P CN(LA) LA)
N(LA) RCHZCN(LA)
LA = BEt,, AlEts, BPhs, B(C4Fs)s, AlPhs

Scheme 1.31. Reductive elimination in the Pd-catalyzed hydrocyanation reported by Marcone
and Moloy.*®
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carbon, with concomitant negative charge formatrthe boron or aluminium. The
nitrile carbon is consequently rendered more su#septo nucleophilic attack by the

alkyl group, thus explaining the rate acceleratiothe Lewis acid adduct.

1.7.4. Platinum-catalyzed hydrocyanation

Although the study of the kinetically more inertaphum analogues of reactive
palladium complexes has been often advocated, thezenot many examples of
platinum-catalyzed hydrocyanation reactiéhs.

Details on the reaction mechanism of the catalgyicle for the hydrocyanation of
ethene catalyzed by bis(hydrido-bridged)diplatinnomplexes were obtained by DFT
calculation of the relevant intermediates and items state structures (Scheme 1.32).
The catalytically active species was identified aasl6é coordinatively unsaturated
[Pt(CN)(H)(PH)(1°C2H4)] species, formed upon addition of ethene on thmomeric
[Pt(CN)(H)(PH)] precursor. The following three steps were fotmde critical for the

H. _CN
Pt.
PH3
4
Olefin Addition
Oxidative H‘pt’CN
Adition /\/ ‘PH3\ Olefin Insertion
t
_CN H. coN |
HO Pt
pa N PH,
\\ PH3
HCN
[[-Pt-PH, LPt/CN
PH;
NC—/\
“
Reductive L -CN Second Olefin
Elimination P g ©

t -— Of
\/ PH, \/ "PH;  Addition

Scheme 1.32. Catalytic cycle for the hydrocyanation of ethene proposed by Kefalidis.”
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catalytic reaction: the migration of the hydridethe acceptor C atom of the coordinated
ethene substrate, the reductive elimination offithed product and the oxidative addition
process that regenerates the catalyst. The ragentiatng step seems to be the reductive

elimination and the overall catalytic process isrgonic.

1.8. Conclusions and Outlook

Most of the investigations on the hydrocyanatioact®n are regarding dienes or
vinylarenes as substrates. The formation of intdiate n-allyl or n*-benzyl species
allows better activity and higher stability of thékel catalysts. Several ligands have
been applied in these reactions and their influerme activity, regio- and
enantioselectivity has been considered. Furtherntbee effect of electronic and steric
parameters of the ligands, as well as the influexiche substrate and solvent, have been
elucidated.

Nevertheless, a comprehensive study of the nickellyst deactivation pathways is
still missing. A deeper understanding of these @sses would allow improvements on
the catalyst stability.

Very few examples for the nickel-catalyzed hydro@tion of monoalkenes have
been reported. In fact, this reaction presentsraeddficulties, such as the low reactivity
of the substrates, the easy deactivation of thalradityl intermediate species to dicyano
complexes, and the unclear role of the Lewis a€idbalt-catalyzed hydrocyanation,
although hardly explored, seems to offer a valtdrahtive to convert monoalkenes to
nitriles, although the two reactions present comgletary regioselectivity. In the cobalt-
catalyzed hydrocyanation prevalence of branchedlesitis obtained while nickel
catalysts favor linear products. So far, the hygapation of monoalkenes represents one

of the major open challenges in this field.
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1.9. Scope of thethesis

The performance of existing catalysts for the Nabaed hydrocyanation can be
improved in terms of activity, stability and seleity. In this thesis, the development and
application of new catalytic systems and the aodditiof co-catalysts in the
hydrocyanation of different alkenes is describelde Tesults obtained are analyzed in
view of a better understanding of the reaction raagm.

The preparation and application of a triptycenesdadiphosphine ligand in the
hydrocyanation of butadiene has been reported aptén 2. High activities and excellent
selectivities of up to 98% towards 3-pentenenit(B®N) were achieved. The catalytic
activity and the mechanism of this system are esttefy discussed.

Contributions on the isomerization of 2-methyl-3dnenitrile (2M3BN) towards
3PN by means of IR spectroscopyaperandomodus are discussed in Chapter 3. The
kinetics of the reaction are analyzed using chentioose

The development and application of new tetraphéaskd diphosphite ligands in the
hydrocyanation of 3PN is described in Chapter 4 €bordination of the substrate and
of ZnCl, as Lewis acid co-catalyst to the corrisponding_[[Ncatalyst is investigated by
means of IR and NMR spectroscopy.

In Chapter 5 of this thesis a study on the regextelity of the hydrocyanation of
styrene is described. The application of Lewis &cid control the branched/linear
product distribution is deeply investigated.

In Chapter 6 the hydrocyanation of terminal monea#s, in particular 1-octene, is
investigated. For the first time diphosphite ligaweere applied in this reaction, obtaining

the best conversion ever reported.
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Chapter 2

Highly Selective Hydrocyanation of

Butadiene towards 3-Pentenenitrile

In this chapter, a new route for the synthesis of the triptycene-based
diphosphine ligand Tript(PPh,), is described giving the desired
compound in good vyield. The corresponding Pt(ll)- and
Ni(0)-complexes are characterized. In butadiene hydrocyanation the
[Ni(cod)(tript-PPhy);] pre-catalyst leads to exceptionally high
selectivities for the linear product 3-pentenenitrile, combining high
activity for both, hydrocyanation and isomerization. This enables
reduction of the synthesis to a one-step procedure and could be the

key towards process intensification in the future.

) "

N —...NI(COd)Z’ - /\/\CN + )\/ I
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Chapter 2

2.1. Introduction

In 1971 Du Pont started the production of adipdai{fAdN) as an intermediate in the
manufacture of Nylon(6,6)? This process is so far the only example of a lagge
industrial application of an alkene hydrocyanati@miginally it was developed using a
monodentate phosphite-based zerovalent nickelysafalhe process consists of three
steps (Scheme 2.1). The first step concerns theobydnation of butadiene to a mixture
of 2-methyl-3-butenenitrile (2M3BN) and 3-penterigld (3PN), obtained in varying
ratio depending on the ligand employed. In a secsteg, the branched 2M3BN is
isomerized to the desired linear 3PN. The last ste¢pe hydrocyanation of 3PN to AdN,
which requires an additional Lewis acid co-catassth as AIG, ZnCh, or BPh.

Many efforts have been made to improve the perfaoaaf the nickel catalysts. An
important step was the replacement of monodentgends by bidentateracceptor
ligands that lead to higher conversion in butadibpérocyanation and selectivities for
3PN up to a reported maximum of 70%. higher selectivity has been claimed only in a
patent for bis(diphenyl-phosphino)ferrocene (DPRE)ligand used in large excess.
Large bite angle ligands, based on a rigid xanthbaekbone (e.g. xantphos or
thixantphos) were proven to enhance the Ni(0)-gstalerformance in hydrocyanation.

It was proposed that these ligands improve theatadgrielimination of the product and

CN
Ni(cod),, L
HCN
butadiene 3-pentenenitrile 2-methyl-3-butenenitrile

t

NiL,

isomerization

S NiL4, Lewis acid
/\/\CN = CN \/\/\CN
HCN

3-pentenenitrile adiponitrile

—  » Nylon(6,6)

e

Scheme 2.1. DuPont Adiponitrile process.
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stabilize the active Ni-species while suppressihg formation of inactive dicyano
Ni(ll)-complexes during the catalytic cycle.

Triptycene-based bidentate phosphorus ligandg, diescribed by Hofmanet al.,’
possess both a very rigid backbone and a largeabgte. So far, these systems have been
only described in the patent Iliterature with exassplof rhodium-catalyzed
hydroformylation reaction§® In more recent publications different mono- ancudiear
metal complexes with a variety of different bitegkas and geometries were investigated
for these ligand$.

The application of a triptycene-based diphosphigand in the hydrocyanation of
butadiene is described in this chapter. A new raoweards the ligand Tript(PRh (5)
(Scheme 2.2) has been designed, giving considetagher yields than the previously
reported metho#.® The coordination chemistry & towards Pt(ll) and Ni(0) was
investigated. Application in the Ni-catalyzed hyclyanation of butadiene gave

unprecedented high selectivities of up to 98% eflihear product 3PN.

2.2. Synthesis of the ligand

According to Scheme 2.2, 1,8-dichloroanthraquindhe was converted into the
difluoro compound 2) and subsequently reduced to 1,8-difluoroanthrag@nwith Zn
dust’®!! The triptycene moiety4] was obtained by reaction of the corresponding
anthracene with benzyne, generatedtu from anthranilic acid. The last step, leading to
the formation of the ligandb), was performed by a nucleophilic substitutiontha fluoro
groups with potassium diphenylphosphide in 20% aNetield. The ligand Trip(PPy
(5) was obtained as a white powder. After recrystation from methanol the compound
was characterized by NMR spectroscopy and elemantdysis. Thé'P NMR shows a
single resonance at= -14.95 ppm. The ligand and all intermediatethi synthesis are

stable to air and moisture.
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0 o
L0 ——— L 1
——

DMSO
cl o «cl F O F

1) Zn° NH5 (aq) 28% OOO [ © }
2) HCI (aq) 37%, 2-propanol

K*PPhy
dioxane:THF=5:1

PPhz Ph,P

Scheme 2.2. Synthesis of the triptycene-based ligand 5.

2.3. Synthesis of Pt(l1) and Ni(0) complexes

The coordination behavior ob) towards transition metal centers with potential
relevance for homogeneous catalytic reactions wasstigated. Reactions 05)(with
Pt(cod)C} and Ni(cod), respectively, led to the corresponding compldi€l,(5)] (6)
and [Ni(cod)b)] (7), shown in Figure 2.1.

; (

peien e
th\/

/\I

PPh, thP\ PPh,
s

6

Figure 2.1. Complexes [PtCI,(5)] (6) and [Ni(cod)(5)] (7).
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2.3.1. The coordination towards platinum

The pale-yellow compoun@ was obtained in 74% yield and was handled asan ai
and moisture sensitive solid. The complex was aheraed by means ¢H, *C and®*'P
NMR spectroscopy as well as by elemental analysishe *'P NMR spectrum ob a
singlet atd = 0.42 ppm with platinum satellitesJ§.p = 3761 Hz) was observed,
suggesting that the ligand is coordinated gisfashion towards the metal centre (Figure
2.2).

Crystals of the Pt(ll) complex suitable for X-raiffihction were obtained by slow
diffusion of diethyl ether into a dichloromethanelwsion of the compound. The
molecular structure o is depicted in Figure 2.3 along with selected btaryths and
angles. The molecule exhibits crystallographic amisymmetry, with the mirror plane
passing through C7 to C14 and Ptl. The coordinaimrironment of the central Pt(ll)
atom, defined by the two P donors and the twoli§ands, is strongly distorted square
planar. The sum of all angles in the plane is 380fh the largest deviation from the
ideal value of 90° of 27.53(5)° for P1-Pt1-Pla. Ttams angle Cl1(a)-Pt1-P1 deviates by
12.52(5)° from the ideal value of 180°. This strigndistorted coordination geometry
was also observed for the similarigdropylphosphino-triptycene Pt(ll) complex reported
by Gelmanret al.”®. The largest deviation of this angles in this compound of 29° is even
higher [P-Pt-P = 109.27(2)°]. Pt-Cl [2.3553(6) ah®661(6) A] bond distances agree
well with that found in §), while the Pt-P [2.3208(6) and 2.3285(6) A] distas are

0.42

30 20 10 (0] -10 -20 -30 ppm

Figure 2.2. *'P {*H} NMR (CD,Cl,) of the complex [PtCl,(5)] (6).
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significantly longer. This difference is probablyedto the steric effects of tha-propyl
groups in the compound obtained by Gelman in corspamwith the phenyl rings ir6f
and is also expressed by a shorter non bondirfg @istance of 3.6124(16) A, compared
to the 3.79 A in the previously reported Pt(Il) quex

v %:} Y c22

Figure 2.3. The molecular structure of [PtCly(5)] (6) in the crystal (front view left and side view
right). All hydrogen atoms and the CH,CI, solvate molecules have been omitted for clarity.
Displacement ellipsoids are drawn at the 50% probability level. Selected bond lengths [A]: Pt1-
Cl1 = 2.3338(14), Pt1-P1 = 2.2392(12), P1-C1 = 1.858(5), P1-C15 = 1.832(6), P1-C21 =
1.830(5). Selected bond angles []: CI1-Pt1-P1 = 16 7.48(5), CI1-Pt1-Clla 82.69(5), CI1-Pt1-Pla =
84.87(5), P1-Pt1-Pla = 107.53(5).

2.3.2. The coordination towards nickel

[Ni(cod)(5)] 7 complex was synthesized situ and displayed a singlet at= 25.82
ppm in the*’P NMR spectrum. The formation of the complex wa® aonfirmed by the
clear signals in the'H NMR spectrum for the 1,5-cyclooctadiene ligancbdic
coordinated to the nickel atom. No formation ofchislate complex&s?was detected by
NMR spectroscopy even in the case of an excedsedigand added to the [Ni(co8){
solution. The formation of bischelates, which afero catalytically inactive, is strongly
related to the steric bulk of the ligand; the tgene backbone apparently provides a

rigid and bulky structure with mono-chelation te tHi(cod} metal precursor.
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2.4. Hydrocyanation of butadiene

The complex7 [Ni(cod)(5)] was applied in the hydrocyanation of butadieBehgme
2.3). The reaction with acetonecyanohydrine (ACB)HCN source was carried out in
toluene and in dioxane as solvent. The reactidolirene was slow (Table 2.1, Entry 1),
giving 49% conversion and 65% selectivity to thee&r product 3PN in 5 hours. The
selectivity was comparable to the results obtawét the best performing diphosphite

ligands described for this procé'ss.

CN
Ni(cod),, L
N E—— /\/\CN + )\/
HCN
butadiene 3-pentenenitrile 2-methyl-3-butenenitrile

Scheme 2.3. Hydrocyanation of butadiene.

Most strikingly, the hydrocyanation of butadienethwACH in the polar solvent
dioxane gave excellent selectivities towards 3P8%{Pand a conversion of up to 85%
(Table 2.1, Entries 2 and 3), attributed to thehbrgsolubility of gaseous butadiene in
polar solvent$®® The dielectric constants for butadiene, toluergt @inxane confirm this
solubility trend € putagiene= 2.050.¢ toluene= 2.408.¢ gioxane= 2.1)**" Solvent effects in the
hydrocyanation reaction have been reported eadgpecially in asymmetric catalysis,
where  higher ee€s were obtained in apolar solvents for MVN

Table 2.1. Butadiene hydrocyanation in dioxane with ACH as HCN source.

Entry Ratio S/Ni  Ratio (5)/Ni  Ratio ACH/BN  Conversion (%) 3PN (%) Time (h)

1° 125 1 1.2 48 65.0 5
2 125 1 1.2 59 97.6 3
3 125 1 1.2 85 94.8 5
4 125 2 1.2 62 92.0 5
5 125 1 3.0 21 70.5 5
6 600 1 1.2 20 90.0 3

Conditions: 0.018 mmol Ni(cod),, acetonecyanohydrine (ACH) as HCN source, 90C, 2m L
dioxane. ?Reaction performed in toluene (2 mL).
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thP\ PPh,
Ni/
/N
NC®  ©CN

Figure 2.4. Dicyano Ni(ll) species.

(6-methoxy-2-vinyl-naphthalen¥)as substrate. Addition of an excess of ligand stbw
down the reaction but still led to high producelmity (Table 2.1, Entry 4). An excess of
ACH led to a decrease in conversion and to lowedgpet linearity (Table 2.1, Entry 5).
The high concentration of ACH probably deactivatbe catalyst by formation of
dicyano Ni(ll)-species (Figure 2.4). At low catdlyeading, the conversion to nitriles
decreased as expected, but 3PN was still form80% selectivity (Table 2.1, Entry 6).

Subsequently, the reaction was performed by slatitiad of free HCN dissolved in
dioxanevia a syringe pump. Full conversion of butadiene tdles could be achieved at
lower catalyst loading and the selectivity towatfus linear products (3PN and 4PN) was
still very high (Table 2.2, Entry 1). Traces (<2#f)the product isomers 2M2BN and
2PN were detected in case of full conversion ofbigne to nitriles (Table 2.2, Entry 1
and 2).

In order to gain detailed insight in the origintbé high selectivity towards 3PN, an
additional hydrocyanation reaction under differétf@€N concentration was performed
(Table 2.2, Entry 3). As anticipated from the réswhown in Table 1, high HCN
concentrations led to both low conversion and matgeselectivity. As mentioned above,
the low conversion can most likely be attributedhe formation of catalytically inactive
[Ni(CN)2(5)] species. Indeed, direct addition of an excessHGMN deactivated the
catalyst and only low selectivities towards 3PN evebserved (Table 2.2, Entry 3). The
formation of the dicyano complex was confirmed bglation of red crystals from the
reaction mixture of the experiment in Table 2.2{ri£8. Unfortunately, the crystals were
not suitable for X-ray analysis. However, the coompdb was characterized by IR

spectroscopy as a Ni(dicyano) species (Figure®2'a).
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Table 2.2. Butadiene hydrocyanation in dioxane with HCN dosation and direct addition.

Entry Ratio S/Ni Ratio (5)/Ni Conversion (%) 2M3BN (%) 3PN (%) Time (h)

12 1:125 1 >99.0 2.4 93.3 5
22 1:300 1 >99.0 25.6 73.3 5
3P 1:125 1 9.3 58.5 415 0.5

Conditions: 0.018 mmol Ni(cod),, excess HCN, T = 90T, 2 mL dioxane. ®Slow HCN dosation
(excess) as dioxane solution (13umol/min). ®Direct addition of excess HCN.

2.5. Mechanistic explanation

These results indicate that two independent presease responsible for the high
linearity observed with this catalyst system: fig¢ thydrocyanation of butadiene giving
the usual mixture of branched (2M3BN) and lineaPN3 product, and (ii) the

isomerization of 2M3BN towards 3PN (Scheme 2°3n fact, the selectivity towards

P\
( Ni%cod)
P
J N

3PN
P
( NiP—]| HCN

2M3BN P’

P P Ho
C NP —— ( “Nio—|| P
P P C N
p” \
CN CN

Scheme 2.4. Proposed cycle for the concurrent butadiene hydrocyanation and 2M3BN

isomerization.
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3PN is low in the presence of an excess of HCNIE'al2, Entry 3), which causes a high
rate of catalyst degradation. On the other hanel,hydrocyanation of butadiene using
ACH as HCN source showed a very high selectivitgra8 and 5 h, respectively, and
only the conversion increases in time (Table 2.4tries 2 and 3). This means that
[Ni(cod)(5)] must also be an efficient isomerization catalyshder conditions of HCN
starvation (use of ACH or HCN dosation) the isomraion reaction plays a dominant
role: 2M3BN undergoes oxidative addition to the QYi(species, leading to a high
selectivity of 3PN after reductive elimination. @re other hand, with an excess or fast
addition of HCN, oxidative addition of HCN dominateesulting in the hydrocyanation
of butadiene and giving rise to the usual linearbtanched mixture and ultimately

deactivating the catalyst after complete conversidoutadiene.

2.6. |somerization of 2M 3BN towar ds 3PN

In order to test this hypothesis, the isomerizaicdr2M3BN towards 3PN in the
absence of HCN was performed, using [Ni(cB}])(Scheme 2.5). The formation of 3PN
at different catalyst loadings was followed in tinas depicted in Figure 2.5. The
concentration of 3PN was measurdd GC-analysis, taking samples of the reaction
mixture every 10 minutes. The complex [Ni(c&j)(was able to isomerize 2M3BN to
3PN very efficiently, giving selectivities of up 8% within 30 minutes, at a substrate to
catalyst ratio of 100. A higher substrate to cathatio led to a lower isomerization of
the branched nitrile to the linear one. A conversid up to 97% was obtained after 70
minutes with a substrate to catalyst ratio of 286 the conversion was still 78% after

100 minutes with a ratio of 300.

CN

P Ni(cod),, L

2
/\/\CN

2-methyl-3-butenenitrile 3-pentenenitrile

Scheme 2.5. Isomerization of 2-methyl-3-butenenitrile towards 3-pentenenitrile.
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Figure 2.5. Isomerization of 2M3BN in dioxane. Conditions: 0.018 mmol Ni(cod),, 90C, 2 mL
dioxane.

2.7. Comparison with other ligands

The high regioselectivity of the [NiTript(PRb] catalyst in butadiene hydrocyanation
can be explained with the ability of the systentatalyze concurrently hydrocyanation
and isomerization under low HCN concentration cbads. The polar solvent dioxane
seems to facilitate this double activity. Otherahgs were applied under identical
conditions in the hydrocyanation and isomerizatreactions with the aim to verify
whether the high isomerization activity of [Ni(O)dt(PPh),], which causes the high
selectivity towards 3-pentenenitrile during the foayanation process, is due to the
reaction conditions or to the application of thevrzatalyst developed. For comparison
three bidentate phosphite and phosphine ligandgctéepin Figure 2.6 were chosen,
which are typically applied in these reactions. Tdghosphine Sixantphos8)(
structurally closely related to the Tript(Rhligand shows good activity in styrene
hydrocyanation, due to the large bite arfgihe diphosphite9) is, according to patent

literature, one of the best performing ligandsHgdrocyanation of butadiene and for the
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Na: 7
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g o _O i-Pr{2
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OO Oplo  ipr \F
e

° N

PPh, PPh, PPh,

; [1,1]-Binaphthenyl-2,2'-bis
Sixantphos (8) [di-(2-isopropylphenyl)-phosphite (9) DPPF (10)

Figure 2.6. Diphosphite and diphosphine ligands applied in hydrocyanation and isomerization as
comparison.

isomerization of 2M3BR DPPF {0) is reported in patent literature as well, to dgigh
selectivity towards 3PN in the hydrocyanation ofdoliene>

In the hydrocyanation experiments, the Sixantpi®)sbéised catalyst gave 62%
conversion and very low selectivity of 28% towai@BN (Table 2.3, Entry 1). The
Diphosphite [Ni@)] catalyst showed higher activity and selectivy8PN of respectively
78% and 63% (Table 2.3, Entry 2). Applying DPPFdabBNi(10)] catalyst a conversion
up to 80% was obtained, but the selectivity to 3R only 53% (Table 2.3, Entry 3).
Under the same conditions the Tript(PR4based [Nib)] catalyst was performing with
total conversion and 93% selectivity towards 3PBI(€ 2.2, Entry 1).

The isomerization experiments are illustrated iguFe 2.7, in which the conversion
of 3PN, determined by GC, is plotted as a functbtime. The results obtained with the
[Ni(5)] system are also reported for clarity; after o8§ minutes 97% of 3PN was
obtained. Applying the [Ni#{0)] catalyst 97% conversion of 2M3BN to 3PN was
achieved after 70 minutes. After 100 minutes theveosions with catalyst [N8)] and
[Ni(9)] were still 73% and 32%, respectively.

Table 2.3. Hydrocyanation of butadiene in dioxane with HCN dosation using different ligands.

Entry Ligand Conversion (%) 3PN (%) 2M3BN (%) Other nitriles
1 Sixantphos (8) 62.1 28 64.3 7.7
2 Diphosphite (9) 78.3 63.2 34.1 2.7
3 DPPF (10) 80.2 53.1 415 5.4

Conditions: 0.018 mmol Ni(cod),, Ni :L :S=1 :1 :100, 90C, 2 ml dioxane.

66



Highly Selective Hydrocyanation of Butadiene towards 3-Penetenenitrile

100+

80+

Conversion of 2M3BN (%)

—m— Sixanthphos (9)
—e— Diphosphite (10)
DPPF (11)

—v—Tript-PPh,

T T T T T
0 20 40 60 80 100
Time (min)

Figure 2.7. Isomerization of 2M3BN with different ligands. Conditions: 0.018 mmol Ni(cod),,
Ni:L :S=1:1:100, 90C, 2 ml dioxane.

In general, these systems showed a lower actinityé isomerization of 2M3BN to
3PN and a lower selectivity in the hydrocyanatiapeziments (Table 2.3 and Figure
2.6), compared to the Tript(PPhbased catalyst system.

2.8. Conclusions

An improved synthetic procedure for the preparatiba bidentate diphosphine based
on a triptycene backbone was developed. The ligeasl obtained in 4 synthetic steps
with good yields.

