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Abstract

The reaction of [L;Mo0(0;)0] (L= 2,4-di-tert-butyl-6-((phenylimino)methyl)phenolate) with
B(CsFs)s led to single crystals suitable for X-ray diffraction analysis which proved it to be the
adduct of the type [L.Mo(O(B(OCsFs)(CeFs)2)(0))] (MoO-BOC), where one of the peroxido
oxygen atoms has inserted into a boron carbon bond of the borane. However, no conclusive
spectroscopic data was available. In order to fully characterise the inserted product, its
reproducibility was investigated by varying the reaction temperatures as well as the reaction
times. Although the obtained spectroscopic data were found to be identical to previous

attempts, ! no MoO-BOC could be isolated, neither in bulk nor in single crystals.

Therefore, the alternative preparation by reacting (CesFs)2-B-O(CeFs) (BOC) with [L.MoO;] was
attempted. BOC was synthesised by a three-step synthesis starting with Me;SnCl,, which was
converted to Me;Sn(CsFs)2 and further to (CsFs)2BCl. The literature reports used apparatuses
and chemicals which were partially not available in our lab. Therefore, reaction conditions and
purification steps were optimised to achieve similar yields. The final synthesis step was also
improved by exclusion of the sublimation in the literature procedure, as it led to more
decomposition of the product than purification. NMR analysis showed that this step was

redundant because the crude product was already pure.

Reactions of BOC with [L.M00O;] made apparent that MoO-BOC was unstable and could not
to be characterised by NMR spectroscopy or other analytical means. Instead, the

decomposition pathway was identified.

Decomposition of both, BOC and the complex, under formation of an unidentified arylborane
Z were observed. Z was also formed when BOC was reacted with LH (2,4-di-tert-butyl-6-
((phenylimino)methyl)phenol). This led to the conclusion that BOC is substituted by the
phenolate and forms pentafluorophenol and the boranil compound Z (6,8-di-tert-butyl-2,2-
bis(perfluorophenyl)-3-phenyl-2H-2\%3\*benzo[e][1,3,2]oxazaborinine). This is consistent
with H, 1!B, 3C and *°F NMR spectroscopy.

Unambiguous confirmation of its structure will have to provide a future crystal structure.




Zusammenfassung

Die Reaktion von [L;Mo0(0;)0] (L= 2,4-di-tert-butyl-6-((phenylimino)methyl)phenolate) mit
B(CsFs)s lieferte Einkristalle, die durch Rontgeneinkristallstrukturanalyse einem Addukt vom
Typ [L2Mo(O(B(OCsFs)(CeFs)2)(0))] (MoO-BOC) zugeordnet werden konnten, bei dem ein
Peroxido Sauerstoffatom in eine Bor-Kohlenstoffbindung insertierte. Dennoch gab es keine
Uberzeugenden spektroskopischen Beweise fiir diesen Komplex. Um das insertierte Produkt
vollstandig zu charakterisieren, wurde die Reproduzierbarkeit untersucht durch Andern der
Reaktionstemperatur und -dauer. Obwohl die spektroskopischen Ergebnisse identisch mit den
vorhergegangenen Versuchen waren, * konnte MoO-BOC nicht isoliert werden, weder im Bulk

oder als Einkristalle.

Die Stabilitat sowie der Entstehungsmechanismus von MoO-BOC
[LuMo(O(B(OCsFs)(CeFs)2)(0))] (L= 2,4-di-tert-butyl-6-((phenylimino)methyl)phenolat) wurde
untersucht. MoO-BOC stellt ein Insertionsaddukt dar, gebildet in der Reaktion zwischen
B(CesFs)s und dem Molybddan Oxido Peroxido Komplex [L.MoO(O;)]. Die Synthese wurde
repliziert bei verschiedenen Temperaturen und unterschiedlicher Reaktionsdauer. Es wurden
jedoch nur die gleichen NMR Spektren ohne observierbares Produkt erhalten. Zudem

entstanden weder Kristalle noch Bulkmaterial.

Deshalb wurde ein alternativer Syntheseweg gepruft, wo (CsFs)2-B-O(CeFs) (BOC) mit [L.MoO3]
reagiert wurde. Daflir wurde BOC in einer Dreistufensynthese hergestellt: Me,SnCl; wurde
zuerst zu Me2Sn(CsFs), umgewandelt, weiter zu (CeFs)2BCl, welches mit Pentafluorophenol zu
BOC reagierte. Die Reaktionsbedingungen und Aufreinigungsschritte wurden optimiert, da
einige Gerate und Chemikalien in unserem Labor nicht vorhanden waren. Besonders der letzte
Schritt, wie in der Literatur beschrieben, fiihrte durch eine redundante Sublimation zu mehr

Zersetzung als Aufreinigung.