The coordination behavior of this ligand towarddIPand Ni(0) was investigated by
H, ¥%c and ®P NMR spectroscopy and the molecular structure haf complex
[cis-PtChk(5)] was determined by X-ray crystal structure analys

The [Ni(cod)b)] complex was applied in the hydrocyanation ofdoligne, showing
excellent selectivities of up to 98% towards theedir product 3PN. Low HCN

concentrations achieved by controlled dosation antee both high conversion and high
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selectivity, avoiding catalyst deactivation in thosie-step procedure. A mechanistic
explanation for this excellent catalytic result vpseposed. The [NiTript(PBJ3] catalyst
also shows very high activity in the isomerizatai2M3BN to 3PN. The isomerization
must be active during the hydrocyanation reactidre hydrocyanation step determines
the prevalent formation of 2M3BN, but concurrentlye [NiTript(PPh),] catalyst
isomerizes 2M3BN to 3PN, which is in the end thegamproduct. Therefore, a low HCN
concentration allows also the oxidative addition 23BN to a Ni(0) species and
consequently the formation of 3PN after isomeraatiwhich is crucial to obtain high
selectivity. Thus, this robust hydrocyanation ogtlsystem [NiTript(PPf),] with
additional isomerization activity could be the Keyvards future process intensification

developments.

68



Highly Selective Hydrocyanation of Butadiene towards 3-Penetenenitrile

2.9. Experimental Section

General considerations

Chemicals were purchased from Aldrich, Acros, orrékeand used as received.
1,4-dioxane and THF were distilled over Gghior to use. 1,3-Butadiene was dried over
molecular sieves (4 A) and stored at -30°C. 2M3Bhswprovided in high purity by
Degussa and distilled prior to use. All preparaionere carried out under argon
atmosphere using standard Schlenk techniques. ifli®®anthrachinone 2),*
1,8-difluoroanthracend3),*? Ni(cod),!” PtCh(cod)!® and HCN® were synthesized
according to literature procedures. NMR spectraewecorded on a Mercury 400 and a
Varian Mercury 200 spectrometéH( C{*H}, 3P{*H}, *F{*H}). Elemental analyses
were performed by Kolbe Mikroanalytisches Labornator, Mulheim an der Ruhr,
Germany. IR spectra were recorded on an Avata=36[R instrument in ATR mode.

Caution! HCN is a highly toxic, volatile liquid (bp 27°C)dhis also susceptible to
explosive polymerization in the presence of basalygsts. It should be handled only in a
well-ventilated fume hood by teams of at least t@chnically qualified persons who
have received appropriate medical training for tinga HCN poisoning. Sensible
precautions include having available proper firdtexjuipment as well as HCN monitors.
Inhibitor-free HCN should be stored at a tempegmtlower than its melting point
(- 13°C). Excess of HCN may be disposed by addittoaqueous sodium hypochlorite,
which converts the cyanide to cyanate.

Synthesis of 1,8-difuorotriptycene (4)

1,8-Difluoroanthracene (18.69 mmol, 4.00 g) waspsudged in dichloroethane (80
mL) and the mixture was heated to reflibutylnitrite (21.5 mmol, 1.37 g) was added
to the yellow solution, followed by anthranilic €ci(121.3 mmol, 1.70 g) in
2-ethoxyethyl ether (13 mL). The latter was addedpaise over a period of 20-30
minutes. After half an hour the solvent was remawveehcuo from the dark red solution.
A solution of maleic anhydride (9.1 mmol, 895 mg)ixylene (20 mL) was added and
the mixture was refluxed for 1 hour. The same smiutvas cooled by means of an ice

bath until precipitation of a brown solid occurrédter filtration, the solid was washed
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with a cold solution of KOH in methanol{B (4g in 33 /17 mL). The crude material was
purified by filtration through alumina and furthexcrystallization from hexane. Yield:
3.49 g (13.08 mmol, 70%3¥°F NMR (CDCE): & -123.04 (s)*H NMR (CDCk): & 7.50-
7.40 (m, 2H), 7.20 (d] = 7 Hz, 2H), 7.07-6.93 (m, 4H), 7.77 (tl= 8.8 Hz,J = 1.2 Hz,
2H), 6.23 (s, 1H), 5.51 (11 = 2 Hz, 1H).**C NMR (CDCE): § 160.22, 155.31, 148.66,
145.17, 143.45, 126.82, 126.67, 125.57, 124.19,992319.43, 113.07, 112.63, 53.68,
39.31. Anal. Calcd. for £H12F>: C, 82.8, H, 4.2. Found: C, 82.9, H, 4.2.

Synthesis of 1,8-diphenylphosphinotriptycene (5)

An excess of potassium (25.63 mmol, 1.00 g) wapeswded in dioxane (20 mL) and
CIPPh (6.81 mmol, 1.5 g) was slowly added. The soluti@s heated to reflux for 2.5 h
and cooled afterwards by means of an ice bath.ufineacted potassium was removed
and a solution ofl (2.64 mmol, 760 mg) in THF (5 mL) was added to tbeé solution.
The reaction was left under reflux overnight. Thixtare was then quenched with,®l
and extracted with C}l,. The product was obtained pure by recrystallizatimm
MeOH. Yield: 940 mg (1.51 mmol, 57.2%H NMR (CDCk): & 7.34-7.18 (m, 22H),
6.87 (t,J = 7.4 Hz, 4H), 6.59-6.56 (m, 2H), 6.49-6.46 (m, 26(86 (d,J = 7.8 Hz, 1H),
5.40 (s, 1H)*C NMR (CDCE): & 149.05 (t,J = 14.5), 145.55 () = 3.1 Hz), 145.40,
143.46, 136.99 (1) = 5.6 Hz), 136.51 (1] = 5.4 Hz), 134.25 (td] = 10.3, 2.8 Hz) 132.89
(t, J=6.9 Hz), 129.03, 128.50, 128.42, 128.36, 128126,14, 124.67, 124.49 (8= 4.2
Hz), 123.90, 122.78'P NMR (CDC}): & -14.95. Anal. Calcd. for GH3:P,*C4HgOs: C,
81.1, H, 5.7. Found: C, 81.1, H, 5.6.

Synthesis of (5)PtCl, (6)

Pt(cod)C} (40 mg, 10.69umol) and5 (70.65 mg, 11.3@mol) in CHCI, (8 mL)
were stirred for 1h at room temperature. Crystalgable for X-ray analysis were
obtained by slow diffusion of ED into the CHCI, solution. Yield: 95 mg (7.8@mol,
73.7%)."H NMR (CD,Cl,): & 8.13 (bs, 4H), 7.62-7.38 (m, 18H), 7.05-6.68 @4), 6.28
(bs, 2H), 5.68 (bs, 1H), 5.51 (s, 1HC NMR (CD:Cl,): & 167.53, 150.36, 147.59,
141.84, 137.65, 136.67, 133.17, 133.13, 132.99,463232.27, 131.45, 130.87, 130.13,
128.69, 128.54, 128.32, 128.07, 127.95, 127.84,3726.26.38, 126.36, 125.41, 67.96,
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53.78.3'P NMR (CD:Cl,): & 0.42 (s, with Pt-satellite$Jpi.= 3761 Hz). Anal. Calcd. for
C44H32C|2P2Pt: C,59.5, H, 3.6. Found: C, 59.6, H, 3.8.

Synthesis of (5)Ni(cod) (7)

Ni(cod), (5 mg, 0.018 mmol) andl (11.5 mg, 0.018 mmol) were dissolved in 1 mL of
dioxane. The solution was stirred for 30 minutes alhvolatiles removed under vacuum.
The remaining red-brown powder was dissolved irterated benzenéH NMR (CsDe):

5 8.23 (s, 1H), 7.94 (bs, 3H), 7.82-6.45 (m, 26H3555.78 (m, 1H), 5.21 (s, 1H), 5.14
(bs, 2H), 4.67 (bs, 2H), 2.11-1.99 (m, 6H), 1.73263).3'P NMR (GDs): & 25.31 (s).

Synthesis of (5)Ni(CN)2 (8)

Red crystals were isolated from the catalytic rieactnixture (Table 2.2, Entry 3).
Due to the fact that they were not suitable foray-analysis, the compound was analyzed
via IR spectroscop§.’ IR (cmit) v : 2169 (CN).

General procedure for the hydrocyanation experiments

A solution of ligand5 (11.5 mg, 0.018 mmol) in 2 mL of solvent was added
Ni(cod), (5.0 mg, 0.018 mmol). Cooled liquid butadiene (200125 equiv.) was added
by an Eppendorf pipette, followed by 50 of n-decane as internal standard. The
solution was transferred into a 15 mL Schlenk tedpeipped with a Teflon coated stirring
bar.

Method A: Acetonecyanohydrine (250L, 150 equiv.) was added via Eppendorf
pipette and the Schlenk tube was warmed up to 90°&h oil bath. The mixture was
stirred for 3-5 h.

Method B: An excess of HCN was added via Eppendorf pipettet@ Schlenk tube
was warmed to 90°C in an oil bath. The mixture stased for 5h.

Method C: A round-bottom Schlenk flask was filled with 1 mif dioxane and an
excess of HCN (1@mol/min), which was taken up in a 5 mL syringe avak added to
the reaction mixture by syringe pump during 3 loged system). The mixture was stirred
for another 2 h. The reaction product was coole@*® and flushed with a gentle stream

of argon for 1 minute to remove traces of HCN. Slaspvere analyzed by GC, using
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n-decane as internal standard. All the reactionsevearried out in duplicate, showing

variability for conversion and selectivity of £2 &ad +1 %, respectively.

General procedure for the isomerization experiments

A solution of ligand5 (11.5 mg, 0.018 mmol) in 2 mL of dioxane was added
Ni(cod), (5.0 mg, 0.018 mmol) in a Schlenk tube and stifoecc minutes. 2M3BN (200
uL, 100 equiv.) was added with an Eppendorf pipdttbowed by 50uL of n-decane as
internal standard. The Schlenk tube was placed wildbath at 90°C and samples for GC

analysis were taken over time. The selectivityaBrobd as 3PN nitriles).

X-ray Crystal Structure Determination of (6)

CasH3:ClP,Pt-2(CHCL,), fw 1058.48 g/mol, colorless block, 0.30 x 0.30.£8 mn,
orthorhombic, @c2; (no. 36), a = 16.14097(18) A, b = 16.8563(3) A, £52270(4) A,
V = 4142.93(14) A Z = 4, D, = 1.697 g/cm, n = 3.885 mrit. 18 011 Reflections were
measured on a Nonius Kappa CCD diffractometer vaitotating anode (graphite
monochromator = 0.71073 A) at a temperature of 150 K. Data rédocwas
performed by the program EVALCCH.An absorption correction based on multiple
measured reflections was applied with the progré&®/ABS* (Tnmin = 0.28, Thax= 0.51).
3802 Reflections were unique;{R= 0.0231) of which 3734 with | =Zl). The structure
was solved with Direct Methods using the progranR-SF? and refined with
SHELXL-97?% against E of all reflections. Non-hydrogen atoms were refineith
anisotropic displacement parameters; carbon atazs€4; C10-C12, C16-C20 and C22-
C26 were restrained to an approximate isotropicabien. All hydrogen atoms were
calculated in idealized positions and refined véthiding model. 250 Parameters were
refined with 103 restraints. jRVR; [I>20(1)] = 0.0268/0.0700; RwR, [all refl.] =
0.0272/0.0702; S = 1.037. One of the two,CH molecules of crystallization was found
to be disordered over a mirror plane. Its contidouto the structure factors was taken
into account with the SQUEEZE routine as implemeérite the PLATON* program
package. Residual electron density excursions leetwé.118 (2.62 A from H27B) and
1.128 e/R (0.83 A from Pt1). Geometric calculations and cliegkor higher symmetry
were also performed with the PLATGNorogram.
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Chapter 3

Nickel-Catalyzed Isomerization
of 2-Methyl-3-Butenenitrile to
3-Pentenenitrile. A Kinetic Study Using
In situ FTIR-ATR Spectroscopy

The isomerization of 2-methyl-3-butenenitrile to 3-pentenenitrile was
followed using in situ FTIR spectroscopy. The spectrum was
analyzed comprehensively to obtain kinetic profiles from the
different band dynamics. Calculated spectra of the substrate and the
products support the peak assignment. An average profile was

calculated applying a quasi-multivariate analysis technique.
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Chapter 3

3.1. Introduction

The DuPont adiponitrile process is so far the omkample of an industrial
application of the Ni-catalyzed alkene hydrocyaorati Adiponitrile (AdN) is produced
from butadienevia hydrocyanation and isomerization reactions. Thaitech of HCN to
butadiene leads to both the desirable linear isoBipentenenitrile (3PN) and the
undesirable branched isomer 2-methyl-3-butenemi@M3BN) in a variable ratib.In
the second step of the process, 2M3BN is isometiz&®PN in the presence of the same
nickel catalyst used for the hydrocyanation, thifowgy C-CN bond breaking/forming
reaction involving a [Ni(ll)allyl(cyanide)] comple¢Scheme 3.1.

In the hydrocyanation reaction, the Ni(ll) intermegd is formedsia HCN addition to
the metal complex. As one of the first steps indaglytic cycle of the isomerization, the
Ni(0) species is oxidized to Ni(ll) upon 2M3BN atidn. The reductive elimination of
nitriles that is believed to be the rate-deterngnistep in catalytic hydrocyanation
reactions takes place as last step of the cychloih processes (see Chapter 2, Scheme
1.2). The two reactions are closely related. Howewethe presence of HCN excess, the
Ni-catalyst is rapidly deactivated, due to the fation of [Ni(CN)L,] species On the
other hand, during the Ni-catalyzed isomerizatior2l3BN (Scheme 4.1) HCN is not

CN \ % / CN

Scheme 3.1. Isomerization of 2M3BN.
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present. Therefore, the isomerization can be considered amdel reaction foin situ
studies of the mechanism and the kinetics of theelnaniting step in the hydrocyanation.

The first challenge is to find a suitable technidoethein situ experiments. So far,
the investigations have been limited to a few pgpeporting on the characterization of
the isomerization reaction intermediatty NMR spectroscopy, using phosphine
ligands® In combination with Ni(cod) all classes of bidentate phosphorus ligands, such
as phosphines, phosphinites, phosphonites, andopies catalyze the isomerizatibn.
The influence of the ligand parameters on the gstahctivity for this reaction still
remains unknown. Howeven situ NMR studies of this reaction are difficult. In fathe
tetrahedral coordination geometry of the Ni(ll) emhediates causes the presence of
paramagnetic speciés.

Tolmarf and Drulinet have already reported on the characterizationi @ofplexes
by IR spectroscopy. In their work, the interactioh zero-valent nickel phosphite
complexes with various independent components efctitalytic system, such as HCN
and different olefins, has been investigated aimimga better understanding of the
mechanism. In this study the isomerization of 2M3®M#s performed and for the first
time the reaction was followed lpperando FTIR spectroscopy. A kinetic profile was
obtained by analyzing the dynamics of the peakkenR spectra. DFT calculations were

used to confirm the peak assignment.

3.2.In situ FTIR-ATR spectroscopy applied to the analysis ofhe

2M3BN isomerization reaction

An FTIR-ATR (Fourier Transform Infrared in Attenedt Total Reflection mode)
spectroscopic technigtfewas used to monitor in real time the isomerizatb2M3BN.
Using FTIR spectroscopy the detection would notnegatively influenced by the
presence of paramagnetic species. The reactiorperésrmed in dioxane at 60°C for 4
hours using a triptycene-based diphosphine lifatBicheme 3.1 and Figure 3.1) and

Ni(cod), as the metal precursor. An IR spectrum was recbedery 10 minutes using a
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diamond ATR probe connected to an FTIR instrumaittt @& flexible light guide or deep
immersion probe (Scheme 3.2).

The IR beam that exits the Michelson interferometeonverged by a hollow mirror
and directed into a flexible light guide. The lightide is coupled to a stainless steel deep
immersion probe equipped with a diamond ATR crystdle sample solution in the
Schlenk flask is in intimate contact with the ATR/stal. Due to the cone-like crystal
geometry and high refractive index, the IR beambi®ueflects from the internal
surfaces of the crystal and creates an evanes@d, which projects orthogonally into
the sample solution (Scheme 3.2, ATR effect). Samhehe energy of this beam is
absorbed by the sample and the reflected radiaiogturned to the detectaia a second
light guide also coupled to the probe.

However, the choice of this analytical method pnéseé some drawbacks. The light
transmission efficiency of this set-up is less tl28% and consequently the sensitivity
was relatively low. High concentrated samples andylcollection times (up to 7 min.)

were required, implying that fast reactions carbemonitored with this specific setup.

ATR effect
Flexible
2-4 microns IR light guu_ies
chalcogenide
Evenescence
wave
Stainless steel
deep probe + MCT detector
Michelson Interferometer j‘ // I-N, cooled
Moving T
mirror /, =
i Schilenck
Fixed Beam Hollow mirror Elf’
mirror splitter For beam ('<
conhvergence |
@ \) Double reflection
IR Globar diamond ATR

Scheme 3.2. Schematic representation of the FTIR-ATR setup.
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(i

s

PPh2 Ph,P

Figure 3.1. Triptycene-based phosphine ligand

The experiment was also performed using a ZnSe AiRe. The diamond crystal
shows absorbance in the region 2200-190d,arhich is also the typical region for the
peaks of the nitrile group. To avoid a high nos@¢ak ratio the ZnSe crystal would be a
better choice. Unfortunately, the nitriles in tl@action mixture can coordinate to the Zn
on the crystal surface, resulting in broadeninghef peaks in the IR spectra. Moreover,
the coordinated species are not reacting furthexating an artefact in the detected

spectrum.

3.3. IR spectra: interpretation and kinetic profiles

3.3.1. In situ or operando technique

True fundamental understanding of the structured@gselectivity relationship
requires molecular level characterization of catalppecies under realistic catalytic
operation conditions. The molecular characterizai® generally obtainedia in situ
spectroscopyOperando spectroscopic methodology was just recently intoedl into the
catalysis literature to express a methodology t@hbines simultaneouslyn situ
spectroscopy and kinetic measurements on the samgles.Operando is borrowed from
Latin, which means “working” or “operating” sinclet recorded spectra are obtained
from an “operating” catalytic systeth.Applying anoperando spectroscopic technique,

different regions in the spectra recorded durirgga2M3BN isomerization were analyzed.
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3.3.2. Thenitrileregion

In the isomerization reaction, the branched nitalkene 2M3BN is converteda
C-CN bond cleavage to the linear nitrile alkeneN3Bcheme 3.1). Therefore, the nitrile
bands are most characteristic for this reactiore Vibration involved is the stretching of
the triple bond, which occurs at 2260-2240cim aliphatic nitrile$® (Figure 3.2). Since
this region of the spectrum is relatively free dier signals, even weak bands can be

distinctive and reliable.

pzd

' I /\/\C‘\\‘

)\/ SN

Figure 3.2. The triple bond stretching for 2M3BN and 3PN.

@]

The isomerization reaction was monitored for 4 Bptecording a spectrum every 10
minutes. The overlaying of the spectra showed nivén dynamics of the bands after 170
minutes. Consequently, the reaction was compldts #ie first 3 hours and only these
spectra will be discussed. The band at 2243 ismassigned to the nitrile stretch vibration
of 2M3BN. This band showed a decrease in interaityf peak broadening, while the
formation of 3PN was confirmed by the appearanca nitrile absorption at 2248 ¢m
The two bands are not well resolved (Figure 3.3).

Therefore, second derivative spectroscopy was egitir the interpretation of these
spectra. This technique consists in recording dworsd derivative of the spectrum with
respect to the wavelength (or frequenty)According to Beer's law, the second

derivative of the absorbance spectrum is lineaoimcentration:

AV) =In() =[Claw) @
d’A _ 1 d%a
R @

A = absorbance
v = frequency

| = intensity
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[C] = concentration
| = path length

o = absorption coefficient

After recording an infrared spectrum, the seconilvdgve is easily derived by numerical
differentiation. In the second derivative spectilsesolved peaks are observed, which
can be associated to the formation of 3PN and dhswmption of 2M3BN (Figure 3.3).
Furthermore, a total conversion of 87% in this expent was determined after 4 h by
GC-analysis. The dynamics in the spectra were tzkul by integration methods and
normalized to the final conversion. Nitrile isomeather than 2M3BN and 3PN, were
detected only in traces. A kinetic profile for temation of 3PN was obtainéd,as
shown in Figure 3.4. It must be mentioned thatuke of a deep immersion probe does
not allow a fast temperature change. In other wdtrdsprobe needs a slow equilibration
to have the best detection conditions. Therefdre,temperature was slowly increased
from room temperature to 60°C over 20 minutes. Bthis period, the reaction does
not lead to 3PN formation.
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Figure 3.3. Absorbance spectra (left) and 2" derivative spectra (right) of the -CN region.
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Conversion to 3PN (%)
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Figure 3.4. Kinetic profile obtained from the CN band of 3PN at 2248 cm™.
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Figure 3.5. Absorbance spectra (left) and 2" derivative spectra (right) of the -CN region after

subtraction of the spectrum recorded at the initial time (only 2M3BN).

The initial IR spectrum recorded at the start & teaction, when only 2M3BN is

present in the reaction mixture, was taken as brackgl spectrum and subtracted from
the spectra recorded during the isomerization exyeent (Figure 3.5). Consequently, the
initial difference spectrum does not show any band$e nitrile region. The following

difference spectra show the formation of a new ban®248 crit related to 3PN and a
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negative band at 2243 melated to the consumption of 2M3BN. TH¥ @erivative was

again calculated in order to reduce the peak teengitio.

3.3.3. The C-H deformation band region

Stretching and deformation vibrations charactenmghyl and methylene groups. In
aliphatic compounds, the asymmetric out-of-phadés-@formation (Figure 3.6) occurs
near 1465 ci, although the methyl wave numbers show some $éhsito the
electronegativity of the attached atotisThe -CH- deformation bands (Figure 38),
which are located near 1463 ¢nn alkenes, is lowered to about 1440 tmhen the
-CHy- group is next to a double or a triple bond. Abcenyl, nitrile, or nitro group each
lowers the frequency of the adjacent -Cigroup to about 1425 chand increases its
intensity™® The —CH- deformation absorbs weakly at 1350-1303.t

The C-H deformation band region was analyzed indjweamic IR spectra of the
isomerization. A band originating from the solvevds present at 1365 €nfdioxane
C-H twisting band and used to normalize the IR spectra. The otheddbalearly
showed dynamic transformations, although therexisnsive overlapping of the peaks.
The peak intensities of the bands at 1478 and t484evolve during the reaction. The
two bands are assigned respectively to the methgl the methylene group C-H
deformation of 3PN (Figure 3.7).

The second derivative allowed again having a ctepattern for the peak intensity,
especially for the band at 1478 ¢niThe kinetic profiles obtained for these dynamics

were similar to the one for the nitrile group (Figt3.8).

Figure 3.6. The methyl and the methylene C-H deformation for 3PN.

83



Chapter 3

1,75 1434
t=170min
(CN-)C-H2

1365
dioxane

1478 1468 [f
t=170min

02 K
0,0

-0,17
1500,0 1480 1460 1440 1420 1400 1380 1360 1340,0
cm-1

0,0104. 1468 1422

0,008

0,004

0,000

-0,004

t=170min
(C=C)C-H

-0,008
t =170min
(CN-)C-H:

1365
-0,0132 dioxane
1500,0 1480 1460 1440 1420 1400 1380 1360 1340,0

cm-1
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3.3.4. The (C=)C-H stretching band region

Olefinic =CH- stretching occurs at 3130-2980tnin particular, the out-of-phase
=CH, stretch vibrations of vinyl compounds (Figure 3)1@nonosubstituted ethylenes)
give rise to a band in the region 3100-3070%am hydrocarbon$® This band is well
separated from other =Clstretching bands below 3000 ¢m

2M3BN contains a vinyl group. Therefore, also t@e)C-H stretch band region was
taken into consideration. The peak intensity at5368i* decreases during the reaction.
The 2 derivative of the spectra allows an improved dalion of the kinetic profile

(Figure 3.12). The calculation was made considetieg2M3BN consumption during the
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Figure 3.11. Absorbance spectra (left) and 2" derivative spectra (right) for the (C=)C-H
stretching band.
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Figure 3.12. Kinetic profile obtained from the =CH, stretching band at 3055 cm™, relative to
2M3BN consumption. The conversion is calculated as 3PN(%) = 100 — 2M3BN(%).

formation of 3PN: 3PN(%) = 100 — 2M3BN(%). The ab&d graph shows a kinetic

curve similar to the three previous ones, calcdlatem the nitrile, methyl and
methylene 3PN bands.

3.4. DFT calculations and peak assignment

The simplest description of a vibration is a harmoascillator. Applying this
concept, it is possible to use computational methitodgain insights into the vibrational
motion of molecules. There are a number of commrtat methods available with
varying degrees of accuratyFrequencies computed with a quantum harmoniclasaril
approximation tend to be 10% higher than the expammial value, due to the
approximation itself and the lack of electron ctatien. Most studies are done usiag
initio methods. The overall systematic error is less DEA calculations$?

Another related issue is the computation of theensities of the peaks in the
spectrum. Peak intensities depend on the probalfilét a particular wavelength photon
will be absorbed and are obtained by computingrduesition dipole moments as relative

peak intensities, since the calculation does raude the density of the substance.
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Figure 3.13. Overlaid spectra of 2M3BN, cis- and trans-3PN. The spectra are obtained from DFT
calculations.

The DFT calculations were used to confirm the paakignment in the spectra
obtained from the reaction mixture and to study fienation oftrans- and cis-3PN
separately. Calculations for 2M3BN, as well astfans- andcis-3PN were performed
and the spectra were superimposed as shown in&igur3. The frequency values
showed a shift to higher wave numbers comparedheoekperimental results, but the
general trend is confirmed. The nitrile bands fog productstfans- andcis-3PN) have
higher wave numbers than the band for the subs(PA8BN). The C-H deformation
bands are in a very narrow spectral region and pompletely resolved.
The same overlapping is observed in the C-H stimgchegion, except for the vinyl
(C=)C-H band. Unfortunately, isolated peaksisf or trans-3PN were identified only in
the finger print region (900-1000 &M The IR light guide used during the experiment,
limited the spectral range in the low wave numlegrion giving very low signal to noise
ratio. Consequently, the formation of these twodpis could not be investigated
separately.

Figure 3.14 and 3.15 show the spectra of 3PN an8BM/and, in particular, the
vibrations identified in the experimental specrhe methyl and methylene groups were
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detected at 1478 and 1434 tnrespectively and the calculations showed thasehe
vibrations occur at 1490 and 1461 tnfror the vinyl C-H stretching band, a shift was
observed from 3055 chin the experimental to 3218 &nin the calculated spectrum.
The shift increases at higher wave numbers, bedheserror in the calculations becomes
bigger for larger motions of the harmonic osciltatbiowever, the peak positions
maintain the same trend. It can be concluded tHal Dalculations confirm the peak

identification that we proposed for the experimesgeectra.
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Figure 3.14. DFT calculation of the 3PN IR spectrum, assignment of the deformation bands for
the methyl and methylene groups.
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Figure 3.15. DFT calculation of the 2M3BN IR spectrum, assignment of the stretching band for
the vinyl group.
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3.5. “Quasi-multivariate” analysis

The profiles calculated from the different IR barmtsesented similar dynamics, but
show also a considerable error range (Figure 3Tk error is due to the low peak to
noise ratio in the IR spectra recorded during floenierization experiment. There are two
main reasons for the low peak to noise ratio. Belight transmission through the ATR
probe has a negative effect on the noise leveh®fithole spectrum. On the other hand,
low signal to noise ratio was detected mainly ia ligh frequency range (>1500 ¢m
The path length through the reaction mixture anbsequently the absorbance (peak
intensity) are inversely related to the frequerinyother words, the depth of penetration

(dp) is directly related to the wave leng#t),(as it is shown in the formula below:

2m, / sin® 8 - (nzj @
nl

d, = depth of penetration

A = wave length

6 = 45° angle of penetration

n; = refractive index of the crystal

n, = refractive index of the solvent (dioxane)

Furthermore, a systematic error was introdudgedhe integration method that involves
the arbitrary choice of the base line points amdpbak maxima.

Due to such complexity of the samples, more sophigtd methods of data analysis
are now being used, such as the multivariate aisalgshniqué’. As the name indicates,
multivariate analysis comprises a set of techniglemficated to the analysis of data sets
with more than one variable. In the IR spectra elaebuency can be regarded as one
variable. Several of these techniques were develapehe last twenty years, because

they require the computational capabilities of madmmputers.

89



Chapter 3

100 -
80
60 v

40
: B peak at 2248cm™ 2nd derivative
® peak at 1434cm™ 2nd derivative

peak at 1478cm™ 2nd derivative

v peak at 3055cm™ 2nd derivative

Conversion to 3PN (%)
<

20

-
—pe-—— 777
0 20 40 60 80 100 120 140 160 180
Time (min)

Figure 3.16. Kinetic profiles obtained from the -CN stretching, the -CH3z and -CH,- deformation
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Figure 3.17. Kinetic profile obtained as average of the four kinetic profiles of different IR bands.

A “quasi-multivariate” (QMV) analysis was applied to theespra recorded for the
isomerization of 2M3BN. Each band dynamic in thectpa was considered as a different
variable and an average kinetic profile was catedlaFigure 3.17). The profile was
obtained by averaging the conversions for eachrdeog time. The aim was to minimize
the error in the average profile compared to thglsiband dynamic one. This method is
an easy approach to make use of the correlationeleet different band dynamics, in

order to increase the accuracy of the kinetic fgofn fact, the formation of 3PN and the
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consumption of 2M3BN are taken into consideratiomustaneously, being directly

correlated in the reaction and, consequently, shgwie same kinetics.

3.6. Multivariate analysis

The IR data were further analyzed by chemometmdsch is the application of
mathematical or statistical methods to chemicala.dathe method used was the
multivariate curve resolution (MCRS® With this method the spectrum of a
multicomponent system, D, is considered as the s@imndividual spectra of its

components:
p
D=>'SC, (1)
k=1

where p is the number of components that contributde observed spectral intensities
in D. & and G is the spectrum of component k and its conceptmatiespectively. The
entire spectroscopic data set of n spectra caxfiressed in a matrix, D, of dimension m
by n, namely:

p
D, =>.S,C, fori=1,2,...mandj=1, 2, ... n 2)
k=1

The objective of the analysis is to solve the aleeation for S and C. There may be
other factors representing the spectral baselimkaher fixed pattern errors from the
measurement of the spectra. Therefore, the obseatadmatrix, D, can be approximated
by the matrix product S and C with the first g caments and a residue matrix, E,
representing experimental errors:

Don = SixeCaxn T Erxn (3)

mxq ~gxn

Alternating least squares regression methods a@ tasrefine the C and S matrices
to real spectra and concentration profiles of phremical species. This is an iterative
process by minimizing the residue matrix, E, whipplying some physically meaningful

constraints such as a maximum amount of components.
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Figure 3.18. Superimposed QMV and MCR kinetic profiles.

The —CH- deformation region of the IR spectra whssen for the multivariate
analysis. In fact, this region presents a lowerkpeanoise ratio, leading to a lower
residue matrix and consequently more accurate chatn@ calculation. The Kinetic
profile calculated from the multivariate analysssdepicted below (Figure 3.18). The
profile obtainedsia aquasi-multivariate analysis is superimposed in Figud3The two
profiles show a very good agreement, which valislae results obtained with the first
more accessible method for analyzing the data (QMV)

Due to the limitations of the setup, a series gfezdnments carried out at different
concentrations and temperatures could not be peefdy in order to analyze the kinetics
of the reaction. However, the profile for the isoin&tion of 2M3BN at 60°C and in the
presence of the [NiTripty(PRh] catalyst suggests zero-order for the 2M3BN
consumption and the 3PN formatiShThe first 3% of conversion are neglected, since
the temperature of the reaction mixture needeceteduilibrated slowly. The last 20% of
conversion are also not taken into account becatisatalyst deactivation. The profiles
obtained with the QMV and the MCR methods both slaogood linear fitting, while a
logarithmic fitting, which would indicate a firstaer, does not apply (Figure 3.19).
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Figure 3.19. Linear fitting for the QMV and MCR kinetic profile.

3.7. Limitations of the IR analysis technique and wtlook

Next, the investigation of the Ni-catalyzed hydracgtion reaction by means of IR
spectroscopy was considered (Scheme 3.3). In Qhapie application of the triptycene-
based ligand in the butadiene hydrocyanation anel double activity of the

[NiTrip(PPh),] catalyst in promoting hydrocyanation and isomegicn at the same time
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CN
Ni(cod) 5, L
N _ - /\/\CN + )\/
HCN
butadiene 3-pentenenitrile 2-methyl-3-butenenitrile

Scheme 3.3. Hydrocyanation of butadiene.

Table 3.1. Butadiene hydrocyanation in dioxane with ACH as HCN source.

Entry Temperature () Conversion (%) 3PN (%)
1 60 12 89
2 80 75 92
3 90 87 95

Conditions: 0.036 mmol Ni(cod),, acetonecyanohydrine (ACH) as HCN source,
Ni:L:S:ACH=1:1:125:excess, T = 90<C, 4h, 2 mL dioxane.

were reported. An extensive study of this reactioould be of great interest. The
experiments with the IR-probe were carried out miaximum of 60°C, due to the limited
temperature resistance of the probe. Unfortunatbly hydrocyanation of butadiene did
not work efficiently at that temperature (Table,FEhtry 1). The best conditions for both
hydrocyanation and a slow isomerization reactidaw(senough to be detectada IR
spectroscopy using this specific setup) were a€g0able 3.1, Entry 2).

A second limitation of this setup is the lack ohsigvity. A possible solution,
together with a better IR setup, would be a moresitige analytical technique such as
Raman spectroscopy, which shows better sensitiwitygroups with high polarizability,
e.g. the nitriles.

3.8. Conclusions

The isomerization of 2M3BN was performed in dioxateé0°C for 4 hours using a
triptycene-based diphosphine ligand in combinawath Ni(cod). A final conversion of
87% was determined by GC-analysis. An IR spectrues vecorded every 10 minutes

using an ATR probe connected to a FTIR instrumetit a/flexible light guide.
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Different regions in the spectra were analyzed. péak in the -CN stretch region at
2243 cm' gradually decreased and a second peak at 2248aomse, while the 2M3BN
is converted into 3PN. Also the CH deformation #mel (C=)CH stretch regions showed
transformations in time. Several spectral regioagehbeen transformed to their second
derivative. The dynamics in the spectra were catedl and normalized to the final
conversion determined by GC. Similar kinetic pedilwere obtained from the dynamics
of different bands. Furthermore, DFT calculationsvén been performed to obtain
calculated IR spectra of 2M3BNirans- and ciss 3PN, in order to assign the
corresponding bands in the spectra of the mixténe.average kinetic profile was
obtained from the dynamics of four different peakshe spectra applying agtiasi-
multivariate” analysis (QMV), taking into considéom the correlated formation of 3PN
and consumption of 2M3BN.

A chemometric analysis of the CH deformation regij@merated a profile similar to
the one obtainedia QMV. The latter method was, therefore, validatedaasnore
accessible approach to make use of the correlabneen different band dynamics of
the significant spectral regions.

For the first time IR spectroscopy was applied tinitor the kinetics of the 2M3BN
isomerization reaction. Using a more suitable FT$Rtup or applying Raman
spectroscopy, such a spectroscopic method wouldepg useful to study also the

hydrocyanation reaction.
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3.9. Experimental Section

General considerations

Chemicals were purchased from Aldrich, Acros or dkeand used as received. 1,4-
Dioxane was distilled over Cahprior to use. All preparations were carried outileman
argon atmosphere using standard Schlenk technique4.,8-(Bis-
diphenylphosphino)triptyceffeand Ni(cod)?” were synthesized according to literature
procedures. IR spectra were recorded on a Nicolettak 360 FT-IR instrument
connected to a Remspec IR Fiber-Optic Immersiob&rdhe spectra were recorded and

elaborated using the Omnic E.S.P. 5.2a program.

General procedure for the isomerization experiments

A solution of ligand (23.0 mg, 0.036 mmol) in 2 ndf dioxane was added to
Ni(cod), (10.0 mg, 0.036 mmol) in a Schlenk tube and stificer 5 minutes. 2M3BN
(400 pL, 200 equiv.) was added with an Eppendorf pipdtidbowed by 100uL of n-
decane as internal standard. A diamond ATR deepension probe connected to a FTIR
instrument with a flexible light guide was immersedhe reaction mixture. The Schlenk
tube was placed in an oil bath and heated to 6(RGpectra were recorded every 10
minutes. A sample for GC analysis was taken after #he selectivity is defined as
3PN/E nitriles).

IR spectra

Number Scans: 700

Resol ution: 4 cm?

Data Spacing: 1.929 cnt
Gain: 4

Velocity: 1.8988 cm/s
Soectral Range: 4000-900 crit

IR data treatment

The FTIR spectra were transformed into the absadamde. Further data treatment
was performed using the Perkin Elmer software Spectv5.0.1. All spectra were
normalized using the C-H deformation vibrationahétaoriginating from the dioxane

solvent. The peak maximum at 1365 tmas set at ordinate 1.0 with a one sided base
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point at 1340 ci. The second derivative spectra were calculatetyampp13 points. In
both the absorbance spectra as well as the se@ntive spectra the peak heights are
linear with the concentration as given by the LariBeer law. The peak heights were
determined at 3055, 2248, 1478 and 1434 aming fixed base points in the nearest
maxima at both sides using the t = 170 min spectitme data for the band at 1478tm

are reported as example.

Time (min) Peak height 2" derivative at 1478 cm™(A) Normalized value (%)
170 -0,008 87
160 -0,008 87
150 -0,0075 82
140 -0,0073 80
130 -0,0072 79
120 -0,0071 77
110 -0,0067 73
100 -0,0061 67
90 -0,0044 49
80 -0,0026 30
70 -0,0018 21
60 -0,0003 5.0
50 0,0002 0
40 0,0006 0
30 0,0006 0
20 0,0002 0

Multi-variate analysis

The multi variate calculations were performed in AMLAAB R2006B (The
Mathworks, Inc.) using the PLS toolbox version &Exenvector Research, Inc.). Multi
Curve Resolution (MCR) was applied to the set adc@ in the interval 1500 - 1400
cm™* with the constraints that the output must contaity non-negative pure spectra and
non-negative concentrations. The calculation offitst two components captured > 98
% of the variation in the spectra. The resultingfig was normalized to the end

conversion of 87 % determined by GC.
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General procedure for the hydrocyanation experiments

A solution of ligand (23.0 mg, 0.036 mmol) in 2 ndf dioxane was added to
Ni(cod), (10.0 mg, 0.036 mmol) in a Schlenk tube and stifie 5 minutes. Butadiene
(400 pL, 200 equiv.) was added with an Eppendorf pipdtibowed by 100uL of n-
decane as internal standard. The Schlenk tube l@ascin an oil bath and heated to
60°C. A sample for GC analysis was taken afterT4e selectivity is defined as 3PN/(

nitriles).

Computational Details

Quantum chemical calculations were carried out he framework of density
functional theory using the Gaussian 03 progfarfihe hybrid B3LYP functional was
used in a combination with the 6-311+G(d,p) bastars all computations. No symmetry
restrictions were imposed during the geometry ogtition. The nature of the calculated
structures was evaluated from the analytically categ harmonic normal modes. All of
the optimized structures showed no imaginary fragies and thus were assumed to

correspond to the local minima.
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Chapter 4

Hydrocyanation of 3-Pentenenitrile with
Tetraphenol-Based Diphosphite Ligands:
Formation of =n-Allyl and o-Alkyl

Intermediates

New tetraphenol-based diphosphite ligands (TP) were applied in the
alkene hydrocyanation reaction. Very high activities were observed in the
conversion of 3-pentenenitrile. Surprisingly, these systems are neither
active in the hydrocyanation of butadiene nor do they show any
isomerization of 2M3BN. This peculiar behavior was investigated by
means of NMR and IR spectroscopy, considering the formation of z-allyl
and o-alkyl intermediates. Moreover, the coordination of ZnCl, to the
complex [Ni(2M3BN)(TP2)] was studied by IR spectroscopy.




Chapter 4

4.1. Introduction

Recently, our group reported on the synthesis tfapbenol-based diphosphite
ligands (TP) (Figure 4.1) and their applicationttie hydroformylation of octenésln
combination with Ni(cod) bulky phosphites with a rigid backbone are knaavgive the
most active catalysts in alkene hydrocyanafidinerefore, the application of these new
diphosphite ligands in the DuPont adiponitrile @me& in which adiponitrile (AdN) is
obtainedvia hydrocyanation of butadiene in three steps, wassitigated.

The hydrocyanation of 3-pentenenitrile (3PN) he tmost difficult step of the
process (Scheme 4.1). In general, monoalkéra® less active substrates than dignes
or vinylarenes:® So far only patent literature reported on the 3®Mrocyanation in
terms of catalyst activityMany ligands have been screened, but only fewysasabased
on bulky phosphites and phosphinites perform witlody conversion and selectivity
towards adiponitril&. Tolman et al.® investigated the kinetics and the influence of
different Lewis acids on the selectivity of the 3Rjdrocyanation with catalysts based
on monodentate phosphites. Deuterium labeling studipplying DCN in the 3PN
hydrocyanation have been reported by DruliieFhe reaction has also been performed

in ionic liquids, using phosphites modified witmio groups-*
t-Bu t-Bu

T

/ \
RO-R P-0R
@) O ()

O t-Bu

t-Bu

Ligand TPL TP2 TP3 TP4 PS5
R= wWoN < Y W \E\f'\j)<
_O

Figure 4.1. Tetraphenol-based ligands TP1-TP5.
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A NiL 4, Lewis acid
/\/\CN o CN \/\/\CN

3-pentenenitrile adiponitrile

Scheme 4.1. Hydrocyanation of 3-pentenenitrile.

4.2. Hydrocyanation of 3-pentenenitrile

The tetraphenol backbone was used for the syntbéfiige ligands (TP1-TP5, Figure
4.1), which have been reported and characterizedqursly! Butadiene hydrocyanation
and 2M3BN isomerization were performed in toluene9@°C for 4h. Curiously, no
conversion was observed in either reactions. Tliedoyanation of 3PN was also carried
out in toluene at 90°C for 4h, applying ACH (acetoyanohydrine) as HCN precursor
and ZnC} as Lewis acid. In this case, a conversion of up9% was obtained (Table 4.1,
Entry 2).

The catalyst based on ligand TP2 was the bestnpairig system (Table 4.1, Entry 2)
with a conversion of 39% and a selectivity of 968wards AdN. A conversion and
selectivity to AN of 24% and 83% respectively wetg#ained using the catalyst based
on ligand TP1Table 4.1, Entry 1). The other systems based dhalfl TP4 gave lower
conversions (~15%) and selectivities (Table 4.%riEs 3-5).

To optimize the reaction conditions with the [Ni@)P catalyst, THF was used as
solvent. The more polar medium allowed variatiortted amount of Lewis acid (Table
4.2, Entries 1-4), since Zngk soluble in THF but not in toluene. The additmthree

Table 4.1. Hydrocyanation of 3PN with tetraphenol ligands TP1-TP5.
Entry  Ligand Conversion *% 2PN°%  4PN°%  Yield DN°%  ADN/MGD

1 TP1 24 10 / 14 83/17
2 TP2 39 0 19 20 96/4

3 TP3 15 1 7 7 75/25
4 TP4 14 1 1 12 59/41
5 TPS 15 1 8 6 68/32

Conditions: 0.018 mmol Ni(cod),, Ni:L:Zn:S:ACH=1:1:1:170:excess, acetonecyanohydrine (ACH)
as HCN source, T = 90C, 2 mL toluene, t = 4h. [a] Conversions are based on the amount of
substrate left [mmol] and calculated using GC data and n-decane as internal standard. [b] Yield of
2PN and 4PN. [c] Yield of DN (adiponitrile + methylglutaronitrile).
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equivalents of ZnGlresulted in an increase of conversion up to 53% wiselectivity of
85% towards the linear adiponitrile (AdN) (Table24Entry 4). The reaction was
repeated with a reaction time of 7 h, but the cosiea did not increase. Consequently,
the catalyst is completely deactivated during tiret f4 h of reaction. The facile
deactivation is most likely due to the reactionditans, in which HCN (ACH) is added
at once in large excess. In fact, the Ni(0) catas/generally prone to the double addition
of HCN leading to the formation of catalyticallyaictive Ni(ll) dicyanide species. A
higher temperature of 110°C lowered the conversadtinough the selectivity towards
adiponitrile remained at 87% (Table 4.2, Entryl8ing AICk as Lewis acid, the activity
towards AdN decreased dramatically (Table 4.2,\E@)r

By addition of DCN to pentenenitriles, Druliner gted the reaction mechanism in
the presence of Algland ZnC}, using a mixture opara- andortho-tolyl phosphite as
ligands®™® It was proven that 4PN is the predominant sulstfat the formation of
dinitriles. 3PN is first isomerized to 4PN, whichdonverted to AdNia hydrocyanation
(Scheme 4.2). Furthermore, it has been concludaidtiie double bond isomerization is
catalyzed by addition and elimination of a Ni hydrispecies in the presence of AICI
Using ZnC}, the isomerization of 3PN to 4PN occurs indepetigefrom the
hydrocyanation step without coordination to thekalc The catalyst [Ni(TP2)*(AIG)]
showed neither activity in the isomerization of 3RN4PN, nor in the hydrocyanation

reaction.

Table 4.2. Hydrocyanation of 3PN with tetraphenol ligand TP2.

. b - C
Entry Lewis acid (eq)  Conversion %% ggﬁr 4n|;t,i'||_ezﬁ’v|2§ﬁ’]) Y[EIISN?I\DII G(DO?)
1 ZnCl, (1eq) 41 [4-5-0] 32[88/12]

2 ZnCl, (2eq) 40 [4-2-0] 34 [88/12]

3 ZnCl, (5eq) 14 [1-1-0] 12 [85/15]

4 ZnCl, (3eq) 53 [3-11-0] 38 [85/15]
5° ZnCl, (3eq) 29 [3-9-0] 20 [87/13]

6 AICI; (1eq) 1 [0.2-0.4-0] 0.1 [100/0]
7° ZnCl, (3eq) 43 [3-17-1] 22 [82/18]

Conditions: 0.018 mmol Ni(cod),, Ni:L:Zn:S:ACH=1:1:1:170:excess, acetonecyanohydrine (ACH)
as HCN source, T = 90C, 2 mL THF, t = 4h, TP2 as ligand. [a] Conversions are based on the
amount of substrate left [mmol] and calculated using GC data and n-decane as internal standard.
[b] Yield of 2PN, 4PN and 2M2BN. [c] Yield of DN (ADN + MGD). [d] T = 110<. [e] BIPPP as
ligand.
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HCN
NN ——= AN = NC e

3PN 4PN P. _CN AdN

o-alkyl intermediate

Scheme 4.2. Hydrocyanation of 3PN, o-alkyl intermediate.

To facilitate the formation of AdN, the hydrocyaioat of 4PN with [N{TP2)] was
performed under the best conditions establishedtHferhydrocyanation of 3PN. The
substrate largely isomerized to 3PN (53%), butyietl of dinitriles and the selectivity to
adiponitrile were 42% and 89%, respectively, angsthigher compared to the reaction
using 3PN as substrate. Only C-C double bond isaateyn within the pentenenitrile
skeleton was observed (2PN, 3%).

It is remarkable that during the 3PN hydrocyanatwith catalysts based on TP
ligands and in the presence of Zp@le double bond isomerization only occurs to other
linear nitriles (2PN and 4PN). The isomerizationliokar to branched monononitriles
could not be detected by GC analysis in the uneglastarting material mixture. This
isomerization to branched isomers would have tolires oxidative addition of a C-CN
bond to Ni(0) with the formation of-allyl intermediates and subsequent reductive
elimination of 2M3BN (Scheme 4.3). Apparently, theactions that proceeda the
formation of n-allyl intermediates do not take place using the ligand systems
(isomerization of 3PN towards 2M3BN andice versa, but also hydrocyanation of
butadiene). Such behavior for the Ni-catalysts thame tetraphenol ligands is different
compared to other diphosphite-based catalyst, wharimally give better results in the

hydrocyanation of butadiene and isomerizationM8BN than in the hydrocyanation of

CN

N"Nen )\/

CN
3PN P~Ni ) 2M3BN
/

trallyl intermediate

Scheme 4.3. Isomerization of 3PN to 2M3BN, 1-allyl intermediate.
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3PN. Conversion is observed only in the reactiat ffroceedwia the formation of a
o-alkyl intermediate (3PN hydrocyanation, Schem@ 4l double bond isomerization
was only detected to other linear products. Theesfth can be proposed that either the
TP ligands disfavor the formation af-allyl intermediates in the corresponding
Ni-complexes, orr-allyl species are generated, but they are toolestad undergo

reductive elimination.