BOC wurde mit dem Dioxidokomplex [L.Mo0O;] reagiert, um MoO-BOC herzustellen, welches
aber instabil war und nicht mit NMR Spektroskopie oder anderen analytischen Methoden

charakterisiert werden konnte. Deshalb wurde der Zersetzungsmechanismus untersucht.




Es konnte eine Zersetzung von BOC und dem Komplex, sowie die Entstehung einer
unbekannten Arylboranspezies Z, festgestellt werden. Diese entstand ebenfalls bei der
Reaktion von BOC mit dem freien Liganden LH (2,4-di-tert-butyl-6-
((phenylimino)methyl)phenol). Die Ergebnisse deuteten darauf hin, dass BOC durch das
Phenolat substituiert wird und sich Pentafluorophenol, sowie die Boranilverbindung Z (6,8-di-
tert-butyl-2,2-bis(perfluorophenyl)-3-phenyl-2H-2A%3\*-benzo[e][1,3,2]oxazaborinine),
bildet. Dies ist im Einklang mit *H, 1B, 3C und °F NMR Spektroskopie.

Die eindeutige Identifizierung der Struktur wird eine zuklnftige Kristallstruktur liefern.
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1 Introduction

1.1 Frustrated Lewis Pairs

Lewis’ concept of acids and bases has been introduced in 1923 and has extended the definition
of Brgnsted and Lowry’s acid-base theory from protons to electron pairs. Lewis theory states
that an acid acts as an electrophilic electron pair acceptor, while the base is a nucleophilic
electron pair donor.? Lewis acids are chemical species with an empty orbital (i.e. a metal
center in coordination chemistry) and Lewis bases chemicals with a free electron pair (a
ligand). Reaction of these two leads to a Lewis adduct through a dative bond.* However, in the
case of two species being encumbered with sterically demanding groups, the formation of a
regular bond will be hindered. The result is a weaker, longer bond between the pair, labelled

a frustrated Lewis Pair (FLP) shown in Scheme 1.°

LA—LB LA

Lewis Pair (LP) Frustrated Lewis Pair (FLP)

Scheme 1: Formation of a Lewis adduct with low and high steric demand. Lewis Pairs with high steric bulk form
frustrated Lewis Pairs (FLPs) with longer bond distances.




(CgFs5),B P(Mes),

F F

Scheme 2: Simplified Lewis adduct formation with no steric hindrance (top) vs sterically hindered adduct
formation in Erker’s catalyst (middle) and geometrically hindered adduct formation in Stephan’s catalyst
(bottom) resulting in FLPs.%”

The structural differences between a LP and FLP are given with examples of FLPs developed
by Erker and Stephan in Scheme 2.57 In the case of Erker’s catalyst (middle) formation of a
bond is not possible because of the bulky groups on the acid and the base, which leaves the
two frustrated. If the steric demand of either is too low, the electrostatic barrier will be too
weak and the two will form a classical LP.® In case of Stephan’s catalyst the acid and base are
geometrically separated by the flat benzene ring system and therefore cannot interact with
each other intramolecularly and retain their full reactivities. They could react with each other
intermolecularly, however the steric demand at the boron and phosphorous atoms is too high
for that to happen.’ The development of FLPs revolutionised Lewis’ concept as FLPs come with
novel and enhanced reactivities. The differences in reactivity lie in the stability of the Lewis
acid and base. In a LP, the free electron pair of the base is deactivated in LUMO of the acid. It
is not reactive enough to perform any type of activation of another molecule.>® In contrast,
both groups in an FLP are still as reactive as their free counterparts, but close enough to

combine their effects to achieve for example dihydrogen splitting.®°

Jack Halpern noted as early as 1959 that “To be effective, the two functional groups must be
so disposed that they can interact simultaneously with a hydrogen molecule, but at the same

time are prevented from interacting with (neutralizing) each other.”10 Still up to the early




2000s, chemists have turned almost exclusively to metals to activate H, by weakening or
cleaving its central bond.” In 2006, the first metal-free hydrogenation of imines using FLPs was
demonstrated by Stephan and co-workers.” As Halpern mentioned, the two functional groups,
in this case the phosphine and borane, are not able to interact with each other. They are,
however, reactive enough to perform the splitting. The mechanism of hydrogen splitting with

Stephan’s catalyst (Scheme 3) shows the strength of such FLP systems.!?

[ ©
F, F H—H F, F H F, F
o o Ho /!
. \
(CeF5)2B P(Mes), —— (CeF5)2B P(Mes), — > (CgF5)2B P(Mes),
@ C]
F F F F F

Scheme 3: Mechanism of the cleavage of dihydrogen and addition to the FLP (left) with formation of a
zwitterionic species (right).”

The highly nucleophilic phosphine attacks the positively polarised hydrogen atom, cleaving
the bond and producing a hydride. This hydride now attacks the Lewis acidic boron atom

yielding a zwitterionic hydrogen adduct.®

The synthesis of the frustrated Lewis Pair proceeds via reaction of bis(2,4,6-
trimethylphenyl)phosphine HPMes; with the formally positively charged carbon at the para

fluorine of B(CeFs)3, followed by a fluorine migration to the boron (Scheme 4).78

F, F F F F F
H
©] )/\ / F\ © ;_i
(CoFs)2B F ~———> (CoF5)B F o+ iR—Mes ————— (C¢Fy):B P(Mes),
Mes ®
FF FF FF
Mes = —?
R F Me,SiHCI  Me,SiCIF R F F F
\ © / \© / - .
(CeF5)2B g(MeS)Z (CeF5)oB gMeS)z -« (C4Fs),B P(Mes),
Ha
F F

Scheme 4: Reaction of B(CsFs)s and HPMes: followed by fluorine abstraction and dihydrogen loss to reform
Stephan's catalyst.”




This reaction yields a zwitterionic intermediate (Scheme 4, bottom left), which was reacted
with Me3SiClH to exchange the fluorine on the boron atom for a hydrogen atom, forming the
hydrogen substituted phosphonium-borate. If this compound is heated above 100 °C, it
cleanly loses H; resulting in Stephan’s catalyst, which is capable of binding H, at room

temperature under 1 atm of hydrogen pressure.”8

The highly latent reactivity of FLPs in small molecule activation sparked interest in various
research groups. In past years, the substrate scope of metal free catalysis was extended much
further.2 This includes reductions of C=0,3' (C=N,* C=C® and C=CY bonds,
hydroborylations,'823 C-H borylations,?*28 transfer hydrogenations,?®=3! hydroarylations3?-34
and aminations,3> as well as the heterolytic cleavage of disulfides,?® CO, activation3” and
subsequent reduction to methanol.?®*° They also proved effective as catalysts for
polymerisations of various monomers.*° Furthermore, ring opening of cyclic ethers,*! amine
borane dehydrogenation*? and hydrogenations of bulky imines and enamines have been

reported.*3

Lewis acids used in FLP chemistry are diverse. While, B(CsFs)s has shown great promises in the
FLP field, there are several other Lewis acids used, ranging from higher group 3 analogs (i.e.
Al(CsFs)3, Ga(CsFs)3 or In(CsFs)3) over diarylboranes such as Pier’s borane HB(CsFs)2 to scandium
or zirconium species.*** Because each reaction has its own requirements, different Lewis
acids should be investigated to find the most promising candidate. In this thesis, only boranes

are used as Lewis acids, therefore they will be discussed in further detail.




1.2 Boranes as Lewis acids in frustrated Lewis Pairs

Boron reagents - as archetypal electron deficient compounds — are often used as Lewis acids
and especially one borane, namely tris(pentafluorophenyl)borane B(CeFs)s, has risen in
importance over the last 20 years. It was first synthesised in 1964 by Massey and co-workers*®
and is more acidic than BFs but less acidic than BCls5.*° Although it was mainly used first as an
activator in olefin polymerisation,®® B(CsFs)3 has become synonymous with FLP chemistry since
Stephan’s paper in 2006.” The reason that it acts as a strong Lewis acid is due to the high
electron withdrawing effect of the pentafluorinated aryl rings as well as the high steric
demand essential to FLPs. Before FLP chemistry, Piers used the borane as catalyst for the

hydrosilylation of carbonyls (Scheme 5).48>1

X = H, Me, CI, NO,
R = H, Me, OEt

Scheme 5: Hydrosilylation of carbonyl moieties catalysed by B(CsFs)3.%!