4.3. Comparison with the diphosphite ligand BI PPP

The binaphthol-based diphosphite BIPERgure 4.2) was reported in the patent
literature as one of the best performing ligandshie Ni-catalyzed hydrocyanation of
3PN® The reaction was usually carried out in the absefcsolvent with a stream of
HCN, obtaining conversions of up to 90%. Due toesaftegulations, it is difficult to
reproduce such experiments in our laboratory, &y tlequire manipulation of large
amounts of gaseous HCN and a precise regulatiats éibw. In fact, the conversion of
3PN to dinitriles seems to be very sensitive tordte of HCN addition. Therefore, 3PN
hydrocyanation using BIPPP as ligand was perfororetker the same optimized reaction
conditions applied for TP2, in order to compare tiwe ligands (Table 4.2, Entry 7).
Conversion and selectivity towards adiponitrile gvéigher for the [Ni(TP2)] catalyst,
which makes this system a very promising candidatethe industrial process. The
presence of a small amount of branched nitrile (BMRwas detected in the reaction

mixture, using BIPPP as ligand.

90 /\J@ :
D
L 2

Figure 4.2. Binaphthyl diphosphite ligand (BIPPP).
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4.4. NMR studies

Sabo-Etiennet al. presented a mechanism for the isomerization of BM% 3PN
based on DFT calculations using [Ni(B)} as catalyst (Figure 4.3J.According to these
calculations, there are five steps involved in timechanism beginning with the
coordination of the 2M3BN double bond to the Niatgst (A). The C-CN bond is
cleaved, forming a&-allyl species (B) that is further converted ta-allylic species (C).
This intermediate rearranges further to a branehallyl species (B") and finally, a new
C-CN bond is formed by reductive elimination givittge [Ni-3PN] complex (A"). The
complexes of the type A, B, and C are expectedetgiesent in the reaction mixture,

Ni(cod), + 2PHj3

-2 cod
l

Ni(PH3),
CN

INi-?API;\I N Ni Ni-2M3BN
complex /
HaP PH, HyP \PH3 complex (A)
A
t b3
ST ----‘\
e (N
N Ni
. H.P H3P/ \pH g
transition 3 PH3 3 | transition
state state
Y
H3P m
N /PH3
Ni AN \
P
/ \
g-allyl
o-allyl complex (B)
complex (B") K
Ha P’ “en
PH3
Teallyl
complex (C)

Figure 4.3. Mechanism for the 2M3BN isomerization proposed by Sabo-Etienne et al.*?
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when 2M3BN is added to a [Ni(0)(L)] complex. Thenserization takes place in the
absence of HCN.

The formation of ther-allyl complex and its stability using the TP2 lighwas
investigated by NMR spectroscopy. One equivalent2bf3BN was added to the
[Ni(cod)(TP2)] complex in an NMR tube. THel NMR spectrum of the complex before
and after the addition showed differences in tigmals of the alkyl proton resonances.
This indicates coordination of the 2M3BN to the gdex (Figure 4.4). However, the
allyl complex as well as the signals of free 2M3BN3PN could not be detected. A
second NMR experiment was performed using the ghitsspigand BIPPP, which is
active in 2M3BN isomerization (Figure 4.5). Thallyl complex could not be detected

at room temperature, but all the 2M3BN was consuamadl the 3PN resonances were

[Ni(2M3BN)(TP2)] [Ni(TP2)]

antl N

T T " ; | ; I T T T
10 5 0 ppm 10 5 0 ppm

Figure 4.4. '"H NMR spectrum of the complex [Ni(2M3BN)(TP2)] (left) and the [Ni(cod)(TP2)]
complex (right) (toluene-ds).

[Ni(2M3BN)(BIPPP)] B D

T T T
10 5 0 ppm

Figure 4.5. "H NMR spectrum of the [Ni(2M3BN)BIPPP] complex (toluene-ds).

108



Hydrocyanation of 3-Penetenenitrile with Tetraphenol-Based Diphosphite Ligands

clearly identified.

VT *H and*P NMR experiments were performed with TP3 as ligandorder to
slow down the reaction and to be able to identifg #t-allyl species. Three different
substrates were tested in the formation of thd altgrmediate. 2M3BN, 3PN and allyl
bromide were added to the [Ni(cod)(TP3)] solutionthie NMR tube at -80°C and the
temperature was slowly increased to 904%€.and>*'P NMR spectra were recorded with
time intervals related to steps of 20°C. During thieee experiments, the resonances of
the complex disappear approximately at room temperaand the double bond
resonances of the substrate shifted and broaddigatlys Therefore, the coordination of
the substrate is considered to be complete onBOAL. Resonances related to the allyl
complex could not be detected. Furthermore, thmészation of 2M3BN to 3PN and

vice versa was not observed, even at 90°C.

4.5. IR studies

The coordination of 2M3BN to [Ni(TP2And [Ni(BIPPP] was further investigated
by IR spectroscopy. The two spectra were compaiiddthe ones of 3PN and 2M3BN
(Figure 4.6 and 4.7). The most interesting bandswbserved in the €N stretching
region. The two IR spectra showed a very simildtgpa of bands and several species
were present in the mixture.

Only few papers have been published on the IR chenaation of such speciés?
Tolman reported on IR frequencies for different -[dN] complexes, containing
P(O-o-tolyl)3 as ligand In the IR spectra of these complexes the eleatrparameters
of the ligand play a crucial role, but the steniogerties are less determining. Therefore,
the IR values will probably not differ significaptbetween mono- and diphosphites. This
effect was also supported by the IR data of th€NiLL] species. The IR frequencies of
the A, and B CO vibrations were the same for the two bulky btdee phosphite ligands

and very similar to those of the monodentate lig@rable 4.3). Therefore, the frequency
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values reported by Tolman were used as a referenickentify the species obtained by
coordination of 2M3BN to [Ni(TP2)and[Ni (BIPPB)].

Table 4.3. IR frequencies of the A; and B, vibrations of CO in Ni(CO)»(L).
Ligand Ai(cm?)  Bi(cm?)

P(OPh)s? 2045 1996
TP2° 2040 1987
BIPPP® 2041 1987

Literature values a) [14], b) [5], ¢) [9c].

The complexes [Ni(2M3BN)(L)] and [Ni(3PN)(L)] (Figa 4.3)contain an organic
nitrile group and their IR frequencies should beyvelose to the values of 3PN and
2M3BN. The major difference is the partial loss dfuble bond character after the
coordination to the Ni atom. A shift of the peakxinaa toward higher frequencies is

expected without the vicinity of a double bdnhdlong with a more rigid structuré.

2144

[Ni(2M3BN)(TP2)]

2120 2086

[Ni(2M3BN)(BIPPP)]

A
CN
AN~
2M3BN
2250
NC—/_/
3PN
2400 2300 2200 2100 2000

cm-1

Figure 4.6. IR spectra f the [Ni(2M3BN)(TP2)], the [Ni(2M3BN)(BIPPP)] complexes, 3PN and
2M3BN (nitrile region).
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Therefore, the bands at 2275 tneould be assigned to the [Ni(2M3BN)(L)] and
[Ni(3PN)(L)] species, in the spectrum containingZT&s well as in the spectrum with
BIPPP.

Tolman reported on the-allyl complex (Figure 4.3) with intense bands 41@ and
2090 cnt. Similar bands were detected during both experimebut they were
predominant only in the species containing BIPPRgasd at 2120 and 2081 €m

o-Alkyl intermediates were detected during hydro@tan of cyano-alkenes and
reported by Tolman with a Ni=N stretching band at ~2144 ¢mThese complexes are
very similar to thes-allyl intermediate formed during the isomerizati@action (Figure
4.3). Bands at 2144 cihwere also present in the spectra of [Ni(TP2)] ExidBIPPP)]
coordinated to 2M3BN and they have been assignedaltyl species. In this case the
band was predominant for the TP2 complex. Minorkpea the spectra (~2210 &n
could not be assigned referring to the literature.

It seems that the -allyl andc-allyl complexes were formed in the presence ohbot
ligands and the bands related to the two specepr@sent in both spectra. Thallyl

species is predominant in the BIPPP-containing dexes, while thes-allyl complexes
3053
[Ni(2M3BN)(TP2)]

3063
[Ni(2M3BN)(BIPPP)]

3091 2M3BN

3038
3PN

3200,0 3000 2800  2700,0

cm-1

Figure 4.7. IR spectra of the complexes [Ni(2M3BN)(TP2)] and [Ni(2M3BN)(BIPPP)], 3PN and
2M3BN (C=(C-H) stretch vibrations in the double bond region).
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apparently occur mainly in the TP2-based ones. éSithe hydrocyanation of 3PN
proceedsvia c-alkyl intermediates and the hydrocyanation of Hdigae and the
isomerization of 2M3BN/ia & —allyl species, these results could provide arasmgtion
for the observed catalytic activity.

The double bond regions in the IR spectra were atstyzed. Olefinic CH stretching
vibrations occur at 3130-2980 ¢m’ These bands are normally well separated from
other CHstretching bands below 3000 ¢mTherefore, the frequencies related to the
double bond were easy to identify (Figure 4.7). $pectra showed double bond signals
at different wave numbers compared to free 2M3BM 8RN. Consequently, these
peaks have been assigned todkadlyl complexes, which together with the substate

product are the only species containing a doubtel lfBigure 4.3).

4.6. Coordination of ZnCl; to the [(TP2)Ni(2M 3BN)] complex

Molecular structures of [Ni(2M3BN)(diphosphine)]raplexes have been reported in
the presence of the Lewis acids BPand ZnCh'® The [Ni(2M3BN)(TP2)] and
[Ni(2M3BN)(BIPPP)]complexes were also investigated after additiodra®l,, which is
the Lewis acid used in the 3PN hydrocyanatfdR.and'H NMR spectra of these species
showed broad resonances, confirming the presenbi&lbf species. In fact, the Ni(0) is
oxidized to Ni(ll) via 2M3BN oxidative addition and the tetrahedral cguafation of
these intermediates causes the formation of panagtiagspecies’

In the case of [Ni(2M3BN)(TP2)*ZnG] and [Ni(2M3BN)(BIPPP)*ZnCJ] only one
signal was observed by IR spectroscopy in the rugtmhide region at 2150 ¢h{Figure
4.8). This result suggests that Zp&labilizes one of the intermediates formed befoee
Lewis acid addition (Figures 4.6 and 4.7), whicltdraes obviously the only species
present. A signal for the double bond vibration3861 cm* was also detected. The
presence of a Ni(ll) species (NMR), a N&& as well as a double bond band (IR) in the
adduct confirm the formation efallyl complexes (Figure 4.9).
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[Ni(2M3BN)(TP2)*ZnCl;]

13061

1581
1604

2150
[Ni(2M3BN)(BIPPP)*ZnCl:]

3150 2000 1400

cm-1

Figure 4.8. IR spectra of the complexes [Ni(2M3BN)(TP2)*ZnCl,] and [Ni(2M3BN)(BIPPP)*ZnCl,]
(nitrile region).

/NI\ Ni
p CN. ) NC/ \P
ZnCl, Clzn

(D) @)

Figure 4.9. o-Alkyl complexes D and D".

Furthermore, the 2M3BN isomerization was performed 90°C using
[Ni(2M3BN)(TP2)*ZnCl;] and [Ni(2M3BN)(BIPPP)*ZnCJ] as catalysts and at a
2M3BN/Ni ratio of 100:1. After 1.5 h the conversitm 3PN was only 10-13% in both
experiments, indicative that the two complexes swwery similar activity. In the
absence of Lewis acid the [Ni(cod)(TP2)] could isoimerize 2M3BN to 3PN, while the
[Ni(cod)(BIPPP)] led to 40% of conversion after h.5The Lewis acid addition seems to
slow down the reaction in the case of [Ni(BIPPR)Yl as promoting the activity of the
[Ni(TP2)] catalyst.
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4.7. Conclusions

In conclusion, tetraphenol-based ligands were adph the three Ni-catalyzed steps
of the DuPont adiponitrile process. High activitigere observed in the hydrocyanation
of 3-pentenenitrile, compared to the reaction pentl using the [Ni(BIPPP)] systems,
one of the best catalysts reported in patent titeea The coordination of 2M3BN to the
Ni metal center in the presence of TP2 and BIBPMgands was investigated by NMR
and IR spectroscopy. Using IR spectroscopy it Waserved that the-allyl complexes
are favored using TP&s ligand, while ther-allyl complexes are favored using BIPPP.
The addition of ZnGlto the catalyst led to the formation of identispkcies for both

ligands, which showed a very low activity in the 2BN isomerization reaction.
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4.8. Experimental Section

General considerations

Chemicals were purchased from Aldrich, Acros, aretd¥d and used as received. All
preparations were carried out under argon atmospleng standard Schlenk techniques.
Ni(cod),”® was synthesized according to literature proceduMIR spectra were
recorded on a Varian Mercury 400 and a Mercury &p8ctrometer ', *C{H},
3pfH}). IR spectra were recorded on an Nicolet Av&380 FT-IR instrument in ATR

mode.

Caution! HCN is a highly toxic, volatile liquid (bp 27°C)dhis also susceptible to
explosive polymerization in the presence of basalysts. It should be handled only in a
well-ventilated fume hood by teams of at least teohnically qualified persons who
have received appropriate medical training for tinga HCN poisoning. Sensible
precautions include having proper first aid equipt@railable as well as HCN monitors.
Inhibitor-free HCN should be stored at a tempematlower than its melting point
(- 13°C). Excess of HCN may be disposed by addittboaqueous sodium hypochlorite,

which converts the cyanide to cyanate.

General procedure for the hydrocyanation experiments

A solution of ligand (0.018 mmol) in 2 mL of solwenas added to Ni(cog)5.0 mg,
0.018 mmol). 3-Pentenenitrile (3@, 170 equiv.) was added by an Eppendorf pipette,
followed by 50uL of n-decane as internal standard and the Lewis acgh(lv.). The
solution was transferred into a 15 mL Schlenk te¢peipped with a Teflon coated stirring
bar. Acetonecyanohydrine (4QQ, 250 equiv.) was added via Eppendorf pipette thed
Schlenk tube was warmed to 90°C in an oil bath. ifirdure was stirred for 4 h. The
reaction product was cooled to 0°C and flushed \aithentle stream of argon for one
minute to remove traces of HCN. Samples were apdlyzy GC, usingr-decane as
internal standard. All the reactions were carried im duplo, showing variability for

conversion and selectivity of £2 % and +1 %, resipely.
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General procedure for the isomerization experiments

A solution of ligand (0.018 mmol) in 2 mL of solwenas added to Ni(cog)5.0 mg,
0.018 mmol) in a Schlenk tube and stirred for 5utes. 2M3BN (20QuL, 100 equiv.)
was added with an Eppendorf pipette, followed bylb®f n-decane as internal standard
and ZnC} as Lewis acid (5.0 mg, 1 equiv.). The Schlenk twhs placed in an oil bath at
90°C and samples for GC analysis were taken owa.tiThe selectivity is defined as
3PN/E nitriles).

Synthesis of [Ni(cod)(TP2)]

A solution of TP2 (22.0 mg, 0.018 mmol) in 1 mL lbénzeneds was added to
Ni(cod), (5.0 mg, 0.018 mmol) in a Schlenk tube and stifi@d30 minutes’H NMR
(500 MHz, GDg) 6 (ppm): 8.75 (d, J = 8.5 Hz), 7.75 (s), 7.48 (& 8.5 Hz), 7.23-7.19
(m), 7.12 (s), 7.07 (s), 7.03 (s), 6.99 (s), 6.d4)(= 8.5 Hz), 5.56 (s), 5.27 (s), 3.51 (8),
3.35 (s), 2.11 (s), 1.69 (s), 1.58-1.54 (m), 1€)81.42-1.04 (m), 0.99 ()P NMR (202
MHz, CDCL) & (ppm): 124.6 (S).

Synthesis of [Ni(cod)(BI PPP)]

A solution of BIPPP (14.0 mg, 0.018 mmol) in 1 mt kenzeneds was added to
Ni(cod), (5.0 mg, 0.018 mmol) in a Schlenk tube and stifi@d30 minutes'H NMR
(400 MHz, GDs) & (ppm): 7.83 (d2J = 8.06 Hz, 2H), 7.63 (dJ = 8.79 Hz, 2H), 7.54 (d,
3) = 8.05 Hz, 2H), 7.46 () = 8.78 Hz, 2H), 7.31 (FJ = 8.42 Hz, 2H), 7.20 (dd) =
7.69,%) = 1.84 Hz, 2H), 7.05 (dfJ = 7.51 Hz,"J = 0.74 Hz, 2H), 6.94-6.83 (m, 6H),
6.80 (dt,3 = 7.88 Hz,"J = 1.83 Hz, 2H), 6.74 (dt) = 7.32 Hz*J = 1.10 Hz, 2H), 6.47
(dt,®) = 7.51 Hz*J = 1.47 Hz, 2H), 6.41 (&) = 7.33 Hz, 2H), 5.15 (br s, 2H), 4.67 (br
s, 2H), 3.79 (sepf) = 6.96 Hz, 2H), 2.91 (sept) = 6.96 Hz, 2H), 2.80 (br s, 2H), 2.32
(br s, 2H), 2.20 (br s, 2H), 1.99 (br s, 2H), 1(85%) = 6.59 Hz, 6H), 1.21 (dJ = 6.59
Hz, 6H), 0.91 (d3J = 6.96 Hz, 6H), 0.70 () = 7.81 Hz, 6H)3'P NMR (162 MHz,
CsDs) 6 (ppm): 147.8 (S).
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Synthesis of [Ni(2M3BN)(TP2)]

A solution of TP2 (89.0 mg, 0.079 mmol) in 3 mL wiueneds was added to
Ni(cod), (22.0 mg, 0.079 mmol) in a Schlenk tube and stifog 5 minutes. 2M3BN (10
pL, 1 equiv.) was added with an Eppendorf pipettd dre solution was stirred for 30
minutes. A sample (800L) was taken for NMR analysis and the remainingisoh was
dried under vacuum. The red-orange powder was a@algy IR spectroscopy. IR (chn
v : 3053 [C=(C-H)]; 2275, 2144, 2120, 2081 (CN). Ouoehe presence of a mixture of
species, the signals detected by NMR spectroscopuldc not be assigned

unambiguously.

Synthesis of [Ni(2M3BN)(BI PPP])

A solution of BIPPP (70.0 mg, 0.079 mmol) in 3 mttolueneds was added to
Ni(cod), (22.0 mg, 0.079 mmol) in a Schlenk tube and stifog 5 minutes. 2M3BN (10
pL, 1 equiv.) was added with an Eppendorf pipettd tre solution was stirred for 30
minutes. A sample (800L) was taken for NMR analysis and the residue smutvas
dried under vacuum. The red-orange powder was zedly IR spectroscophR (cm’)

v : 3063 [C=(C-H)]; 2275, 2146, 2120, 2086 (CN). Dmehe presence of a mixture of
species, the signals detected by NMR spectroscopuldc not be assigned

unambiguously.

Synthesis of [Ni(2M3BN)(TP2)*ZnCl;]

A solution of TP2 (89.0 mg, 0.079 mmol) in 3 mL wluene-d8 was added to
Ni(cod), (22.0 mg, 0.079 mmol) in a Schlenk tube and stifog 5 minutes. 2M3BN (10
uL, 1 equiv.) was added with an Eppendorf pipettdipived by ZnCj} as Lewis acid
(22.0 mg, 1 equiv.) and the solution was stirred3@ minutes. A sample (8Q.) was
taken for NMR analysis and the remaining soluticasvdried under vacuum. The red-
orange powder was analyzed by IR spectroscopyctR)Yv : 3061 [C=(C-H)]; 2150
(CN). 'H NMR (400 MHz, GDg) & (ppm): 8.26 (br s), 7.59-6.94 (m), 6.47 (d, J 4 8.
Hz), 6.21-6.10 (m), 5.08 (m), 4.78 (br s), 4.42<phr4.16 (br s), 3.95 (br s), 3.83 (br s),
3.64 (br s), 3.44-3.40 (m), 3.37 (s), 3.36 (d,J Hz), 3.34-3.30 (m), 3.30 (d, J = 3 Hz),
3.28 (s), 2.92 (br s), 2.62 (br s), 1.59-0.82 (@4 (d, J = 6.8 Hz), 0.25 (SYC NMR

117



Chapter 4

(100.6 MHz, GD¢) & (ppm): 156.46, 153.72, 148.49, 148.27, 146.70,1B7129.15,
128.88, 126.55, 125.29, 124.12, 116.64, 115.94,0P14110.54, 70.49, 69.44, 66.56,
55.71, 54.87, 35.54, 34.26, 33.94, 30.95, 29.982%9.31, 28.91, 27.98, 14.94, 1.01.
3P NMR (400 MHz, GDe) & (ppm): 124.6 (bs). Maldi-Tof:1114.39 (TP2), 11®.3
[Ni(TP2)], 1227.40 [Ni(TP2)(2M3BN)-CN].

Synthesis of [Ni(2M3BN)(BI PPP)*ZnCl,]

A solution of BIPPP (70.0 mg, 0.079 mmol) in 3 mi tolueneds was added to
Ni(cod), (22.0 mg, 0.079 mmol) in a Schlenk tube and stifog 5 minutes. 2M3BN (10
uL, 1 equiv.) was added with an Eppendorf pipettdipived by ZnC} as Lewis acid
(22.0 mg, 1 equiv.) and the solution was stirred3@® minutes. A sample (8Q.) was
taken for NMR analysis and the remaining soluticesvdried under vacuum. The red-
orange powder was analyzed by IR spectroscopych®)v : 3061 [C=(C-H)]; 2149
(CN). Maldi-Tof: 944.18 [Ni(BIPPP)], 999.23 [Ni(BF)(2M3BN)-CN], 1025.18
[Ni(BIPPP)(2M3BN)], 1095.23 [Ni(BIPPR2M3BN)Zn]. **P NMR (400 MHz, GD¢) &
(ppm): 131.1 (bs). The NMR spectroscopic data atereported, due to the presence of

paramagnetic species in the sample.
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Chapter 5

Lewis Acid-Controlled Regioselectivity in

Styrene Hydrocyanation

According to present knowledge, the Ni-catalyzedtdgyanation of
styrene leads predominantly to the branched product
2-phenylpropionitrile  (98%). A dramatic inversion f othe
regioselectivity upon addition of a Lewis acid wadsserved. Up to
83% of the linear product 3-phenylpropionitrile wasbtained
applying phosphite ligands in the presence of AlThe mechanism
of the Ni-catalyzed reaction and the influence dflinonal Lewis
acids have been elucidated by means of deuteriubelita
experiments, NMR studies, and DFT calculations tifermore, the
behaviour of different Lewis acids, such as CuCNuld be
predicted via DFT calculations.




Chapter 5

5.1 Introduction

During the past decade, the asymmetric hydrocyamawf norbornene and
vinylarenes has attracted new interest as a pathntiersatile route to chiral nitriles,
amines, and acidsThe most successful ligand systems employed isetheactions are
based on binaphthyt-,sugar3 xanthene or triptycene derived backbones. Very
recently self-assembled bidentate phosphine ligahdse been applied in the
Ni-catalyzed hydrocyanation of styrehelowever, still open questions remain on how to
improve the performance of the catalyst, and paleity on the role of the Lewis acid co-
catalysf that generally has to be applied in the hydrocianaof non-conjugated
alkenes. The promotional effect on the reactivityg ¢he influence on the regioselectivity
have been investigated mainly for monoalkenes usimgral Lewis acid$,such as
ZnCl,, AICl3, and BPB. Nevertheless, it still remains unclear how exattie co-catalyst
is involved in the reaction and how it enhanceg#aetivity.