To study the influence of the properties of different boranes in catalytic hydrosilylation
reactions, Oestreich and co-workers examined the mechanism and systematically compared
the reactivity of partially or fully fluorinated triarylboranes as catalysts. From this research,
the authors could determine the importance of the electronic properties of the borane
(comparison of Lewis acidities) as well as the significant influence of steric aspects.”? Scheme

6 gives an overview of the Lewis acidities of selected triarylboranes relative to B(CeFs)s.
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Scheme 6: Relative Lewis acidities to B(CsFs)s of selected fully or partially fluorinated triarylboranes BArs
determined by the Gutmann-Beckett method.*?

The most apparent influence on the acidity is the number of fluorinated positions.
Triphenylborane, without a single fluorine atom, is ranked last with 70% of the acidity of
B(CsFs)s. A clear trend is observable with ascending fluorine atom number, each withdrawing
more electron density from the boron atom. Curiously, fluorination of the para carbon atom
has little effect on the increase of acidity (about 3%) in comparison to the ortho (6%) or meta
positions  (7,5%). Moreover, the sterically more demanding tris(5,6,7,8-
tetrafluoronaphthalen-2-yl)-borane, with no fluorine in vicinity of the boron, exhibits the same

Lewis acidity as 2,3,5,6-tetrafluorophenylborane.>?

The mechanism of borane catalysed hydrosilylation reactions was described to proceed in 3
steps (Scheme 7). The first step, the silane activation is the rate determining step.”3 The initial
H-abstraction by a borane leads formation of a silyl adduct with the nucleophile. This step is
referred to as silyl transfer. The cationic complex is then attacked in the final step hydride

transfer by the abstracted hydride and releases the hydrosilylated product.

H-SiR;
BAr3
Hydride transfer Silane activation
rd.s.
SiR3
X/
)<H T :
R R, [ AI'3B__H__SiR3 ]
SiRj
®X/ )1
R)%R' R R
O
ArsB—H Silyl transfer
L _ Nucleophile
X=0,CR,CR,

Scheme 7: Mechanism of hydrosilylations with triarylboranes as catalysts.>*




Table 1: Selected examples of hydrosilylation experiments with 5 triarylborane catalysts.®

F K
Nucleophile Silane B B F
F 3 F 3
J\ EtsSiH 0% 0% 22% 0% 0%
Ph”” Ph Qsms b 0% 0% 92% 0% 0%
Ph EtsSiH 0% 0% 13% 0% 0%
Z o
Ph QSlMeg 0% 0% 91% 0% 0%
o EtsSiH 90% 91% 87% 94% 92%
ph)l\ stmB ; 0% 27% 95% 0% Traces

3All reactions performed with 5 mol% catalyst loading and 1,0 M substrate concentration. Isolated yields given.

bGenerates MesSiH and benzene in situ.

A short overview of the catalytic activities in hydrosilylations of different boranes is shown in
Table 1. The most influential property for efficient catalysis was the Lewis acidity of the borane
as it facilitates H-abstraction — the rate determining step. However, highly acidic but sterically
encumbered boranes (i.e. tris(2-pentafluorophenyl-3,4,5,6-tetrafluorophenyl)borane) did not
show conversion of ni-basic alkene or alkyne substrates. The bulky biphenyl rings create steric
congestion at the silane (Scheme 8), which reduces the sp? character in the transition state
and weakens the Si—H—B bond, hindering the substrates from attacking. The end-on
coordinating carbonyl is less affected by steric congestion than the side-on coordinating

alkene and alkynes and therefore exhibits good reactivity even with bulky boranes.

Scheme 8: Large aryl rings of tris(2-pentafluorophenyl-3,4,5,6-tetrafluorophenyl)borane create steric congestion
at the silane and reducing the sp? character during the hydrogen abstraction.




But when MesSi(CsHs), which reacts to MesSiH, is used instead of EtsSiH the reactivity of all
boranes except the tetrafluorophenyl derivative is inhibited. The bi- and trifluorophenyl
derivatives lack Lewis acidity, but the naphthalene derivative is equally acidic as B(CeFsH)s.
Calculations showed that the missing ortho fluorine atoms are the reason for this inactivity. In
the case of B(CsFs)s and B(CsFsH)s the fluorine atom interacts with the silane and leaves the
silicon pentacoordinated (Scheme 9). Hypervalent bonds are innately electron rich at the
surrounding ligands and electron poor at the central atom, thus boosting the Lewis acidity.

This is referred to as Lewis base activation of Lewis acids.>>

t
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Scheme 9: Lewis base activation of Lewis acids via Si-F interaction leading to higher Lewis acidity at the silicon
atom in case of B(CsFs)s3 (left) in comparison to B(CioFsH3)3 (right).

In conclusion, other triarylboranes exist, but B(CeFs)s is still the triarylborane of choice for FLP

chemistry due to its high Lewis acidity, while not being sterically overbearing as the

perfluorobiphenyl derivative.




1.3 Transition metal frustrated Lewis Pairs

Metals play a central role in catalysis. In order to find new reactivities, properties of metals
and FLPs were combined. The strategy was to replace the main group Lewis acid with an
electrophilic transition metal. One of the first to employ this new approach were Wass and

co-workers in 2011, by using cationic zirconocene-phosphinoaryloxide complexes.36:46

+ 2 | \
Zr\/ PBU, ———— Z\r+ P'Bu,

O O
z\lF'————P‘Bu2 Hy

X -

e

Scheme 10: Reaction of complexes [Cp*2Zr-P'Buz]* and [Cp2Zr-P'Bu.]* with Hz. The pentamethyl derivative, which
shows no Zr-P interaction cleaves Ha, while [Cp2Zr-P'Buz]* lacks reactivity.%®

Transition metal FLPs also require enough distance between the Lewis Pairs to operate. The
sterically more demanding bispentamethylcyclopentadienyl complex [Cp*,Zr-P'Bu,]* shows
no Zr-P interaction in solution or solid state and is isolated as a labile chlorobenzene or
fluorobenzene solvate. In comparison, the biscyclopentadienyl derivative [Cp2Zr-P'Buz]* can
be isolated with an elongated, but lasting Zr-P bond.”® When both complexes are reacted with
H> only the one with no Zr-P interaction reacts and cleaves the diatomic molecule (Scheme

10).°>7

Activation of different molecules was achieved using [Cp*2Zr-P'Buz]* (Scheme 11).°% It

mimicked and expanded the reactions of main group FLP systems.




[Zr] = Cp*p—2Zr*

NAV RN,V
\_/ -9
co
! +
[Zr] P'Bu,
R N A
[z *PBu, A [Zr]\) P'Bu,
¢l R co H> o
+ F /
[Zr]\/PtBuz “R Zd *PBu
CO/M, NG
Gl H,CO
H R Ph
0 _
Q( CIPh Ph——=—= //
pooH = zrf  PBu > M
izl PBu, COy/H, \__/ [Zr]\/ P'Bu,
_/ §
MezCO
<o H c02 [zl *+PBu,
} ; Et,0 THF _/
zn  *PBu,
0
< Y /0%
jo [Zr] P'Bu,
[Zr]\)PtBuz L N
/
[zl *PBu,

Scheme 11: Overview of reactions of [Cp *>Zr-P'Buz]* with various small molecules.

For example, an unexpected cleavage of halogen-carbon bonds was detected when [Cp*,Zr-
P'Bu,]* was dissolved in CH2Cl; or in other alkyl chlorides. The zirconium attacked the halogen
and the phosphine stabilised the formed carbocation. The reaction also takes place with
unactivated alkyl fluorides, which is rare. Reaction with syngas yields the same result as when

formaldehyde itself is added. And while C—O cleavage of THF is quite common in main group

systems, the strength to break the diethyl ether bond is rather uncommon.>®

Despite these findings, most of these reactions are stochiometric or yield no significant

catalytic turnover, with the exception of dehydrocoupling (or dehydrogenation) of amine-

boranes, which are attractive hydrogen storage materials.>?




1.4 Metal oxido frustrated Lewis Pairs

Several group 4 - 8 transition metals exist as metal-oxido compounds and many have been
shown to be involved in crucial catalytic oxidations in nature or synthetic systems.0-62
Molybdenum oxido species are present in active sites of enzymes for oxygen atom transfer
(OAT) reactions. Examples are sulphite- and xanthine-oxidases or the DMSO reductase, all
bearing either one or two oxido groups.®3®* Furthermore, many synthetic model complexes
were developed in recent years stabilised by i.e. scorpionate or dithiolene ligands and gave

insight into a broad range of reactions catalysed by Mo-oxido moieties.®>®

As oxido groups possess free lone pairs at the oxygen

© LA
atom, it was proposed that they could form adducts with @(l)
t
Lewis acids. The first report on a Lewis Pair formed Bquc,,,’,UI_CH By
2

o . BuH,CY |
between a Lewis acid and a metal oxido group was by X
Osborn and co-workers in 1981.%* The type of structure

M = Mo or W

shown on the right was suggested based on the available X =Cl, Bror OR

LA = AlBr3, BBr3, AICl; GaClz and SnCl,
NMR information and confirmed in 1987 by single crystal

X-ray diffraction analysis for the system W(OAIBr3)(CH2'Bu)3Br.67:68

During the investigation of B(CsFs)s as co-catalyst of metal oxido complexes for catalytic
reactions, Green and co-workers synthesised compounds shown in Scheme 12.9773 They
pointed out that the formation of a metal oxido FLP is easily confirmed by measuring the
elongation of the M=0 bond length, which is in the range of 0.1 A, while the other bonds are

shortened in comparison to the original complex.