So far, hardly any studies have addressed the capipln of Lewis acids in the
hydrocyanation of vinylarenes. Tolmanal. reported on the hydrocyanation of styrene
with boron-based Lewis acids and Pgéelyl); as ligand, leading to the linear nitrile
product 3-phenylpropionitrile in up to 33% vyieldtmer than to the branched product
2-phenylpropionitrile. While the latter is usualbptained as the major product in the
hydrocyanation of styrene, this observation wasla®ed with the increase of steric
crowding around the nickel centre introduced bylthesis acid and the bulky phosphite
ligand.

The effect of different Lewis acids in the Ni-catedd hydrocyanation of styrene is
addressed in this chapter (Scheme 5.1). Deutermimelihg experiments and DFT
calculations were applied in order to get a batisight into the role of the co-catalyst,

especially its influence on the regioselectivityl anactivity.
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CN
©/\ Ni(cod),, L ©/\/CN ©)\
—_—— +
Lewis acid
HCN
(1) (2a) (2b)

Scheme 5.1. Hydrocyanation of styrene.

5.2. Hydrocyanation of styrene

Diphosphines of the xantphos family, DPEphos, tlmmadentate phosphite P(ORh)
and the bulky binaphthyl-isopropylphenyl-diphospHiBIPPP) (Figure 5.1) were applied
in the Ni-catalyzed hydrocyanation of styrede(Scheme 5.1). According to the
literaturé *these are among the most efficient ligands forréwstion.

Catalysis experiments were performed at 90°C metod with a high catalyst loading
of 5 mol%, applying a slight excess of HCN. Thduahce of AIC} as Lewis acid co-
catalyst on the activity and on the regioselecgtiwtas investigated for all catalyst
systems and the results are listed in Table 5.lgo®lerization and polymerization of
styrene occurred in parallel with the hydrocyanatreaction, lowering the selectivity

towards nitrile products.

scoRrergiveriieWe

h, PPh, PPh, PPh, PPhy PPh; PPh; PPh;
Sixantphos Thixantphos Xantphos DPEphos
. CC b
O\P/O o” To 12

| = 2
s eR BT
L 2

P(OPh)3 BIPPP

Figure 5.1. Phosphorus ligands applied in hydrocyanation catalysis.
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Table 5.1. Hydrocyanation of styrene (neat HCN added in one portion).

Entry Ligand Lewis acid Conversion (%) &  Selectivity (%) b I/b®
1 Sixantphos / 90 78 <1/99
2 Sixantphos AICl; 77 92 48/52
3 Thixantphos / 92 58 <1/99
4 Thixantphos AICl; 84 77 19/81
5 Xantphos / 74 85 <1/99
6 Xantphos AICl; 97 64 6/94
7 DPEphos / 53 40 <1/99
8 DPEphos AlICI; 71 47 23/77
9° P(OPh); / 62 63 8/92

10° P(OPh); AICl; 96 81 83/17
11 BIPPP / 100 86 9/91
12 BIPPP AICI; 100 51 74126

Conditions: 0.033 mmol Ni(cod),, Ni:Lewis acid:L:S:HCN=1:1.05:1.2:20:25, T = 90C, 16 h, 1 mL
toluene. [a] Conversions are based on the substrate and were determined by GC using n-decane
as internal standard. [b] Selectivity= yield of nitriles/conversion. Styrene oligomers are identified
as by-products. [c] Ligand to nickel ratio=5. [d] Linear/ Branched ratio.

In the absence of Alglthe phosphine-based catalysts produced exclusithedy
branched product 2-phenylpropionitrite (Table 5.1; Entry 1, 3, 5, 7). Likewise, styrene
was converted predominantly into the branched prbdising the mono- and di-
phosphites P(OPh)and BIPPP, respectively (Table 5.1; Entry 9 anjl However, a
small amount of the linear product 3-phenylpropidlei 2a was also obtained (<10%),
while at lower temperature (60°C) the branched pecoavas again formed selectivély.
This observation is in accordance with severalrditere examples in which high
regioselectivities towards the branched producB@Ppwere reported for this particular
reaction.The regioselectivity was attributed to the prefdriermation ofn®-benzylic
nickel intermediate$?

Interestingly, this trend in product distributionasv dramatically reversed upon

addition of the Lewis acid Al@l up to 83% of the linear produ2a was obtained with
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CN
©)\ Ni(cod),, L CN
(2b) (2a)

Scheme 5.2. Isomerization of 2-phenylpropionitrile to 3-phenylpropionitrile under catalytic

conditions.

the system [Ni/P(OPBH] while this catalyst produces 92% 2i§ in the absence of Al¢l
(Table 5.1; Entry 9, 10). Moreover, the presencd@ldl; in this particular system also
influenced both conversion (96% versus 62%) anectiglty (81% versus 63%) towards
nitriles (Table 5.1; Entry 9, 10). In general itrtad out that the observed effect on the
regioselectivity was more pronounced for the martéva phosphite-based catalysts than
for the phosphine-based ones (Table 5.1; Entri#2)8-* In fact, the Ni-catalysts based
on the phosphine ligands DPEphos, Thixantphos aadtpkos did not show such
remarkable inversion of the selectivity. Only 109200f the linear product was detected
in the final mixture (Table 5.1; Entries 4, 6 and B8hile Sixantphos gave almost a 1:1
mixture of linear and branched nitriles (Table Ebiry 2).

In order to exclude any Ni-catalyzed isomerizatadr2-phenylpropionitrile towards
3-phenylpropionitrile andrice versaas a possible reason for these unexpected results,
commercially available2b was heated to 90°C in the presence of the mosteact
Ni-complex based on Ni(cog)AICIs, and BIPPP. In fact, this mechanism is known for
the Ni-catalyzed hydrocyanation of butadiene: thhe major products 3-pentenenitrile
and 3-methyl-2-butenenitrile can interconvert aftex hydrocyanation step, with a C-C
activation step involved in this processlowever, such a reaction does not occur in the
hydrocyanation of styrene, since no conversion-fih@&nylpropionitrile was observed.
Thus, the production of the linear nitriga can only proceedia the formation of a
o-alkyl intermediate (Figure 5.2). Interestingly,chuspecies has never been reported

before for the hydrocyanation of vinylarenes.
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5.3. Deuterium labeling experiments

To verify whether the formation of a Ni-alkyl inteediate could occur in the
presence of AIG| hydrocyanation experiments of deuterated sty(shgeneds) were
performed. Deuterium labeling studies have beemwrteg for various hydrocyanation
reactions before, especially for mechanistic ingasions®® ” °In particular, Casalnuovo
and Rajanbabti reported on experiments with MVN (6-methoxy-2-vimgphthalene)
and 4-substituted styrenes. Branched nitriles vileeeonly products observed and the
deuterium incorporation proceeded exclusively ir flamethyl-position. Moreover,
n3-allyl complexes (Figure 5.2) have also been dbedrias intermediates in the
hydrocyanation of diends? vinylarened®’ and in the isomerization of
2-methyl-3-butenenitrile to 3-pentenenitrifeThe n*-benzyl-intermediate was generally
assumed to be the preferred intermediate forment aftertion of a vinylarene into the
Ni-H bond, rather than the linearalkyl intermediate (Figure 5.2).

The Ni-catalyzed hydrocyanation of styreshewas carried out both in the presence
and in the absence of Alglusing P(OPh) as ligand. The conversion reached
approximately 40% in both cases, thus lower thath wion-deuterated styrene as
substrate. In the presence of AJ@l linear/branched ratio of 73/27 was observed|ewhi
the linear product was only obtained in tracesegctedd by GC) in the absence of Lewis
acid. The lower conversion and selectivity might chee to the different purification

procedure applied for styrene and styregefhe latter was degassed and filtered, while

'T' D__D o d
n . 3
- Ni—| n3-benzyl
<P( | D
CN
ds (P\ /CN
—Ni
PathB>\. © H b H
D a CN
D —_—
By

ds ds
o-alkyl

Figure 5.2. Proposed catalytic pathways for hydride incorporation.
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H H
kD cn akd cn
Blo ByH
d

1

Figure 5.3. ’H NMR spectra of the reaction mixture after hydrocyanation of deuterated styrene in
the presence of AICI; (a) and in the absence of Lewis acid co-catalyst (b). The ’H NMR spectrum
of styrene-dsg is also added as reference (c).

styrene was also distilled. The formation ofi’abenzyl Ni-species (Path A; Figure 5.2)
during the hydrocyanation of styredgimplies the addition of the hydride (generated
from oxidative addition of HCN to Ni(0)) ifi-position of the phenyl group iBa. In
contrast, the formation of a Ni-alkyl species (PBthFigure 5.2) implies the addition of
the hydride ina-position of the phenyl group i@b. *H and?H NMR spectroscopic
investigations on the hydrocyanation reaction megushowed, however, an unexpected
deuterium distribution (Figure 5.3).

In the®H NMR spectrum the ratios between the deuteriurmatim o andp position
of the two propionitrile products differ from thepected values (Figure 5.3 (a) and (b)).

One deuterium atom it and two inf position to the phenyl group were expected for the
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linear nitrile, but the ratio calculatedh the integrals in the NMR spectrum was 1:1. One
deuterium atom i and two inf position to the phenyl group were expected alsdhe
branched nitrile, the observed ratio was 1:3. Tkigegmental data suggest that proton
incorporation is not selective. Moreover, tiieNMR shows the presence of protonsin
and inp positions (Figure 5.4 (a) and (b)) and, consedyetite hydride was added in
both positions in the linear and in the branchemtipcts. Both the®benzyl ands-alkyl
intermediates must therefore be formed, since ticerporation of a hydride in the
position of the branched product can only be expldiby the presence of an alkyl-

intermediate in equilibrium with the’-benzyl species.

CH:Cl.

Ligand
degradation

5.82

n-decane

L

1.62

6.42

h
? 3.89
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Ligand
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Ni-species are in equilibrium with the free styrene

responsible for the presence of the nitrile in feahposition.

ppm

Figure 5.4. 'H NMR spectrum of the crude mixture for the styrene—dg hydrocyanation in the
absence of AICI; (in benzene-dg). Protons are detected in a and in 8 position to the nitrile of the
branched product (2b). Peaks of the unreacted styrene are also present (a). "H NMR spectrum of
the crude mixture for the styrene—dg hydrocyanation in the presence of AICl; (in benzene-dg).
Protons are detected in a and in B position to the nitrile of the linear (2a) and the branched
product (2b) (b).

Similar considerations can be made for the lingadpct: the hydride irB-position

implies the formation of a°-benzyl intermediate as well ascaalkyl intermediate,

Nevertheless, AlGlseems to be crucial for the reductive eliminatainthe linear
nitrile-product, which is obtained in significanhaunt only in the presence of the Lewis
acid. The hydride incorporation and the deuterignarmbling were also detected for the

unreacted styrene in the reaction mixture. Theegfar was concluded that the two
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5.4. Lewis acid effect on the reaction rate: hydrocyanation versus

polymerization

The hydrocyanation reaction at lower catalyst lngdand under slow HCN addition
via a syringe pump was further investigated. The tssare reported in Table 5-2The
diphosphite ligand (BIPPP) gave high conversion laigth selectivity with S/Ni ratios of
100 and 300 (Table 5.2; Entries 3 and 6). The Lewid effect was still present using
P(OPh) as ligand, but the reaction showed low conversioh low selectivity to nitriles
(Table 5.2; Entry 2). The other experiments perfxnirwith the diphosphite ligand BIPPP
and AICk led to very poor selectivity towards the nitrileogucts. On increasing the
concentration of Lewis acid, the selectivity drajpamatically (Table 5.2; Entry 5).

The lower nitrile selectivity observed for lowertalgst loading, especially in the
presence of AIGl is likely <caused by a Lewis acid-catalyzed
oligomerization/polymerization of styren&.Upon heating of styrene to 90°C in the
presence of the complex [(BIPPP)Ni(cod)] for 4 lo, polymerization was detected.
However, the addition of AlGlled to total conversion of the substrate to polyme

material. Similar results were also obtained inocatwl experiment after addition of

Table 5.2. Hydrocyanation of styrene with slow HCN addition.

Entry Ligand Lewis acid Conversion (%) *  Selectivity (%) b I/b®
1° P(OPh), / 17 87 <1/99
2° P(OPh); AlCl; 27 11 44/66
3 BIPPP / 99 100 7/93
4 BIPPP AICl; 22 30 <1/99
5° BIPPP AlCl; 100 2 <1/99
6' BIPPP / 97 68 1/99

Conditions: 0.00925 mmol Ni(cod),, Ni: Lewis acid : L :S:HCN = 1: 1.05: 1.2: 100: excess, 90C,
4 h, 1 mL toluene. [a] Conversions are based on the substrate and were determined by GC using
n-decane as internal standard. [b] Selectivity = yield of nitriles/conversion. Styrene oligomers are
identified as by-products. [c] Ligand to nickel ratio = 5. [d] Linear/Branched ratio. [e] AICI; to nickel
ratio=20 [f] Substrate to nickel ratio=300.
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AlICI3 and AICK/HCN to styrene in the absence of the Ni-catalgstvhite powder was
isolated from the reaction mixture and analyzed IRy spectroscopy (Figure 5.5),
confirming the formation of polystyrene. GC-anadysf the solution showed total
conversion of the styrene. Consequently, the amdittf an excess of HCN in the
presence of the Ni-catalyst seems to be crucialtfgpping aluminium species and

preventing the polymerization reaction.

Vo
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Figure 5.5. IR spectra of styrene and polystyrene, obtained after stirring styrene in the presence
of [(BIPPP)Ni(cod)]*(AICl5).
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5.5. DFT calculationsand NM R spectr oscopy

5.5.1. DFT calculations and NMR experiments on AlCl3 coordination

The coordination behavior of AlgWwas investigated by means of DFT calculations as
well as by'H and®'P NMR spectroscopy in order to understand the oblthe Lewis
acid in the hydrocyanation reaction. The interactad the Lewis acid AIGl with the
substrates styrene and HCN and with the phosplg@éad, the Ni(0) catalyst precursor,
and one Ni(ll) intermediate were examined. The oateg energies for the formation of
the corresponding species are summarized in Fig6re

The interaction of AIG with ther-system of the arene moiety of styretigwas first
considered (Figure 5.6). This type of interactiomghmh prevent the formation of a
(n>-benzyl)Ni-species, which is generally considerede responsible for the exclusive
formation of the branched product for this type sibstrates® However, DFT

calculations indicate that the formation of compgleXla-c)a is rather unfavorable

ClsAl ACI; CIAI
e YA T YA &
(1a)y +10 (1b)as +15 (1c)a +17 (1d)al -12
_AICI,
Iy N
SAICI; HC=N -AlCl;
(28)n -80 (2b) 5 -78 (3)a -56
AlCI,
AlCIg N
CIsAI ClAl COE\? : H C
PhO oPh PhO, , OPh PhO, \;  OPh PhO_ \i~ OPh
PhO-R  P—OPh PhO-R ~ P~OPh PhO—-R ~ "P—OPh PhO-R "P—OPh
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Figure 5.6. Coordination modes for AICIl; Lewis acid to various substrates (S) present in the
reaction mixture and their relative stabilities defined as the corresponding DFT computed free
energy changes (AG*®", kJ mol™) in toluene for the reaction S + % Al,Cls — S---AICk (AG**" for
the reaction Al,Clg — 2 AICl; in toluene equals +80 kJ mol‘l).
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(Figure 5.6). The energy difference for the bindarighe Lewis acid to various positions
of the phenyl ring does not exceed 7 kJ/mol andcdea substituent-effect does not
seem to play a significant role. On the other hammhrdination of AIC{ to the vinyl
group of styrend(1d)a) is favorable and the corresponding complex is 3y29 kJ/mol
more stable than those involving coordination te ghenyl group. Independent of the

coordination site, AIGl| binds to only one carbon atom of styrene resultinga
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Figure 5.7. 'H NMR spectra of styrene and styrene(AICl;) (in CDCly). The shift of the vinylic
proton resonances upon addition of AICI; shows Lewis acid coordination to the vinyl group.
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tetrahedral coordination of the #lion. The calculated higher stability for complex
(1d)a; is in agreement with th#4 and**C NMR data of styrene, that show a shift of the
vinylic proton- and carbon-resonances to lowedfigbon addition of AIGI (Figure 5.7).
Furthermore, this species is the prevalent onectégteat room temperature by NMR
spectroscopy.

Possible competing interactions of Ad@ith the Lewis-basic oxygen or phosphorus
atoms of the BIPPP ligand and with the correspandii-complexes were further
considered. DFT calculations show that the cootainaof the Lewis acid to the ligand is
preferred over coordination to the styrene submstrdio perform the model DFT
calculations the BIPPP ligand was replaced by tingplgied phosphite ligand 4).

Coordination of AIC} to one of the oxygen atom results in the formawbrhe rather

BIPPP

130.495

[T T T T T T T T T T T [ T T T O T T T T )
200 180 160 140 120 100 80 60 40 20 o -20 ppm

161.060

BIPPP*(AICI3)

-—T—T— 7T T T T T T T T T T T T T
250 200 150 100 50 o -50 ppm

Figure 5.8. ¥p NMR spectra of the phosphite ligand BIPPP and BIPPP*(AICI3) (in benzene-dg).
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stable complexega)a; and (5)ai. Although the interaction with the phosphorus aiom
(4b)a; is thermodynamically slightly favored, the resultienergy gain is substantially
lower as compared to that in the cases of the wbaromplexes. The theoretical
calculations were supported by NMR spectroscopiestigations. In fact, th#P NMR
spectrum of an equimolar mixture of BIPPP and Al@l benzeneds clearly shows a
shift of the phosphorus resonance from 130 to 88 (Figure 5.8}* In the case of the
corresponding complex [(BIPPP)Ni(cod)]*(Algla shift of the signal to higher field
could be detected(ppm) = 140 vs. 126) (Figure 5.9). The preferermettie formation

0O
(]G
§§ [(BIPPP)Ni(cod)]*(AICI3)
<
>
9
Doublet: free
phosphite group
Multiplets: coordinated
l phosphite groups
) . W .
2]50 21)0 1]50 1|oo 5|0 (I) 5|o ppnln
g [(BIPPP)Ni(cod)]
L L B L B L L B L AL |
250 200 150 100 50 [0} -50 ppm

Figure 5.9. p NMR spectra of the [(BIPPP)Ni(cod)] and [(BIPPP)Ni(cod)]*(AICI3) complexes (in
benzene-dg).
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of the Al---O interaction over the Al---P interactis probably due to the fact that the
Lewis acid AIC} binds stronger to the “hard” oxygen atom rathemtto the “softer”
phosphorus atortt. In agreement with the DFT computed free energynges, the’'P
NMR spectroscopy indicates that the addition ofestg to [(BIPPP)Ni(cod)]*(AIG)
does not displace the AlgCfrom the oxygen atom.

Due to the higher basicity of the nitrogen atonthia CN group among the species
considered, the strongest binding of the Lewis aead found for the CN-containing
compounds. Even the least basic free HCN moleculgsithe AIC} co-catalyst (@)ar)
somewhat stronger than the phosphite liggad¥h) and the Ni-catalyst precursdb)ai).
These results confirm the trapping of AJ®ly HCN, which prevented the Al-catalyzed
polymerization of styrene.

The strongest interaction is predicted for the atigt),, that is formed via oxidative
addition of HCN to the Ni(0) catalyst. This is dieethe higher basicity of the anionic CN
group in the [LNi(H)CN] species compared to that in the covaletibyund free HCN
and nitrile species. The result is in line with teenputed NBO charges on the N-atom in
the corresponding specieza( -0.34 €, 2b: —=0.34 €, 3. -0.31 €, 6: —=0.49 €). Indeed,
the oxidative addition of HCN to the Ni(®pecies and the resulting significant
polarization of the CN-moiety substantially enhatioe basicity of the nitrogen atom in
6. Although a fast equilibrium is expected betweka tomplexes with HCN and the
hydrocyanation products, the much higher free gnefgformation of complex §)a
indicate, that as soon as the initial oxidativeitoid of HCN takes place, the Lewis acid

is bound to the active Ni-containing complex.

5.5.2. DFT calculations based on the hydrocyanation catalytic cycle

To provide a molecular-level insight into the attode of the Lewis acid co-catalyst
in the hydrocyanation reaction, the energeticshefdlementary reaction steps involved
and of the full catalytic cycles both in the preseand in the absence of the Lewis acid
co-catalyst AIC{ were analyzed by means of DFT calculations.

The catalytic cycle*’ corresponding to the hypothetical situation, wkies Lewis
acid co-catalyst remains attached to the activeddiplex during the hydrocyanation

reaction (Figure 5.10(a)) was first considered. Tlewis acid does not leave the
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Ni-complex simultaneously with the products of treaction during the active site
regeneration step (stefa,b — 6 + 2ab, Figure 5.10(a)). In principle, this would
correspond to the thermodynamically most favoraitigation. Although this cycle does

not fully represent the mechanistic details of thgdrocyanation reaction, its

CN
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Figure 5.10. Simplified catalytic cycles considered in DFT calculations for styrene hydrocyanation
with a model Ni-catalyst (5). Part (a) depicts the generally accepted thermodynamic cycle*™ ’
based on the preferential mode of coordination of the AICI; Lewis acid, whereas part (b) shows a
more complex reaction scheme reflecting the mechanistic details of the catalytic reaction. In both
cases, LA indicates a Lewis acid depending on whether the reaction takes place in the presence
or in the absence of the co-catalyst, respectively.
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consideration allows the determination of the reacsteps, whose thermodynamics are
mostly affected by the presence of the Lewis aciecatalyst. The corresponding free
energy changes along the reaction coordinates rig-igi0(a)) are summarized in Figure
5.11(a). The catalytic cycle both in the preseme i@ the absence of the Lewis acid
co-catalyst is initiated by oxidative addition ofCN to the Ni(O)—center with
simultaneous elimination of the COD ligand. Withie postulated thermodynamic cycle
it is considered that the introduction of the Al€becies takes place at this step.

In the absence of Algl the initial step $—6, Figure 5.10(a)) proceeds with a very
slight energy change (Figure 5.11(a)). Subsequmrdmnation of the styrene molecule to
compound6 is slightly unfavorable. Taking into account theothermic nature of this

E“"E= —4 kJ molY) the positive value of the computed reaction &aergy is

reaction A
due to the significant entropy loss upon formatafnadduct?. In agreement with the
above presented deuterium labeling experimentsctwimdicated the formation of
n’~benzyl ando-alkyl Ni complexes during the reaction, the DFTicakated free
energies for the formation 084) and @b) from 7 are equal to —35 and —33 kJ fpl
respectively. Thus, although the higher stabilityhe n*~benzyl complex is anticipatéd
in this particular case there is no apparent peefax for the formation of either of the
complexes. This relatively small energy differemcenost likely due to the bulkiness of
the bidentate phosphite ligaddhat destabilizes complé&b. The closure of the catalytic
cycle proceedwia the reductive elimination of produca or 2b followed by the
oxidative addition of the next HCN moleculga{~6+2a and8b—6+2b, Figures 5.10(a)
and 5.11(a)). According to the DFT computed assedidree energy changea@®",
Figure 5.11(a)) these reactions are thermodynalyisabngly favored. At this step for
the first time within the thermodynamic cycle calesied, the preference for the
formation of a particular isomer is observed. Hogrevun contrast to the experimental
observations, the energetics presented suggegtréference for the formation of the

linear produc®a.
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Figure 5.11. DFT computed reaction free energy diagrams (AG®", kJ mol™) for catalytic
hydrocyanation reactions with Ni-(4) model complex: part (a) represents the thermodynamic cycle
constructed under the assumption that the Lewis acid is always attached to the Ni-complex (as
illustrated in Figure 5.11(a)). The free energy changes corresponding to the catalytic cycle that
follows the mechanistic paths (according to the reaction scheme in Figure 5.10(b)) in the absence
and in the presence of the AICl; and CuCN co-catalysts are shown in parts (b), (c) and (d),
respectively. Complex 6 is chosen as the zero-level for the free energy diagrams (b)-(c). Dashed
lines in all diagrams correspond to the reaction path leading to the formation of branched product
(2b), whereas the solid lines correspond to the formation of the linear product (2a).
Corresponding molecular structures of the active DFT optimized complexes (6)x and selected
bond lengths (A) are shown for comparison.