/B(Cer)s
(@] (O
, ./
O\\// \

Mo
\\\I ]
O\/

, w o)
I//O O /\ \
Y —
70 \o\\ Ph—<N’O O§<N Ph
!

Scheme 12: Selected examples of molybdenum oxido Lewis adducts synthesised by Green and co-workers.6%-73




The number of Lewis acids that can coordinate to a metal oxido complex varies. For example,
three triarylboranes can coordinate in dianionic tungstate, while in contrast one B(CeFs)3
molecule coordinates an neutral triazacyclononane WOz complex and the monoanionic
perrhenate (Scheme 13).”! The same trend is perceptible in dioxido uranyls. In case of the
electron deprived UY', one B(CsFs)3 binds the oxido moiety. Upon reduction to UY, the complex
is able to coordinate 2 boranes.”*”> In short, the higher the electron density of the metal, the
more Lewis acids can be coordinated. Additionally, steric effects seem to inhibit multiple

coordination of B(CeFs)3 in cis-dioxido complexes.

5 mk B(CoFs)s ]

|
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Scheme 13: Multiple adduct formation in compounds with higher electron density and sterically unencumbered
complexes (top) in comparison to compounds with lower electron density (bottom), with only one B(CeFs)s.

Metal oxido groups can react either as a nucleo- or an electrophile. Ison and co-workers
exemplified this amphiphilic reactivity in 2013 with rhenium oxido complexes.”®’” They
showed that not only the electron configuration determines the reactivity of the oxido ligand,
but also the additional ligands play a central role. The oxido moiety of [DAAmMRe(O)Cl] (DAAmM
= N,N-bis(2-mesitylaminoethyl)methylamine) reacts with triarylphosphines (Lewis bases)

electrophilically to give triarylphosphine oxides (Scheme 14).”’
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Scheme 14: Nucleophilic attack of a triarylphoshine on the electrophilic oxido group of [DAAmRe(0)Cl].””

On the other hand, rhenium oxido acetyl diamidopyridine (DAP) derivatives react

nucleophilically with Lewis acids (B(CsFs)s and BF3) (Scheme 15).
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Scheme 15: Formation of different borane adducts with [DAPRe(O)Ac] depending on the steric bulk of the
borane.””

In the case of [DAPRe(O)Ac] there are two nucleophilic oxygen atoms, highlighted in red in
Scheme 15. Calculations showed that the binding of BFs3 at the acyl-O in comparison to the
terminal oxido group is favoured by 0,7 kcal/mol. This means the acyl oxygen is slightly more
nucleophilic. Nevertheless, the oxido group is sterically less restricted and similarly
nucleophilic. Therefore, the binding to the oxido group is favoured by 3,5 kcal/mol for

B(CeFs)s.””

In a second paper in 2016, the same authors demonstrated an enhanced catalytic reactivity of
FLPs bearing a metal oxido moiety as Lewis base compared to the two pairs on their own. This
was the first time synergistic effects for such a system were reported.”® They managed to
catalyse the hydrogenation of unactivated alkenes at 100 °C with the rhenium oxido

diamidopyridine complex shown in Scheme 16.
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Scheme 16: Hydrogenation of olefins using 5 mol% [DAP-Re(OB(CeFs)3)X]
Similarly to Stephan’s catalyst, [DAPRe(OB(CsFs)3)X] (X = Ph) reacts to a 1:1 mixture of Hy/D>
at 100 °C. Signals matching the catalytic isotopic scrambling of deuterium and hydrogen were
observed, proving that the H-H bond is cleaved. The free complex or B(CsFs)s alone did not
show any reactivity. Surprisingly, the formation of the FLP occurs only when adding two
equivalents of B(CsFs)s. If one equivalent is used, a CsFs group migration takes place, which
leads to the formation of a [DAPRe(O)CeFs] species. This molecule is also catalytically active
for hydrogenation of alkenes, albeit ten times slower as the electron withdrawing CsFs ligand

decreases nucleophilicity of the oxido group.’®

I;”(Cer)s
R
Mes o CeFs Mes O Ph Mes Ph
\N“““FUBV 1 equiv. B(CFs)s \N“““FLIL/ 2 equiv. B(CeFs)s Ninm, FLL/
N/ \N—Mes - N/ \N—Mes o N/ \N—Mes
/N / N\ /N

Scheme 17: Addition of one or two equivalents of B(CsFs)s to [DAP-Re(O)Ph] leads to either a CeFs group transfer
or B(CsFs)s adduct formation.”®

Further findings indicate that the metal center does not participate in catalysis. Olefin
activation takes place as a concerted addition to the oxido fragment and borane. Thereafter,
fast H, cleavage gives a labile hydroxy group, which protonates the formed alkyl borate and
yields the hydrogenated product. To increase catalytic efficiency, Lewis acid and ligand
modifications were evaluated. Using a sterically more demanding X ligand at the metal center

of [DAPRe(O-B(CsFs)3)X] (Scheme 16) prevents further association of the Lewis Pair increasing




frustration and reactivity. Furthermore, stronger Lewis acids such as Piers borane H-B(CeFs)2

and Al(CeFs); increased catalytic activity threefold.*’

In another study in 2017, a rhenium oxido hydrido complex of the type [DAPRe(O)H] was used

to clarify the mechanism and the role of Lewis acids in the insertion of olefins into metal

hydrido bonds.”®

Kinetic and computational data showed that the rate-
determining step for the olefin insertion involves the addition
of the substrate orthogonal to the rhenium oxido bond. This
pushes the hydride out of its original plane (O=Re-H angle
changes from 105° to 156°), depicted in Scheme 18 in the first
transition state, leading to mixing of the Re-H o bond with the
Re=0 nt* orbital. This leads to an increase of electron density on

the oxido ligand (Figure 1).

The Lewis acid stabilises the excess electron density on the
oxido ligand and leads to a lower energy transition state in
contrast to the Lewis acid free complex. Furthermore, this effect
is larger with Al(CsFs)s as Lewis acid due to the lower

electronegativity of the aluminium.”®

oo

olefin

hydride

Figure 1: Kohn-Sham orbitals for
the HOMO of the intermediate in
Scheme 18. Adapted with
permission from Lambic, Brown
et al. 2017. 7* Copyright 2020
American Chemical Society.
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Scheme 18: Calculated free energies for ethylene insertion into the hydride bond of [DAPRe(O-LA)H] in the presence
of B(CesFs)3 (red), Al(CeFs)s (blue) and no Lewis acid (black) performed at 298 K. Solvation energies in CHzClz are
included.”®




1.5 Molybdenum oxido Schiff-base frustrated Lewis Pairs

The work group of Mosch-Zanetti has been working with molybdenum complexes for several
years to develop systems capable of oxygen activation, oxygen-atom-transfer, and oxidation
reactions. They have worked with complexes bearing Schiff-base as well as aminobisphenol

ligands.”984

One such Schiff-base molybdenum oxido imido complex was capable of forming an FLP with
B(CsFs)s (Scheme 19).82 The FLP reacted with hydrosilanes R3SiH to cleave the Si—H bond,
under mild conditions if steric demand was low (25 °C, R = Et) and more drastic ones with
bulkier silanes (80 °C, R = Ph). This gave the highly unusual ion pairs [H-B(CsFs)3]  and [L.Mo(O-
SiR3)(N'Bu)]* (L = (E)-2,4-di-tert-butyl-6-((phenylimino)methyl)phenolate) (Scheme 19, right).
Furthermore, the ion pairs were shown to be active for the hydrosilylation of benzaldehyde.

This reaction led to the regeneration of the FLP and the hydrosilylated benzyl silyl ether.8283

+
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Scheme 19: Generation of the FLP [L2Mo(O-B(CeFs)3)(N'Bu)] by equimolar addition of B(CsFs)3 to L2Mo(O)(N'Bu)
and cleavage of an Si—H bond to generate the ion pairs [H-B(CsFs)3] and [L2Mo(O-SiR3)(N'Bu)]".