As depicted in the diagram shown in Figure 5.11fe9,addition of AIC{ apparently
causes a shift of the relative energies by ~13thélJtompared to the Lewis-acid free
situation. This value corresponds to the bindingrgy of the AIC} species to comple&
Thus, the most notable effect of the Lewis acidhserved for the initial step of the
hydrocyanation reaction with the formation of imediate6. In the absence of Algl
oxidative addition of HCN to the Ni precursbris endothermicAE“"%= 25 kJ mot®).
The complexs and the active speci€sare in equilibrium £G*°" = +2 kJ mot?). On the

other hand, when the Algto-catalyst is present in the reaction mixtures thitial step
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is highly exothermic AE“"5= -124 kJ mat) and the equilibrium is completely shifted
towards formation of the product of HCN oxidativédiion ©)a (AG™" = —128 kJ
mol™). The relative energies of most of the subseqirgermediates of the catalytic
cycle are apparently not affected by the presericthe co-catalyst, as their energy
separation remains essentially constant duringcthese of the reaction. This suggests
only a minor variation of the basicity of the N-temof the CN moiety with respect to
other ligands in the square-plana® &nd 8a) and “trigonal-bipyramidal” 7) Ni
complexes. Indeed, the deviation in the NBO congbutiearges on the N-atom in the
respective complexes does not exceed 0.0dtee only substantial effect of the Lewis
acid co-catalyst within the effective catalytic ®y/¢ts observed for the relative stability of
the n°>~benzyl Ni complexes8p) and 8b)x (Figure 5.10(a)). In fact, interaction with
AICI; stabilizes the branched add@tt by 149 kJ mof', which is substantially larger
than the stabilization energies computed for oteaction intermediates (Figure 5.11(a)).
As a result and in contrast to the situation wherco-catalyst is present in the reaction
mixture, there is a clear thermodynamic prefereiocethe formation of the branched
complex Bb)a. The stronger interaction of AlClwith 8b is due to the specific
coordination environment of the Ni-center. Comp&éx contains a bulkyn®~benzyl
moiety as compared to the linear intermed&aé€Figure 5.12) that is accompanied with
the strong displacement of the cyanide group. Tis®red coordination i8b results in
an elongation and an increase in ionic charactethefNi—-CN bond (Figure 5.12) as
compared to the situation Ba. The NBO-summed charge on the CN moiety increases
by more than 0.17e while Ni is stronger positively charged by 0.2ie 8b. These
perturbations enhance the basicity of the N atohe (torresponding NBO charge
increases by 0.04kin the Ni-CN moiety resulting in a higher affyitowards AlC}
binding and a substantial additional stabilizatimy ~50 kJ mol') of the respective

complex @b)a.

5.5.3. Addition of mechanistic details to the catalytic cycle

Nevertheless, the thermodynamic data computed Her hydrocyanation catalytic
cycleé™ (Figure 5.11(a)) cannot explain the selectivityterms observed experimentally
both in the presence and in the absence of thesLaeuil co-catalyst (Table 5.1). This is
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= (8a) - (TSa)
AGSOW = _65 and AG#S0lV = 78

(8b)
AGSV = —74 and AG#5OV = 63

Figure 5.12. DFT optimized structures involved in the reductive elimination elementary step of
the catalytic hydrocyanation of styrene to Ni-(4) catalyst in the presence and in the absence of the
AICl; Lewis acid co-catalyst (Ni: yellow—green, N: blue, C: dark grey, H: light grey, P: orange, O:
red, Al: yellow, ClI: green ). The corresponding DFT computed activation (AG#'SO"’, kJ mol™) and
reaction (AG®™, kJ mol™) free energies in toluene (AG*™) for the reductive elimination step of
catalytic hydrocyanation of styrene to Ni-(4) model catalyst are given in italic. Selected optimized
bond lengths are shown in A. Molecular details of the L2 ligand (hydrogen atoms and phenyl

substituents) are omitted for clarity.
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due either to a lack of mechanistic details indiele considered or to the effects on the
variation of the kinetic parameters (activation rgres) upon Lewis acid coordination
along the reaction coordinate. In particular, theductive elimination of the
hydrocyanation product® and the regeneration of the active spe6ishould take place
as two consecutive elementary steps. As a rekeli, ¢wis acid would leave the catalytic
cycle as part of the product of reductive elimioat{(2)a/). This would initially result in
the formation of a molecular coordination compleetween the coordinatively
unsaturated Ni4) complex and the nitrile product. In the next stap additional HCN
molecule that rapidly undergoes oxidative additiading to the regeneration of the
active compleys, replaces the nitrile product. The correspondigiiglgtic cycles towards
formation of linear and branched products bothhe presence and in the absence of
Lewis acid are schematically illustrated in Figbr&0(b).

It is important to point out again the differenéeghe interaction energies between
AICI3 and the CN group bound to the Ni center and theesateraction of AIG with the
nitrile products (Figure 5.6). Corresponding stiabiion effects are expected for the
reaction intermediates by the Lewis acid co-catalyghin the catalytic cycle. The
implication of the above-mentioned additional metsigc details may have changed the
thermodynamic picture of the hydrocyanation cyclessantially. Therefore, the effect of
AIClI3 on the thermodynamics of the corresponding catabyicles (Figure 5.11(b)) was
analyzed by means of DFT calculations. In additaond in order to better understand the
possible kinetic effects due to the presence ottheatalyst, the activation free energies
(AG"™Y for the rate-limiting® reductive elimination steps were computed. Optimhiz
structures of the reaction intermediates and #nasttion states involved in the reductive
elimination steps are shown in Figure 5.12. The f8binputed free energy diagrams in
the absence and in the presence of the /AdGlcatalyst are depicted in Figure 5.11 parts
(b) and (c), respectively.

The major change in the qualitative thermodynanmtupe due to the implication of
the more realistic catalytic cycle (Figure 5.10(Wwgs observed in the relative stabilities
of the direct products of the reductive eliminati®a and 9b (Figure 5.11(b)). The
formation of the branched nitrile coordinated te ti—complex 8b — 9b) in toluene is

thermodynamically more favored@**", Figure 5.12) over the formation of the linear
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isomer Ba — 9a). Furthermore, the computed activation free endfgy* ") for the
former elementary reaction step is 15 kJ Thtdwer than that of the latter one. This is
most probably due to the fact that the correspantiansition statd Sb is substantially
stabilized by rather strong interactions between K center and thersystem of the
n®-benzyl moiety, as is evident from the shortengdraiomic Ni-~C contacts between
the respective moietied §b, Figure 5.12). Such stabilizing interactions abwiously
missing in the transition stafeSa for the formation of the linear product (Figurd ).
The reverse reaction in both cases is very difficLihe associated activation free energy
barriers exceed 135 kJ mbl Thus, despite the change of the relative stasiliof the
linear and branched isomeric products upon thenexgéion of the active comple&X
(9a,b — 6 + 2a,b), the selectivity of the hydrocyanation catalytycle is controlled by
the energetics of the reductive elimination stelper&fore, it was concluded that in the
absence of the Lewis acid co-catalyst, formatiorthef branched nitrile produ@b is
both thermodynamically and kinetically favored. s in excellent agreement with the
experimentally observed selectivity patterns (Tablé) and with the results of the
deuterium labeling experiments. The equilibriumwesn the intermediaté 8a and8b
has been proven by the hydrogen scrambling inithiéerproducts.

Similarly, in the presence of Alg(Figure 5.11(c)), the additional mechanistic dstai
provide a deeper insight into the molecular-leviééat of the Lewis acid co-catalyst.
DFT calculations show that in this case the coatim of both linear and branched
nitrile product to the Ncomplex is rather unstable. Indeed, the repulsaursed by the
presence of the Algimoiety does not allow a strong interaction betwden-CN group
of the coordinated nitrile and the Bienter (9a)a and Qb)a, Figure 5.12). Instead, a less
favorable monodentate NCcy coordination interaction is realized. In agreemwith
the aboveliscussion, due to the weaker binding of Al€@l the nitrile2, the free energy
of the overall catalytic reactions becomes lesatreg, although at the qualitative level
this does not cause any substantial change irm#renbdynamics of the overall catalytic
process (Figure 5.11(c)).

More importantly, addition of AlGIresults in substantial qualitative changes in the
computed energetics of the reductive eliminatioaps{Ba,b)a— (9a,b)a, Figure
5.11(c)). The reaction pathway leading to the fdromaof the linear product is both
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kinetically and thermodynamically favored in thiase. The computed free energy
change AG®", Figure 5.12) for the reactioBg)a— (9a)a in toluene is lower by 23 kJ
mol-! as compared to the one for the formation of tletied isomer 8p)a— (9b)a).
Furthermore, the activation free energy for therfer reaction is lower by 10 kJ ml
The stabilizing Ni-C, contacts in TSb)a are somewhat longer as compared to those
observed inl Sb (Figure 5.12). Although the similar elongationtibé Ni—C bond is also
observed in the transition stat& Sa),, its destabilizing effect is apparently well
compensated by the enhanced interaction withimtéwly formed G-CN bond (Figure
5.12).

This reverse energy trends upon Lewis acid cootidinas associated with the above
noted effect of the selective additional stabilaatof then®~benzylintermediate &b)a;.
This leads to the generation of a steady statiedrcatalytic cycle. An enhanced selective
stabilization of this species slows down the reSpecreaction path8p)a— (9b)a,
while the competitive pathB@)a— (9a)a Vvia the o—alkyl intermediate is affected to a
lesser extent. In contrast to the above-considdredis acid free hydrocyanation
reaction, the reverse reactions are thermodynalyidalored and show very low
activation free energies (Figure 5.11(c)). Indegdhilar to the initial HCN oxidative
addition step, coordination to the AlClewis acid also facilitates the corresponding
reaction with the nitrile product. It is importatat note that the oxidative addition of the
branched product in9b)a is both thermodynamically and kinetically prefekrelhis
suggests that the decomposition rate of the brahaottermediate produci), takes
place with a significantly higher rate than that(@d). This would further hamper the
reaction path towards the formation of the brancimddile 2b. All these effects
substantially facilitate the routéa the formation of the less stable linear intermtxia
(8a)a. Taking the reversible nature of the reacti@ns8 into account, the calculated
free energy diagrams (Figure 5.11(c)) show thatcttalytic hydrocyanation of styrene
would ultimately lead to the predominant formatioh the linear producta in the
presence of the AlGlco-catalyst. This perfectly agrees with the experntal results
(Table 5.1).

The fact that no C-CN cleavage occurs during thecalialyzed phenylpropionitrile

isomerization reaction is furthermore in line witle very high computed free energies
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for the substitution of the COD ligand with therits 2 coordinated to AIGl Indeed, the
correspondindAG*®" values of the reactio + (2a,b)a — (9a,b)a + COD are equal to
+85 and +74 kJ mo}, respectively, for the formation dd)a and Ob)a;.

Thus, AICk has a dual role in the catalytic hydrocyanationstyfrene. First, the
addition of the Lewis acid co-catalyst facilitatbe initiation of the catalytic cycleia
oxidative addition of HCN. Moreover, it favors thematalytic path leading to the
elimination of the linear product. The latter isimd@ an indirect result of the exceptional
stabilization of they*-benzyl-complex by the Lewis acid, along with a kesabinding of
AICI 3 to the nitrile products, resulting in the revessability of the intermediate reaction
products. Both these effects alter substantiakyahergetics of the reductive elimination

step as compared to the Lewis acid—free reaction.

5.6. Screening of reaction conditions and Lewis acids in styrene

hydrocyanation

5.6.1. Styrene hydrocyanation at different temperature and reaction time

In order to validate the DFT calculation, the hydfanation reactions with and
without AICI; were repeated using BIPPP as ligand and wereriated after 1h (Table
5.3, Entries 1 and 2). The promotion of the oxidataddition by the Lewis acid is
supported by the observed high reaction rate after compared to the Lewis acid free
reaction. Both reactions were also carried outQ8C6(Table 5.3, Entries 3 and 4). At
lower temperature, the conversion decreases andeleetivity changes in favor of the
branched product. Apparently, the reaction becosi@ser and the routeia formation
of the most thermodynamically stablé-benzyl-intermediate is preferred over the less
stablecs-alkyl intermediate. The absence of a temperat@geddence of the reaction
selectivities without addition of the Lewis acid-catalyst is in excellent agreement with

the equal stabilities of the respective isomerslipted by DFT calculations.
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Table 5.3. Hydrocyanation of styrene (neat HCN added in one portion) using BIPPP as ligand.

Entry Temp (C) Time (h) Lewisacid Conversion (%) &  Selectivity (%) b I/b®

1 90 1 / 33 100 <1/99
2 90 1 AICl; 88 72 83/17
3 60 16 / 93 100 <1/99
4 60 16 AlICl; 76 74 45/55

Conditions: 0.033 mmol Ni(cod),, Ni: Lewis acid: L: S: HCN = 1: 1.05: 1.2: 20: 25, 1 mL toluene.
[a] Conversions are based on the substrate and were determined by GC using n-decane as
internal standard. [b] Selectivity = yield of nitriles/conversion. Styrene oligomers are identified as
by-products. [c] Linear/Branched ratio.

5.6.2. Comparison with other Lewis acids

To investigate further the role of Lewis acidshe hydrocyanation of styrene and its
effect on the regioselectivity of the reaction wensidered the application of other
co-catalysts, such as Fg@CBPh, and CuCN (Table 5.4). Similar to the previousecas
formation of the linear nitrile product was obsehia the presence of the Lewis acid.
The use of FeGlresults in a comparable linear/branched ratiotheitselectivity towards
the nitrile products is rather low, due to the erd®ment of polymerization reactions
(Table 5.4, Entry 1). In the case of CuCN the binaalcnitrile is predominantly obtained
(Table 5.4, Entry 3) and BRhepresents an intermediate situation, where tieati to
branched ratio is 59/41 (Table 5.4, Entry 2). Ohdhe most commonly used Lewis
acids, ZnCJ, could not be applied in the reaction becausesofnisolubility in apolar
solvents. The reaction performed in THF or diox&regls to fast polymerization of the
substrate. B(6Fs)s is soluble in toluene and therefore, it was atsbed in the reaction as
Lewis acid. Unfortunately, the promotion of the qmetitive styrene polymerization was

higher than the co-catalyst activity in hydrocyamatand only polystyrene was obtained.
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Table 5.4. Hydrocyanation of styrene (neat HCN added in one portion) using different Lewis
acids.

Entry Lewis acid Conversion (%) *° Selectivity (%) ° Ilb©
1 FeCl; 64.7 31.3 70/30
2 BPh; 58 69 59/41
3 CuCN 74 88 13/87

Conditions: 0.033 mmol Ni(cod),, Ni: Lewis acid: L: S: HCN = 1: 1.05: 1.2: 20: 25, 90C, 16 h, 1
mL toluene. [a] Conversions are based on the substrate and were determined by GC using
n-decane as internal standard. [b] Selectivity = yield of nitriles/conversion. Styrene oligomers are
identified as by-products. [c] Linear/ Branched ratio.

5.6.3. DFT calculations on styrene hydrocyanation in the presence of CuCN as
Lewisacid

Taking into account the above discussion on the afl the Lewis acid on the
regioselectivity in the styrene hydrocyanationisiexpected that the difference between
AICI3; and CuCN is mainly due to the less pronouncedcBete stabilization of the
n-benzyl intermediat8b, upon the interaction with the CUCN Lewis acid aifterent
relative stabilities of the intermediate reactiaogucts 9a,b)cy. The DFT calculations
(Figure 5.11(d)) clearly support this assumptiomitar to AICl;, CuCN affects all
elementary reaction steps to almost the same ertar@pt for the intermediat&)c,
and the elimination products. The coordination af08l to the cyanide group results in a
uniform shift of the relative energies by ~180 kdlthcompared to ~130 kJ mdlin the
case of AIC). Although the computed reactiod@°") and activation free energies
(AG"*°) in this case are close for the competing reagtiaths (Figure 5.12), a clear
preference for the route towards the formationhef branched product is observed. The
stronger binding of CuCN to the nitrile productbstantially stabilizes the intermediate
products 9a,b)cy and prevents their decomposition over thechlialystvia oxidative
addition. Moreover, the somewhat stronger bindirfigthe CuCN co-catalyst in the
intermediate shifts the equilibrium of the processards the formation of the branched
nitrile. These effects allow the catalytic reactimnproceed preferentiallyia the route
involving the formation of the>~benzylintermediate8b and consequently mainly lead

to the elimination of the branched prod@tt However, in line with the experimental
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findings, the minor differences in the energeti€sh® competing paths do not allow

entire selectivity toward2b.

5.7. Conclusions

High conversion and nitro regioselectivity could bemached in the Ni-catalyzed
hydrocyanation of styrene applying phosphite ligant high catalyst loading a dramatic
shift in regioselectivity from more than 90% braedhto almost 90% linear nitrile
product was observed by applying AlG@s a Lewis acid co-catalyst. Experiments using
deuterated styrene as substrate gave new insigbtthie mechanism of the reaction. The
scrambling of the hydrogen (the deuterium labekxgeriments have been performed
adding HCN to the deuterated substrate) in theleniproducts and in the unreacted
styrene showed the formation @tbenzyl ands-alkyl intermediate during the catalytic
cycle and a fast equilibrium between the two specith the styrene substrate.
Furthermore, no C-CN bond cleavage was observedhtomitrile products during the
isomerization experiments, suggesting the irrebéitsi of the elimination step.

DFT calculations provided a molecular-level pictuog¢ the catalytic process
considered and allowed an in depth rationalizabbthe experimental observations. It
was found that the conventional thermodynamic cgoleld not be used for the correct
description of the Ni-catalyzed hydrocyanation tes; because it lacked important
mechanistic details. Formation of the molecular pl@x by coordination of a nitrile
product to the Ni-catalyst, as an intermediate pob@f the reductive elimination step, is
essential for the overall catalytic performance.

Selectivity patterns were controlled by the relatstabilities of they>-benzyl and
o-alkyl intermediates and the intermediate prodottheir decomposition. The degree of
stabilization of these species in the presencehef ltewis acid co-catalyst was not
uniform. This determined the qualitative shiftghie energetics of the competing reaction
paths and altered the regioselectivity of the hggamation reaction.

Thus, it was concluded that the selectivity towartlse linear product

3-phenylpropionitrile in the presence of AlCk due to the higher stability of the
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intermediaten®-benzyl complex. The selective stabilization ofstiitermediate in the
presence of the Lewis acid leads to the formatiba tsteady state” for thg*-benzyl
intermediate and indirectly promotes the formatiasf the linear product
3-phenylpropionitrilevia the c-alkyl intermediate. This assumption was suppotigd
DFT calculations as well as by experimental dataceming the conversion and
selectivity in styrene hydrocyanation at differemaction times and temperatures.
Different Lewis acids, such as FgCBPh, and CuCN were applied in the reaction,
leading to lower selectivity and activity compatedAICls. This deeper understanding of
the mechanism of the hydrocyanation reaction migatl to improved catalysts in the
future also for the hydrocyanation of simple alkene
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5.8. Experimental section

General considerations.

Chemicals were purchased from Aldrich, Acros, anerd¥d and used as received.
Styrene was filtered over neutral alumina and ltkstiover CaH prior to use and was
stored at -30°C. All preparations were carriedunder argon atmosphere using standard
Schlenk techniques. DPEphUsSixantphos, Thixantphos,” BIPPP? Ni(cod),'® and
HCN'® were synthesized according to literature procesiUIR spectra were recorded
on a Mercury 400 and a Varian Unity Inova 500 speneter tH, *C{*H}, 3*P{'H}).

Caution! HCN is a highly toxic, volatile liquid (bp 27°Chat is also susceptible to
explosive polymerization in the presence of basalysts. It should be handled only in a
well-ventilated fume hood by teams of at least twohnically qualified persons who
have received appropriate medical training for tinga HCN poisoning. Sensible
precautions include having available proper firdtequipment as well as HCN monitors.
Uninhibited HCN should be stored at a temperatoveet than its melting point (-13°C).
Excess of HCN may be disposed by addition to agsiesmadium hypochlorite, which
converts the cyanide to cyanate.

Coordination of styreneto AlICl3 (1d).

Styrene (50uL) and AICk (120 mg) were dissolved in 1 mL of benzehe-The
solution was stirred for 2 hours and analyzed byR\#§pectroscopyH NMR (400 MHz,
CsDs, 25°C, TMS)3: 7.21-7.17 (m, 2H), 7.08-6.98 (m, 3H), 6.53 (dH),15.56 (dd, 1H),
5.03 ppm (dd, 1H)**C NMR (500 MHz, GDs, 25°C, TMS)3: 137.58, 136.95, 128.39,
126.19, 113.27 ppm.

Coordination of 2-phenylpropionitrileto AlCl; (2b).

2-Phenylpropionitrile (50uL) and AICkL (120 mg) were dissolved in 1 mL of
benzeneads. The solution was stirred for 2 hours and analyzgdMR spectroscopyH
NMR (400 MHz, GDg, 25°C, TMS)6: 7.50-7.47 (m, 3H), 7.46-7.34 (m, 2H), 4.49-4.47
(m, 1H), 1.91-1.90 ppm (m, 3HJ*C NMR (400 MHz, GDg, 25°C, TMS)3: 149.5,
131.6, 130.2, 129.9, 126.9, 123.9, 99.8, 31.6, ppri.
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Coordination of (BIPPP) to AICl3 (7).

BIPPP (16 mg, 0.018 mmol) and AlGP.4 mg) were dissolved in 1 mL of toluene-
ds. The solution was stirred for 2 hours and analyagdNMR spectroscopyH NMR
(400 MHz, GDsCDs, 25°C, TMS)é: 7.51-6.87 (m, 7H), 3.94-2.94 (m, 1H), 1.40-0.89
ppm (m, 6H)'P NMR (162 MHz, GDsCDs, 25°C, HPQy) 5: 161.1 ppm ().

Coordination of [Ni(cod)(BIPPP)] to AlICl3 (8).

Ni(cod), (5 mg, 0.018 mmol) and BIPPP (16 mg, 0.018 mmajendissolved in 1
mL of tolueneds. AICI; (2.4 mg) was added and the solution was stirre@ flaours and
analyzed by NMR spectroscopyP NMR (400 MHz, GDsCDs, 25°C, HPO,) &: 146.0
(s, [Ni(cod)BIPPP]), 126. 0 ppm (d~=19.4 Hz).

General procedurefor the hydrocyanation experiments.

A solution of the ligand (1.2 equiv.) in 1 mL oflgent was added to Ni(cogl}9.0
mg, 0.033 mmol). Styrene (20 equiv.) was addedrb¥ppendorf pipette, followed by
50 puL of n-decane as internal standard and AICL.05 equiv.). The solution was
transferred into a 15 mL Schlenk tube equipped wilfeflon coated stirring bar.

Method A: An excess of HCN was added via an Eppendorf pigettethe Schlenk
tube was warmed to 90°C in an oil bath. The mixtuas stirred for 16 h.

Method B: A round-bottom Schlenk flask was filled with 1 mf solvent and an
excess of HCN (1amol/min), which was collected in a 5 mL syringe aditled to the
reaction mixture by syringe pump during 3 h (closgstem). The mixture was stirred for
another 2 h.

The reaction product was cooled to 0°C and flushkigld a gentle stream of argon for
1 minute to remove traces of HCN. Samples wereyaadl by GC, using-decane as
internal standard. All the reactions were carriatia least in duplo, showing variability
for conversion and selectivity of £2% and +1%, exsjvely.

Computational details.

Density functional theory with the B3LY®hybrid exchange-correlation functional

was used for the quantum chemical calculationd.gadmetry optimizations and saddle-
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point searches were all performed using the Gaus3@aprogrant’ The full-electron
6-31+G(p) basis set was used for nickel ion, wheedhatoms of the styrene molecule,
HCN and Lewis acids (AlGland CuCN) were described by the 6-311+G(d,p) bsedis
Phosphorous and oxygen atoms from the liganeere treated by the 6-311G(d,p) basis
set. The modest Dunning/Huzinaga valence doubl%zbasis set was used for the
remaining C and H atoms of the ligadd The use of such a basis set combination
allowed of a high-level quantum chemical descriptad the reaction center along with
the realistic representation of the ligand systamala initio level. Our preliminary
calculations show that the excessive simplificatiminthe molecular models or the
theoretical methodology used for the descriptiothef ligand systems or substrate leads
to results inconsistent with the experimental obsgons. No symmetry restrictions were
used in the calculations.

The nature of the stationary points was evaluatec fthe analytically computed
harmonic modes. No imaginary frequencies were fofordthe optimized structures
corresponding to local minima on the potential ggesurface. All of the transition states
showed a single imaginary frequency correspondingé eigenvector along the reaction
path. The assignment of the transition state stracto a particular reaction path was
tested by perturbing the structure along the reagiath eigenvector in both directions of
products and the reagents with subsequent georoptimization. All of the energies
computed within DFT used for the estimation of thaction AG**") and activation free
energies 4G**™") provided in the text (unless indicated otherwise}e corrected for the
presence of solvent using the polarizable continaurdel within the conductor reaction
field (COSMO) approach developed by Klaantal.?* as implemented in the Gaussian 03
program package using the standard parametersofoene as solvent. Electronic
DFT-computed energies provided in the text were calfrected for the zero-point
vibrations. The corresponding energy changes anotdé asAE“ . Atomic charges
were computed using the Natural Bond Orbital (NB@gthod as implemented in the
Gaussian 03 program package.
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Hydrocyanation of 1-Octene:

an Open Challenge

So far, the hydrocyanation of monoalkenes has not attracted much

attention. The reason is mainly the lower conversion generally

observed for these substrates compared to the hydrocyanation of

dienes and vinylarenes. The role of the Lewis acid in the mechanism

of this reaction is still not completely clear, in particular its effect in

the increase of the reactivity and regioselectivity towards linear

nitriles. A conversion of 89% in the hydrocyanation of 1-octene has
been achieved, applying a binaphthol-based diphosphite (BIPPP) as
ligand and AICI3 as the Lewis acid. The mechanism of the reaction

was investigated via deuterium labeling experiments and DFT

calculations.
N
Terminal allylic g.l'lts;;ét‘llc
lr}lteﬂ”al deuterium " Guphate
. . . allylic |
isomerization deterium™~_ ,
Terminal
— aliphatic
W :i/lenu};gium deuterium
eeeee
+ —

(P\ /N AlCl,
Ni

N
s/ D

hydrocyanation




Chapter 6

6.1. Introduction

Although alkyl nitriles are valuable intermediates the bulk and fine chemical
industry for the synthesis of amides, amines, calo acids, and estefspnly a few
examples for their direct catalytic preparation banfound in the literature. Arthur and
Pratf published on the first homogeneously catalyzeddwhnation of linear alkenes in
1954 (Scheme 6.1). @Q&O), in combination with PPh was used for the
hydrocyanation of non-activated monoalkenes, ad a®lof conjugated dienes. The
addition of HCN was accomplished within 5-7 hour4 20°C. The conversion decreased
dramatically when the chain length of the monoatkeras increased from 1-butene to
1-octene (65% vs 13%).

The hydrocyanation of 1-hexene to a mixture of &eebitrile and
2-methylhexanenitrile, using Lewis acid-promoted(O)i phosphite complexes, was
studied by Taylor and SwiftThe Lewis acid significantly enhances the reactair and
has an effect on the linear:branched product rath@ nature of the solvent also has an
effect on both the selectivity to normal nitrilesdethe reaction rate. Unfortunately, it was
not possible to find a clear relation between tharacter of the Lewis acid or the solvent
and their effects on the reaction.

Using n-octenes as starting materials, Kestral.* have found that, independently of
the position of the double bond, the anti-Markowavikproduct 1-cyanooctane is formed
with 80% regioselectivity. The isomerization gielimination rates are much faster than
the hydrocyanation rate. Therefore, the regioseiectof the reaction is dependent on
the equilibrium between the isomers, reachkiedthe isomerization reaction before the
slower hydrocyanation step. In order to avoid tesctivation of the catalyst, due to the
addition of a second molecule of HCN to the Ni eemind formation of inactive dicyano
complexes, monodentate phosphite ligands were sl large excess (Ni:L=1:15).
The hydrocyanation of 1-alkenes amelinsaturated fatty acid esters was accomplished
also by applying chelating diphosphines, with atig to metal ratio of 1.05’1The use
of diphosphines with a large bite angle induceddgig¢hat are comparable to those

obtained with the monodentate phosphite systemyigiés reported in the Ni-catalyzed
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NiL,, Lewis acid

R 4 Rx
~F HCN N
(1) 2)

Scheme 6.1. Hydrocyanation of non-activated monoalkenes.

hydrocyanation of 1-octene were approximately 58pflying a substrate to ligand ratio
of 20:1.

Consequently, it is still an open challenge to @enf the hydrocyanation reaction of
non-activated monoalkenes, keeping in mind that dahphatic nitrile products are
valuable intermediates. A deeper understandindhefrole of the Lewis acid and the
species involved in the catalytic cycle is crugmbrder to improve the reaction rate, to
achieve higher conversions, and to control theossgdectivity. Therefore, mono- and
diphosphite ligands in combination with several iswacids have been applied in the
hydrocyanation of monoalkenes. Moreover, deuterlabeling experiments and DFT

calculations have been performed to investigatertbehanism of the reaction.

6.2. Hydrocyanation of 1-Octene

6.2.1. The hydrocyanation of 1-octene applying the monodentate phosphite ligand
P(OPh);

1-Octene was chosen as a model substrate, in trdevestigate the hydrocyanation
of non-activated monoalkenes. In fact, it is anustdally importanta-olefin® and has
been already reported as substrate in the hydratigarreactiori:®

The hydrocyanation of 1-octene was performed with tmonophosphite ligand
P(OPh} in the presence of different Lewis acids. A morederate excess of

monodentate ligand compared to the literature ekefn{p:Ni=5:1) was applied. As

Ni(cod)y, L

NS e a4
CN

HCN

Scheme 6.2. Hydrocyanation of 1-octene.
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explained before, the loss of catalytic activity ¢ attributed to the addition of a second
molecule of HCN to the nickel complex, leading t@agtive dicyano species (Scheme
6.3). An excess of ligand consequently competefi WMICN in the binding to free
coordination sites at the metal center.

The addition of AIC] to the catalyst system led to a conversion of 2hththe linear
mononitrile was the only product detected by GClyais (Table 6.1, Entry 1). Keiret
al.* reported on the hydrocyanation of 1-octene usi@PR) and AIEtC} as Lewis acid
under similar reaction condition, obtaining highinaties. In the literature example a
larger excess of phosphite was applied and thed awid was added as stock solution in
acetonitrile. Under the chosen conditions, coneaisiof 15% and selectivities of 73%
towards the linear nitrile were obtained (Table, &htry 2). GC-analysis showed large
amounts of degradation products of the ligand, tvlarere observed only with AIEt&as
Lewis acid. It can be concluded that the alumindikglaompound reacts with the ligand
and a larger excess of the latter prevents theadatjon of the catalyst. BRHid not lead
to the formation of any nitrile products, while it®re soluble analogue B{&s)s; led to
11% of conversion and a large distribution of ismna the product mixture (Table 6.1,

Entries 3 and 4). The presence of 3- and 4-cyamaects not observed using other

HCN
HON _ NiLgHON +L BN

NiL, NiLp(CN), + Hp + L

Scheme 6.3. Formation of nickel dicyano complexes.*

Table 6.1. Hydrocyanation of 1-octene using P(OPh); as ligand in the presence of different Lewis

acids.
Entry Lewis acid Conversion® (%) Isomers (%)
1 AICl; 21 1-CN >99
2 AIEtCI, 15 1-CN:2-CN = 73:27
3 BPh; / /
4 B(CeFs)3 11 1-CN:2-CN:3-CN:4-CN = 74:15:5.5:5.5
5 CuCN 22 1-CN:2-CN = 89:11
6 / 2 1-CN>99

Conditions: 0.033 mmol Ni(cod),, Ni:Lewis acid:L:S:HCN = 1:1.05:5:20:25, T = 90C, 16 h, 1 mL
toluene. [a] Conversions are based on the substrate and were determined by GC using n-decane
as internal standard.
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Lewis acids. Curiously, boron-based Lewis acidsehalveady been reported for similar
catalytic systems, giving the most regioselectiaalyst systems in the hydrocyanation
reaction’ The highest activity was obtained using CuCN, kwith a lower
regioselectivity compared to Alg22% of conversion and 89% of linear product, Table
6.1, Entry 5). Only traces of the linear nitrile n@edetected after the hydrocyanation
reaction in the absence of any Lewis acid (Talle Bntry 6).

This series of experiments performed showed treat #wis acid is necessary for the
activity of the catalyst in this reaction and thesbperforming one in terms of activity

and regioselectivity is apparently AlCI

6.2.2. The hydrocyanation of 1-octene applying the bidentate phosphite ligand
BIPPP

More recently bidentate phosphite ligands havelbeported in the patent literatfire
to form the most efficient system in the Ni-cat&gzhydrocyanation of butadiene and
3-pentenenitrile, as well as in the isomerizatidr2anethyl-3-butenenitrile (the three
steps of the DuPont adiponitrile proce$8inaphthol-based diphosphites in combination
with Ni(cod), showed very good activity also in hydrocyanatidrstyrene® The rigid
backbone of these ligands is believed to stabiheeactive tetrahedral Ni(0) complex and
to suppress the formation of square-planar dicydi{tl) complexes. Therefore, the
binaphthyl-isopropylphenyl-diphosphite ligand BIPPHgure 6.1) was applied in the
hydrocyanation of 1-octene. The reaction was peréal under the same conditions as in
the previous case using the monodentate ligand ID¢OFnce the catalyst is more stable

and due to the chelating properties of the ligamel L:Ni ratio was lowered to 1.2:1.

o~ O 2
D
L 2

Figure 6.1. Binaphthyl phosphite ligand (BIPPP).
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Table 6.2. Hydrocyanation of 1-octene using BIPPP as ligand and different Lewis acids.

Entry Lewis acid Conversion® (%) Isomers (%)
1 AlICl3 89 1-CN:2-CN = 78:22
2 BPh; 16 1-CN:2-CN:3-CN = 76:20:4
3 / 2 1-CN >99
4 FeCls 11 1-CN >99
5 Yb(OTf)3 18 1-CN >99

Conditions: 0.033 mmol Ni(cod),, Ni:Lewis acid:L:S:HCN = 1:1.05:1.2:20:25, T = 90°C, 16 h,
1 mL toluene. [a] Conversions are based on the substrate and were determined by GC using
n-decane as internal standard.

The hydrocyanation reaction was carried out usireylhest performing Lewis acid
AICI;for the monophosphite ligands. Interestingly, thewersion of 89% obtained is the
highest ever reported for this reaction. The selggttoward the linear nitrile product
was 78% (Table 6.2, Entry 1). The use of BiPhcombination with the bidentate ligand
led to a conversion of 16% and the formation opaksible nitrile isomers: 1-, 2-, 3- and
4-cyanooctane (Table 6.2, Entry 2). Only tracetheflinear nitrile product were obtained
in the hydrocyanation of 1-octene in the absenca béwis acid (Table 6.2, Entry 3).
FeCk and Yb(OTf} were also tested, leading exclusively to the lineeduct. The
conversions with 11% and 18%, respectively were hmilmwver compared to the
application of AIC} (Table 6.2, Entries 4 and 5).

Using BIPPP as ligand, Alglwas confirmed to be the most suitable Lewis aoid f

this reaction.

6.3. Application of different monoalkene substrates: the polarity of
the reaction medium

The optimized reaction conditions were further &aplin the hydrocyanation of
different monoalkenes; i.e. using BIPPP as ligamd &ICl; as Lewis acid. The
hydrocyanation of 1-hexene reproduced the resuliaiobd with 1-octene (88%

conversion; Table 6.3, Entry 2), but the higheeaks were less efficiently converted.
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Table 6.3. Hydrocyanation of monoalkenes using BIPPP as ligand and AICI; as Lewis acid.

Entry Substrate Lewis acid Conversion® (%) Isomers (%)
1 1-butene AICl3 20 1-CN:2-CN = 75:25
2 1-hexene AICl; 88 /
3 1-dodecene AICl3 20 /
4° 1-octene (40 eq) AICl3 14 1-CN:2-CN:3-CN = 41:44:15
5° 1-octene (40 eq) AICl; (2 eq) 11 1-CN:2-CN:3-CN = 82:14:4

Conditions: 0.033 mmol Ni(cod),, Ni:Lewis acid:L:S:HCN = 1:1.05:1.2:20:25, T = 90°C, 16 h,
1 mL toluene. [a] Conversions are based on the substrate and were determined by GC using
n-decane as internal standard. [b] Ni:S = 1:40. [c] Ni: Lewis acid: S = 1:2.1:40.

The low reactivity of 1-butene might be attributem the gaseous nature of the
compound (Table 6.3, Entry 1). In the case of ledede a difference in the solubility of
the Lewis acid was observed and the conversiomefstibstrate to the nitrile products
was only 20%. To confirm a negative influence @ thng chain alkene on the polarity
of the reaction medium, the hydrocyanation of lenetwas performed using a two-fold
concentration of the alkene. The conversion deeckdsamatically from 89% (Table 6.2,
Entry 1) to 14% (Table 6.3, Entry 4). With 41% albe regioselectivity towards the
linear nitrile was rather low. 2-Cyanooctane anciy8nooctane were formed in 44% and
15% yield respectively. A two-fold addition of AlCin the latter reaction was beneficial
for the regioselectivity, which increased again 83%. However, with 11% the
conversion was still very low (Table 6.3, Entry 5).

Solvent effects in the hydrocyanation reaction haeen reported several times.
Taylor and Swift proposed the influence of dielec&ffects in the hydrocyanation of
1-hexen€. The higher activity of the Ni-catalyst in polarhsents has been observed in
the hydrocyanation of butadiefi@nd in the isomerization of 3-methyl-2-buteneteitt
Aromatic and apolar solvents, respectively increaseregio- and the enantio-selectivity
in 1-hexend and styrene hydrocyanatidn The solubility of the Lewis acid in the
reaction medium also plays a role, as it coordm&tethe catalyst. The results presented
above are in line with these previous reports ardkdine that influencing the polarity of

the reaction mixture can also affect the reaction.
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Table 6.4. Hydrocyanation of 1-octene using BIPPP as ligand and AICI; as Lewis acid in polar

solvents.
Entry Solvent Conversion® (%) Isomers (%)
1 THF 20 1-CN:2-CN:3-CN = 93:5:2
2 dioxane 18 1-CN:2-CN = 77:23

Conditions: 0.033 mmol Ni(cod),, Ni:Lewis acid:L:S:HCN = 1:1.05:1.2 :20:25, 90C, 16 h, 1 mL
toluene. [a] Conversions are based on the substrate and were determined by GC using n-decane
as internal standard.

Therefore, polar solvents that have shown to besfio@al in the hydrocyanation of
other substrates were useéd? The hydrocyanation of 1-octene in THF and dioxkue
to good selectivities of up to 93% of the lineaoquct (Table 6.4, Entries 1 and 2).
Unfortunately, with about 20% the conversion wabkealow. Aromatic solvents such as

toluene seem to enhance the activity in the hydmation of 1-octene.

6.4. Deuterium labeling experiments

In order to investigate the mechanism of the reactieuterium labeling experiments
were performed using DCRlas reactant. The deuterocyanation of 1-octenecamsd
out applying BIPPP as ligand and Ad@is Lewis acid. The conversion was 72% and the
product distribution determined by GC-analysis W#a8N:2-CN:3-CN = 69:17:4. The
lower conversion compared to the experiments pedadr using HCN is most probably

due to an isotope effect.

8 7 6 5 4 3 2 1 ppm

Figure 6.2. °H NMR of the 1-octene hydrocyanation crude mixture in the presence of AlCl,
(CH.Cly).
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Moreover, the reaction was analyzed’syNMR spectroscopy. Extensive deuterium
scrambling was observed for the 1-CN and 2-CN prbdieuterium was present in B- (
=1.23 ppm), 2-d = 2.28 ppm) and 3-positiow € 0.85 and 1.59 ppm) (Figure 6.2). The
3-CN species could not be detected due to the lmwcentration. CDGlwas added as
internal standard to the NMR tube.

During the deuterocyanation reaction, DCN undergonggative addition to the Ni(0)
species and the catalystaf is formed (Figure 6.3). 1-Octene coordinatesht® etal
center and after migratory insertion of the alkeneglkyl-Ni species are formed.
Markovnikov-addition of the Ni-D ovethe double bond leads to the brancleedlkyl
species 4) with deuterium in 1-position. If the addition acs in an anti-Markovnikov
fashion, the lineas-alkyl species g) is generated with deuterium in 2-position. These
two c-alkyl-Ni species can undergo reductive eliminag@merating the nitrile product or
they undergop-(H/D)-elimination leading to alkene isomerizatiothe ?H NMR

spectrum shows that the deuterium incorporationuscanainly in the 1-position.

D D 1

P.....CN 2 P.....CN
2/1 + 2 1 + . + .
7y oy (U
R R R

(3b) (3b)
ks ke
B-(DIH)- _ B-D/H)-
elimination elimination
P.....CN
PoiN H 1 kq L k2 @i 1
ul 2 1P ULD 2
R TH R RN W]
(49 H (3a) (5) R
ks DCN ks DCN
reductive reductive
elimination iminati
(3a) elimination (32)
D NC_ 1
NC 1 2
2 D
R R

R= C5H11-

Figure 6.3. The mechanism of the 3-(H,D)-elimination versus the hydrocyanation reaction.
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Therefore, the formation of the brancheehlkyl intermediate 4 must be preferred
(k1>kp). This is in line with the reaction pattern foufat Ni-H species also in other
reactions, e.g. in the propene dimerization in Bimersol proces¥ Once that the
deuterium is inserted in the terminal position lo¢ talkene, the 2-CN product can be
formedvia reductive elimination. Concurrently, the additiohDCN to the metal center
can regenerate the cataly3a), However, the branched nitrile is not the majeorduct of
the deuterocyanation reaction, but the linearlaiformedvia reductive elimination from
the linears-alkyl intermediate ) (ks>ks). For complex4) the g-(D/H)-elimination must
be favored over the reductive elimination,kk>ks) and 1- or 2-octene are the preferred
products. The formation of 2-octene implies theereggation of the complex3lf), in
which the deuterium is substituted by hydrogen. &doer, the double bond
isomerization process takes place. If 1-octenéasproduct of thé-(D/H)-elimination,
the catalyst3b) is still preferentially regenerated since thealieg of the C-H bond in
terminal position compared to the C-D bond is fadoby statistics and by the isotope
effect. The deuterium inserted in terminal positidrthe alkene after migratory insertion
to the nickel center to form the intermediadg Will be most probably present in the new
1- and 2-octene generateth B-(D/H)-elimination. The two new alkenes can further
undergo migratory insertion and the cataly8b)(is active in hydrocyanation and
isomerization of the alkenes without deuterium #@ddi Thep-(D/H)-elimination from
the intermediate5) will also preferentially generate specied)( due to the isotope
effect. In this case deuterium will be incorporaite@-position of 1-octene.

In conclusion the presence of the deuterium mastly-position proves the favored
formation of the branched-alkyl intermediate 4). On the other hand, the reductive
elimination to form the nitrile product is prefedréor the lineaws-alkyl intermediate §),
since the linear nitrile is the major product. Thusorder to improve the activity of the
hydrocyanation, this latter reaction step has t@meanced. Furthermore, it was clearly
proven that the reductive elimination is the steptwlling the regioselectivity in the

hydrocyanation reaction.
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Figure 6.4. °H NMR of the 1-octene deuterocyanation crude mixture in the absence of Lewis

acid.

As control experiment, the deuterocyanation of tee was repeated in the absence
of a Lewis acid. The addition of DCN to the doubtnd did not take place. The mixture
of unreacted octenes was analyzed by GC, showind-?»#iene, 29% 2-octene, 59% 3-
octene, and 10% 4-octene and thus, extensive isatien.

The crude reaction mixture was also analyzed?yNMR spectroscopy, using
toluene as internal standard. The deuterium additias detected in all positions of the
octenes skeleton (Figure 6.4). Deuterium scramhbnghown in the double bonds, as
well as in the aliphatic chain. The high intensifythe resonance a@t= 1.35 and 0.96
ppm, relatedo the deuterium in internal and terminal aliphgtisition and therefore not
in proximity of the double bond, suggests thatiioenerization took place over the entire
alkene chain. The resonancesdéat 0.96 and 1.66 ppm represent the deuterium in
1-position. The insertion in this position does seem to be largely preferred, as in the
previous situation. Clearly, the presence of thaikeacid is crucial for the reductive
elimination of the nitriles. Furthermore, the Lewasid must favor the reductive
elimination of the nitrile from the lineas-alkyl species. Over all this leads to the
preferred formation of the linear nitrile and toless extensive isomerization of the

alkene.
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6.5. DFT calculations

Side reactions and, in particular, the deactivatbrthe catalystia formation of
[Ni(CN).L,] species were considered to explain the low caiwarin the hydrocyanation
of monoalkenes in the absence of a Lewis acid. §leegalytically inactive species
contain a square-planar metal-center and theirdtam is particularly favored once the
Ni complex possesses this particular configuratiddET calculations for the
hydrocyanation of styrene (Chapter 5) have shovan tte Ni-complexes obtained after
the oxidative addition of HCN have also a squasept coordination geometry around
the metal centef’

In order to investigate this aspect of the react@thanism, preliminary calculations
were performed using the rather small ligand P(QN@)ne angle 107%and 1-butene
as substrate. The catalytic cycle is depicted guie 6.5. The complex [Ni(cod)](6)
was chosen as the zero level for the free energg.fifst step, the oxidative addition of
HCN is slightly unfavoredg—7). As already reportéfl the addition of a Lewis acid
would strongly facilitate the latter step, makirge treaction highly exothermic. The
coordination of the alkene to the Ni cent&) @nd the migratory insertior@) are
thermodynamically favoredAG = 27 and 28 kJ md). The reductive elimination of the
nitrile product and the regeneration of the Ni(8)atyst are the rate determining step of
the reaction. These findings are in line with tkeersive deuterium scrambling observed
in the deuterium labeling experiments. In fact, thvenation of thes-alkyl intermediate
and thep-(H/D)-elimination of the alkene occur several tsnbefore the reductive
elimination takes place.

DFT calculations confirmed that the dicyano Ni(@ymplexes are very stable, in
particular in thetrans configuration (-171 kJ mdlfor thecis complex (0) and -210 kJ
mol™* for thetrans complex (1); Figure 6.5). The addition of a second HCN molec¢a
form the inactive dicyano complexes is more difién the presence of Alglor CuCN.
The coordination of the Lewis acid to the nickeagide intermediate most likely causes
electrostatic repulsion effects and steric hindeatiat avoid the second HCN addition

and facilitate the formation of the nitrile prodsieersus the dicyano complexes.
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The activation free energiesG” for the reductive elimination have been computed
without a Lewis acid and in the presence of Al@d CuCN. The results are 66, 51 and
52 kJ mot', respectively. The differences between the situaiti the absence of a Lewis
acid and the reaction in the presence of the calysitare not consistent with the
experimental results. In fact, an energy gap okd®nol* does not explain the fact that
the hydrocyanation of monoalkenes takes place iortlye presence of a Lewis acid. The
stabilization of the complex versus the formatidndiwyano species seems to be the

prevalent effect of the co-catalyst coordinatiomd ghe key for understanding its role in
the reaction mechanism.

L 0
Ni*(cod)
L ®)
L =-P(OMe);
R = -CH, HCN
oxidative addition
VAR
R >"eN K CN H
™ |
9 kJ mol
HCN reductive (1b)
elimination S
oxidative / of the nitrile coordination
addition
of HCN
R
H R
L L J
Ni2* N2
% \ 4 \

alkene (8)
R 46 kJ mol - insertion -18 kJ mol"!

formation of
dicyano complexes

L. .CN
Nz
¥ “CN
(10) \
EEEAN
171 kJ mol N
Ni2+
I “CN
(11)
-210 kJ mol!

Figure 6.5. Catalytic cycle for the hydrocyanation of 1-butene. The free energies computed for
the different intermediates are indicated.
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6.6. Conclusions

The hydrocyanation of 1-octene and other monoakkdras been addressed in this
chapter. The influence of several Lewis acids amidemits has been investigated. The
best results were observed using Al&$ Lewis acid and toluene as solvent. For the firs
time a diphosphite ligand(PPP) has been applied in this reaction, obtaininghiighest
conversion ever reported (89%).

Deuterium labeling experiments elucidated the cdiipe between isomerization
and hydrocyanation. The double bond isomerizatided placeia reversible migratory
insertion of the alkene into the Ni-D/H bond gi¢H/D)-elimination from thes-alkyl-Ni
species. The Markovnikov addition of the deuteriumthe terminal position is largely
preferred in the presence of the Lewis acid. Aremsive deuterium scrambling further
proved that this reversible process is much fasien the irreversible reductive
elimination to form the nitrile products. Howevethe major product of the
hydrocyanation is always the terminal nitrile, geted from an anti-Markovnikov
addition of HCN or DCN. Therefore, the reductivarghation is the regioselective step
of the reaction.

A first theoretical approach to the hydrocyanatimmonoalkenes suggests that the
formation of the inactive dicyano complexes of tyyge [Ni(CN)L,] is disfavored by the
co-catalyst coordination. The presence of Al@ CuCN in close proximity to the nickel
center in the nickel cyanide intermediate most lyikeauses steric hindrance and
electrostatic repulsion, disfavoring the additioh @ second HCN molecule. This
contribution of the Lewis acid could be an explanatfor its crucial role in the
hydrocyanation of 1-alkenes.

Higher level calculations of the active catalytystem in the future are expected to

lead to a deeper understanding of the reactionigitgcand selectivity.
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6.7. Experimental section

General considerations

Chemicals were purchased from Aldrich, Acros or dkeand used as received.
Toluene and 1-octene were distilled over @akHor to use. All preparations were carried
out under argon atmosphere using standard Schéehkigues. BIPPP,Ni(cod),*® and
HCN' were synthesized according to literature procesiUXR spectra were recorded
on a Varian Unity Inova 50GKi{ *H}).

Caution! HCN is a highly toxic, volatile liquid (bp 27°C)dhis also susceptible to
explosive polymerization in the presence of basealygsts. It should be handled only in a
well-ventilated fume hood by teams of at least t@chnically qualified persons who
have received appropriate medical training for tinga HCN poisoning. Sensible
precautions include having available proper firdteqquipment as well as HCN monitors.
Inhibitor-free HCN should be stored at a tempegratiower than its melting point (-
13°C). Excess of HCN may be disposed by additiomgoeous sodium hypochlorite,

which converts the cyanide to cyanate.

General procedure for the hydrocyanation experiments

A solution of ligand BIPPP (35 mg, 0.039 mmol) inmlL of solvent was added to
Ni(cod), (9.0 mg, 0.033 mmol). 1-Octene (1Q&, 20 equiv.) was added by an
Eppendorf pipette, followed by 50 of n-decane as internal standard. The solution was
transferred into a 15 mL Schlenk tube equipped \aitheflon coated stirring baAn
excess of HCN was addeth Eppendorf pipette and the Schlenk tube was wanoed
90°C in an oil bath. The mixture was stirred foh1l&he reaction product was cooled to
0°C and flushed with a gentle stream of argon fonitiute to remove traces of HCN.
Samples were analyzed by GC, usmdecane as internal standard. All reactions were
carried out in duplo, showing a variability for a@nsion and selectivity of +2 % and +1

%, respectively.
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Computational details

The quantum chemical calculations were performeatiiwidensity functional theory
using the Gaussian 03 prografiThe LanL2DZ° basis set was used for Nickel atoms,
while all other atoms were treated with the staddér31G (d, p) basis s&t.No
symmetry restrictions were used in the calculati&slier, this combination of the basis
set and the density functional was successfullflieghgor the investigation of various

molecular properties of different compourfé$®
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Summary

Mechanistic Insights into the Hydrocyanation Reaction

The hydrocyanation of an alkene is a catalytic carbarbon bond formation reaction
and the obtained nitriles can be converted intoagety of valuable products. The
investigation of this reaction has mainly focused the DuPont adiponitrile (AdN)
process. This process is so far the only exampkelafge scale industrial application of
an alkene hydrocyanation. Adiponitrile is produdedm butadiene in 3 steps: the
Ni-catalyzed hydrocyanation of butadiene leads toibdure of 2-methyl-3-butenenitrile
(2M3BN) and 3-pentenenitrile (3PN), obtained inynag ratio (typically 2:3) depending
on the ligand employed. In a second step, the heth@M3BN is isomerized to the
desired linear 3PN in the presence of similar Nalysts. The last step is the
hydrocyanation of 3PN to AdN. The catalyst perfong®in this process still needs to be
improved in terms of activity, especially for theydnocyanation of 3PN, and, in
selectivity for both hydrocyanation steps. Manydstigations are also focusing on the
hydrocyanation of vinylarenes. Several ligands hbgen applied in this reaction and

their influence on activity, regio- and enantioséigty has been considered.

An overview on the hydrocyanation of alkenes iegivn Chapter 1. The chemistry
behind this reaction is discussed prevalently franmechanistic point of view. The
reactivity of different classes of substrates igderined. Mainly examples of the
Ni-catalyzed hydrocyanation are reported, alondn\aibrief overview on catalysis based

on other metals.

In Chapter 2, a new route for the synthesis of the triptyceasddn diphosphine
ligand Tript(PPh,), is described, giving the desired compound in ggald. The
corresponding Pt(ll)- and Ni(0)-complexes are cb@mzed. In butadiene
hydrocyanation the [Ni(cod){ipt(PPhy),)] pre-catalyst leads to unprecedented high
selectivities for the linear product 3PN, combinicancurrently high activity for both,
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hydrocyanation and isomerization reaction. The tbaltivity of the catalyst enables to
reduce the synthesis of 3PN to a one-step procechmsisting of a hydrocyanation
followed by an isomerization reaction. This newatgt could be the key towards

process intensification in the future.

Chapter 3 describes for the first time an situ FT-IR spectroscopic study of the
isomerization of 2M3BN towards 3PN. The spectraenanalyzed comprehensively to
obtain conversion profiles from the different batyhamics. Each band was transformed
to its second derivative to enhance peak resoluttaiculated spectra of the substrate
and the products support the peak assignment. Asmage conversion profile was
calculated from different bands of the substratd #re product, applying aqtiasi-
multivariate analysis” technique to correlate difiet band dynamics. This approach was
validated using advanced chemometrics. Furthermibrese profiles obtained by IR
spectroscopic analysis of the formation of 3PN thedconsumption of 2M3BN showed a

zero order kinetic.

The application of new tetraphenol-based diphospHigands (TP) in the
hydrocyanation reaction is describeddhapter 4. Very high activities were observed in
the hydrocyanation of 3-pentenenitrile. Surprisinghese systems are neither active in
the hydrocyanation of butadiene nor do they show iaomerization of 2M3BN. This
peculiar behavior of the [NI(P)] catalysts was investigated by means of NMR &Rd |
spectroscopy, considering the formatiorsedlkyl andzn-allyl intermediates. The-alkyl
species formation seems to be prevalent withTtReligands, while the formation of
n-allyl species is disfavored. Since the hydrocyamabf 3PN proceedsia o-alkyl
intermediates and the first two steps of the DuRwatessvia the n-allyl species, these
results provide an explanation for the observedalgit activity. Moreover, the
coordination of ZnGl to the [Ni(2M3BN)TP2)] complex was studied by IR
spectroscopy. The comparison with a binaphthol-dbadiphosphite BIPPP) ligand,
often applied in hydrocyanation reactions, is @iggsented in relation to the coordination

and catalytic activity.
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Chapter 5 reports on the hydrocyanation of styrene. Accorditog present
knowledge, this reaction leads predominantly to theranched product
2-phenylpropionitrile (98%). A dramatic inversiof the regioselectivity upon addition
of a Lewis acid is observed. Up to 83% of the Imgaduct 3-phenylpropionitrile was
obtained applying phosphite ligands in the preseasfcAlCl;. The mechanism of the
Ni-catalyzed reaction and the influence of add#idrewis acids have been elucidated by
means of deuterium labeling experiments, NMR stjdéend DFT calculations. It was
concluded that the selectivity towards the lineawdpct 3-phenylpropionitrile in the
presence of AlGlis due to the higher stability of the intermedigtebenzyl complex.
The selective stabilization of this intermediatehie presence of the Lewis acid leads to
the formation of a “steady state” for th&-benzyl intermediate and indirectly promotes
the formation of the linear product 3-phenylpropioie via the c-alkyl intermediate.
Furthermore, the influence of different Lewis a¢idach as CuCN, could be predicted

via DFT calculations.

Chapter 6 deals with the hydrocyanation of simple monoallsei@® far, this reaction
did not attract much attention, due to the lowenwawsion generally obtained as
compared to the hydrocyanation of 1,3-dienes anglatienes. Yet, this reaction leads to
aliphatic nitriles, which are potentially valuablgermediates for both bulk and fine-
chemical industry. The role of the Lewis acid ie thechanism of the reaction is still not
completely clear; in particular its exact role ihetincrease of the reactivity and
regioselectivity towards linear nitriles. A convers of 89% in the hydrocyanation of
1l-octene is reported, applying a binaphthol-basgticsphite BIPPP) as ligand and
AICI; as Lewis acid. The competition betweg(H,D)-elimination and hydrocyanation
in the reaction mechanism has been investigatedduterium labeling experiments.
Furthermore, preliminary DFT calculations have beparformed to study the

deactivation of the Ni-catalyst by formation of yino species.
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Samenvatting

De hydrocyanering van een alkeen is een katalyigelactie waarin een koolstof-
koolstof-binding wordt gevormd en de verkregeniliein kunnen worden omgezet naar
diverse waardevolle producten. Het onderzoek naae deactie heeft zich voornamelijk
geconcentreerd op het DuPont adiponitril (AdN) pcDit proces is tot op heden het
enige voorbeeld van een industriéle toepassingrofe gchaal van de hydrocyanering
van een alkeen. Adiponitril wordt gemaakt van bigad in een drie staps-procedure: De
nikkelgekatalyseerde hydrocyanering van butadieerdt | tot een mengsel van
2-methyl-3-buteennitril (2M3BN) en 3-penteennit@PN), verkregen in veschillende
verhoudingen (typisch 2:3), afhankelijk van hetgegaste ligand. In een tweede stap
wordt het vertakte 2M3BN geisomeriseerd naar hetvegste lineaire 3PN in
aanwezigheid van een vergelijkbare nikkel-katalysatDe laatste stap is de
hydrocyanering van 3PN naar AdN. Voor de prestaie de katalysator in dit proces is
er nog volop ruimte voor verbetering met betrekkitog activiteit, vooral voor de
hydrocyanering van 3PN, en selectiviteit voor beldgdrocyaneringsstappen. Vele
onderzoeken zijn ook gericht op de hydrocyaneriag winylarenen. Verscheidene
liganden zijn toegepast in deze reactie om hunogwl op activiteit, regio- en

enantioselectiviteit te bestuderen.

Een overzicht van de hydrocyanering van alkenerdinoeschreven ikloofdstuk 1.
De chemie die ten grondslag ligt aan deze reactilwoornamelijk behandeld met
betrekking tot hun mechanismen. De reactiviteit vanschillende klassen substraten
wordt benadrukt. Voornamelijk worden er voorbeeldgerapporteerd van de
nikkelgekatalyseerde hydrocyanering, maar ook werdten kort overzicht gegeven van

de hydrocyaneringsreactie gekatalyseerd door amdetalen.

In Hoofdstuk 2 is een nieuwe route beschreven voor de synthesehea op
triptyceen gebaseerde difosfine ligahdpt(PPh,),, dat het gewenste product levert met

een goede opbrengst. De corresponderende Pt(I)- N&f®)-complexen zijn
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gekarakteriseerd. De hydrocyanering van butadieen de [Ni(cod)Tript(PPhy)2)]

pre-katalysator leidt tot een ongekend hoge seitgiti voor het lineaire product 3PN,
vanwege een hoge activitieit in zowel de hydrocyiaigeals de isomerisatie-reactie. De
tweevoudige activiteit van de katalysator maakt inegelijk de synthese van 3PN te
reduceren naar een één staps-procedure, waarlgdyghering en isomerisatie hand in
hand gaan. Deze nieuwe katalysator kan de doorlzifrakoor procesintensivering in de

toekomst.

Hoofdstuk 3 beschrijft voor de eerste keer eéensitu FTIR spectroscopische studie
van de isomerisatie van 2M3BN naar 3PN. De spegjnauitvoerig geanalyseerd om
conversieprofielen te verkrijgen van de verschdieweranderingen in piekintensiteiten.
De spectra zijn getransformeerd naar hun tweedeledtp om de piekresolutie te
vergroten. Berekende spectra van het substraat redugien ondersteunen de
piekaanduidingen. Een gemiddeld conversieprofiddesekend uit verschillende banden
van het substraat en het product, waarbij eguasi-multivariate” analysetechniek is
toegepast om de verschillende piekveranderingencaeeleren. Deze aanpak is
gevalideerd gebruikmakende van geavanceerde chem@m¥erder bleek uit deze
profielen verkregen met spectroscopische IR-analgiaé de vorming van 3PN en de

consumptie van 2M3BN een nulde orde kinetiek volgt.

De toepassing van nieuwe op tetrafenol gebasedfdsfiet liganden (TP) in de
hydrocyaneringsreactie is beschreven Hoofdstuk 4. Zeer hoge activiteiten zijn
waargenomen in de hydrocyanering van 3PN. Het veagmssend dat deze systemen
inactief zijn in zowel de hydrocyanering van butsti als in de isomerisatie van
2M3BN. Dit opzienbarende gedrag van de TNRf] katalysator is onderzocht met NMR-
en IR-spectroscopie, waarbij specifiek gelet isdgpvorming vans-alkyl- en r-allyl-
intermediairen. De vorming van hetalkyl-intermediair lijkt de voorkeur te hebben ten
opzichte van de vorming van hetallyl-intermediair bij gebruik van d&P liganden.
Aangezien de hydrocyanering van 3l eenc-alkyl-intermediair verloopt en de eerste
twee stappen van het DuPont-proeesde n-allyl-intermediairen, geven deze resultaten

een verklaring voor de waargenomen katalytischieitest. Verder is de codrdinatiean
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ZnCl, aan het [Ni(2M3BN)[P2)]-complex bestudeerd met behulp van IR spectrascop
De vergelijking met een op binaphthol gebaseerdsfigt BIPPP) ligand, dat vaker
wordt toegepast in hydrocyanerings-reacties, wonk gepresenteerd in relatie tot de
coordinatie en katalytische activiteit.

Hoofdstuk 5 behandelt de hydrocyanering van styreen. Volgensud#ige inzichten
geeft deze reactie voornamelijk het vertakte prod@kfenylpropionitril (98%).
Een dramatische omkering van de regioselectivgestaargenomen, wanneer een Lewis-
zuur wordt toegevoegd. Tot 83% van het lineairedped 3-fenylpropionitril wordt
verkregen met fosfiet-liganden in de aanwezigheid ®RICL. Het mechanisme van de
gekatalyseerde reactie en de invlioed van de toegeeolLewis-zuren zijn opgehelderd
met behulp van deuterium-labeling-experimenten, N8fiRlies en DFT-berekeningen.
Hieruit is geconcludeerd dat de selectiviteit ndmemt lineair product 3PN in de
aanwezigheid van Al@Glveroorzaakt wordt door de hogere stabiliteit vahihtermediair
n®-benzyl-complex. De selectieve stabilisatie varirdiérmediair in de aanwezigheid van
het Lewis-zuur leidt tot de vorming van een “steashate” voor hetn®-benzyl
intermediair en stimuleert indirect de vorming Vet lineaire product 3-fenylpropionitril
via het c-alkyl-intermediair. Verder is het mogelijk geblekele invioed van de
verschillende Lewis-zuren, zoals CuCN, te voorgpellmet behulp van DFT-

berekeningen.

Hoofdstuk 6 beschrijft de hydrocyanering van simpele monoalkeriot dusver
heeft deze reactie relatief weinig aandacht gekregenwege het feit dat deze normaliter
resulteert in lage conversie in vergelijking tot kgdrocyanering van 1,3-diénen en
vinylarenen. Desalniettemin geeft deze reactieatdithe nitrillen, die in potentie
waardevolle intermediairen kunnen zijn voor zowelkdilk- als fijnchemische industrie.
De rol van het Lewis-zuur in het reactiemechanigmeog steeds niet volledig begrepen;
vooral wat betreft de exacte rol in de verhoogdectigiteit en regioselectiviteit naar
lineaire nitrillen. Een conversie van 89% in de fogyanering van 1-octeen is
gerapporteerd, waarbij een op binaphthol gebastfasfiet (Bl PPP) als ligand en AIG

als Lewis-zuur is toegepast. De competitie tugs€@r,D)-eliminatie en hydrocyanering
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in het reactiemechanisme is onderzocht met behugm \deuterium-labeling-
experimenten. Verder zijn er eerste DFT-berekemng#égevoerd om de deactivering

van de nikkel-katalysator door de vorming van dicy@omplexen te bestuderen.
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L’idrocianazione di un alchene e una reazione itat@lper la formazione di legami
carbonio-carbonio e i nitrili ottenuti possono esseonvertiti in un vasto numero di
prodotti commerciali. Lo studio di questa reaziosiee focalizzato soprattutto sul
processo DuPont per I'adiponitrile (AdN). Questogasso € a oggi il solo esempio di
applicazione industriale in larga scala dellideotzione di alcheni. L’adiponitrile é
prodotto a partire dal butadiene in tre passagdiocianazione del butadiene mediata da
un catalizzatore al nichel porta a una miscela-tie?il-3-butenenitrile (2M3BN) e 3-
pentenenitrile (3PN), ottenuti in proporzioni diser (tipicamente 2:3) dipendenti dal
ligante impiegato. Nel secondo passaggio, 2M3BN &hen nitrile ramificato viene
isomerizzato a 3PN, un nitrile lineare e il prodatiesiderato della reazione in presenza
di un catalizzatore al nichel simile a quello pam®emente impiegato. L’ultimo
passaggio e lidrocianazione del 3PN a AdN. La tamsene del catalizzatore in questo
processo ha ancora bisogno di essere migliorataermini di attivita, specialmente
nell'idrocianazione del 3PN, e di selettivita intmbi i passaggi di idrocianazione.
Molti studi si sono concentrati anche sull'idro@aione dei vinilareni. Diversi liganti
sono stati applicati in questa reazione e la lorfluénza sull’attivita, la regio- e

I'enantioselettivita sono state investigate.

Una panoramica sull’idrocianazione degli alchenpréposta nelCapitolo 1. la
chimica di questa reazione € descritta prevalemimeda un punto di vista
meccanicistico. La reattivita delle diverse clashi substrati € sottolineata. Sono
soprattutto riportati esempi dell'idrocianazion¢ati@zata via nichel, insieme a una breve

trattazione della stessa reazione mediata danadtilli.

Nel Capitolo 2 & descritta una nuova procedura per la sinteda dg#ifosfina
Tript(PPhy), con una struttura basata sulla molecola triptosingata come ligante. La
difosfina & stata ottenuta con buone rese. | cassplrrispondenti formati con Pt(ll) e

Ni(0) come metalli sono stati caratterizzati. Ndhocianazione del butadiene il



Sommario

precatalizzatore [Ni(cod)(ript(PPh,),)] porta a una alta selettivita senza precedemti pe
il prodotto lineare 3PN, combinando contemporaneaenalta attivita per entrambi, la
reazione di idrocianazione e di isomerizzazioneddppia attivita del catalizzatore rende
possibile ridurre la sintesi del 3PN a un solo pgg® di idrocianazione e
isomerizzazione nello stesso tempo. Il nuovo catatore potrebbe essere nel futuro la

chiave verso l'intensificazione del processo.

Capitolo 3 descrive per la prima volta uno studio spettrosoopn situ della
isomerizzazione di 2M3BN a 3PN, utilizzando FT-IBli spettri sono stati analizzati
comprensivamente per ottenere i profili per la @swne della reazione dalle differenti
dinamiche delle bande infrarosse. Ogni banda e dtasformata nella sua seconda
derivata per intensificare la risoluzione dei pic@pettri infrarossi del substrato e dei
prodotti sono stati calcolati usando DFT per sufgrer’assegnamento delle bande. Una
media dei profili per la conversione €& stato caltalconsiderando diverse bande
appartenenti al substrato e al prodotto, utilizoand’analisi “quasi” multivariata per
correlare le diverse dinamiche delle bande infriegoQuesto approccio e stato validato
applicando tecniche avanzate di chemometrica. ¢fiuatp € stato osservato che i profili
ottenuti via analisi spettroscopica (IR) della fazione di 3PN e del consumo di 2M3BN
mostrano una cinetica di ordine zero.

Nel Capitolo 4 e riportata l'applicazione come liganti nella neaz di
idrocianazione di nuove difosfiti con uno schelebrasato sulla molecola tetrafenolo
(TP). Unrattivita molto alta €& stata osservata 'methcianazione del 3PN.
Sorprendentemente questi sistemi catalitici nonosattivi nella idrocianazione del
butadiene o nell'isomerizzazione del 2M3BN. Questimportamento peculiare del
catalizzatore [Ni(P)] € stato investigato facendo uso di tecnichetsmatopiche, quali
NMR o IR, considerando la formazione di intermeshalchilici e =-allilici. La
formazione dei composti-alchilici sembra essere la prevalente con i legaRf mentre
la formazione deiz-allilici € sfavorita. Poiché l'idrocianazione d8PN procede via
intermedic-alchilici e i primi due passaggi del processo DuiRoa intermedir-allilici,

guesti risultati provvedono ad una possibile spigmee per I'attivita catalitica osservata.
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Inoltre la coordinazione dello Zng&ton il complesso [Ni(2M3BNY(P2)] e stata studiata
per mezzo della spettroscopia infrarossa. Il paragoon una difosfite basata sulla
molecola binaftolo Bl PPP) e usata sempre come ligante viene presentatanione al

tipo di coordinazione e all'attivita catalitica d=rrispondente catalizzatore al nichel.

Il Capitolo 5 riporta 'idrocianazione dello stirene. Finora géeseazione ha sempre
portato all’ottenimento del prodotto ramificato éafl-propionitrile (98%). Un’inversione
totale della regioselettivita e stata ora osserva&iante 'addizione di un acido di
Lewis. E’ stato ottenuto fino all'83% del prodottmeare 3-fenilproprionitrile con
'applicazione di fosfiti come liganti in presenzia AICI;. Il meccanismo di questa
reazione catalizzata da complessi al nichel elliariza dell'addizione dell’acido di
Lewis sono state elucidate per mezzo di esperingamtimarcatori al deuterio, studi al
NMR e calcoli basati su DFT. E’ stato concluso heelettivita verso il prodotto lineare
3-fenilpropionitrile in presenza di Algle dovuta all'alta stabilitd del complesso
intermedion®-benzilico. La stabilizzazione selettiva di queistiermedio alla presenza di
acidi di Lewis porta alla formazione di uno “steastgite” per I'intermedio;®>-benzilico e
indirettamente promuove la formazione del prodditeare 3-fenilpropionitrile via
intermedigc-alchilici. Inoltre l'influenza di altri acidi di Bwis, come CuCN, pud essere

predetta da calcoli basati su DFT.

Il Capitolo 6 tratta dell'idrocianazione di semplici alcheni. Adgi questa reazione
non ha attratto molta attenzione, dovuto alle mtadesnversioni generalmente ottenute a
paragone con l'idrocianazione di 1,3-dieni e virgla. Nitrili alifatici sono pero ottenuti
da questa reazione, cioé prodotti potenzialmenteoitanti per l'industria. Il ruolo
dell’acido di Lewis nel meccanismo della reaziorm reé stato ancora completamente
chiarito; in particolare il contributo nel’laumenttella reattivita e della regioselettivita
verso i nitrili lineari. Una conversione del 89%ene riportata per l'idrocianazione
dell'l-ottene, utilizzando la difosfite basata aulnolecola binaftolo RIPPP) come
ligante e AIC} come acido di Lewis. La competizione trafigH,D)-eliminazione e

l'idrocianazione nel meccanismo della reazioneaéashvestigata per mezzo di marcatori
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al deuterio. Inoltre calcoli preliminari basati BET sono stati analizzati per studiare la

inattivazione del catalizzatore al nichel attrawdesformazione di diciano-complessi.
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