When a molybdenum dioxido complex, bearing the same Schiff-base ligand, was reacted with
B(CsFs)s, FLP formation yielding [LMoO(O-B(CsFs)3)] (MoO-B) was observed (Scheme 20). This
complex exhibited different reactivities in presence of silanes, alkenes and organohalides. It
was found that aromatic alkenes, such as styrene, react in a hydroalkylation reaction with
chloro- or bromoform, leading to formation of a new C-C bond (Scheme 20). On the other
hand, aliphatic alkenes as substrates underwent Atom-Transfer Radical Addition (ATRA) of the
organohalide, otherwise known as Kharasch reaction.® This reaction worked with 15 alkenes
using low catalyst loadings in excellent conversion and led to formation of gem-dichloride and

gem-dibromide derivatives.?*
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Scheme 20: Hydroalkylation/ATRA of alkenes with different organohalides catalysed by MoO-B in presence of
phenylsilane.®*

1.6 Molybdenum oxido peroxido complexes in OAT reactions

Peroxido complexes are accountable for several selective oxidations such as oxidative

cleavage of olefins, ketonisation and epoxidation. There are two general synthesis pathways:8¢

I.  Direct reaction of O; with two electron-donor complexes in a lower oxidation state
_0

M + 02 —— MX+2

6

Scheme 21: Synthesis of metal-peroxido complexes by addition of O, to metal complexes.

The bonding situation can be compared to metal olefin complexes in the Dewar-
Chatt-Duncanson model.®’8° A o-bond between the m-orbital of O, and an
unoccupied d-orbital of the metal is formed. Simultaneously, back-bonding from an
occupied d-orbital to the m*-orbital takes place, which accounts for the major
stabilisation of the dioxygen. Therefore, electron rich metal centres yield more
stable peroxido complexes. Going from more to less electronegative ligands leads to

an elongation of the 0-O bond, and eventually irreversible binding of the 0,.%°

Il.  Addition of hydrogen peroxide to metal oxido complexes in higher oxidation states.

O
~ O
M=0 + H,0p, ——— M \)O—H S—— M<I + H,0
OH o

Scheme 22: Synthesis of metal-peroxido complexes by addition of H,0, to metal oxido complexes
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Dioxygen is already reduced in this state and the metal has no d-electrons that can
participate in back-bonding. For most complexes synthesised by this route, little
differences in the O-O bond are observed in comparison to the O3 route, despite

different metals, ligands, valance state and structure.8®

Even though the preparation and influence of the electronic situation of the metal differs for
these synthesis paths, the products are alike regarding geometry (Cav), O-O bond distance

(1.4-1.5 A) and infrared vibrations (vo.o = 850 — 890 cm™, vm-0 = 500 — 600 cm'1).8¢

Metal peroxido species are also used for the oxidation of phosphines to phosphine oxides
reverting to metal oxido complexes. An anionic tetracyanido oxido peroxido molybdate (VI)
complex was able to perform this reaction, leaving a mono oxido Mo'V species that could be

reoxidised in presence of molecular O; to the original Mo"' complex.®?

There have been numerous reports of metal monoxido peroxido compounds, but few with
molybdenum as metal, that formed with molecular dioxygen.®*°? [L,Mo0O(03)] or [LMoO(0,).]
compounds are typically synthesised by reacting MoOs with the ligand in aqueous H;0;.
However, this method is not applicable, if the complex or ligand backbone is prone to

hydrolysis.

The group of Md&sch-Zanetti described a new method for the preparation of Mo oxido
peroxido complexes by the addition of 0> to MoV monoxido complexes bearing Schiff-base
ligands.8981.93.94 While previous complexes used in epoxidation reactions needed a peroxidic
oxygen supply (i.e. tertiarybutylhydrogenperoxide),® the oxido peroxido complexes catalysed

oxygen atom transfer reactions (i.e. to phosphines) supplied by 0,.2°

Several such oxido peroxido complexes were tested for their capability to convert
trimethylphosphine to trimethylphosphine oxide. Although the oxidation of phosphines
succeeded, the conversion was not satisfying (maximum 65% for [MoO.L;](L = 2,4-di-tert-
butyl-6-((phenylimino)methyl)phenolate)) (Scheme 23) and the complex decomposed during

the reaction.’?81
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Scheme 23: Molybdenum(VI) catalysed aerobic oxidation of trimethyl phosphine. Conditions: 1 mol% catalyst,

1,5 atm O3, 5 equivalents PMes.

As the turnover was quite low, they tried to utilise the ability of FLPs, to enhance the reactivity.

B(CsFs)s was reacted with the Mo oxido peroxido complex expecting the formation of an FLP

analogous to [L2Mo(O-B(CsFs)3)(N'Bu)] or MoO-B. However, the reaction with B(CeFs)s3 led to

an unanticipated insertion of one peroxido oxygen atom into the B—CsFs bond (Scheme 24,

right) and generated the Mo dioxido (CeFs)2-B-O(CeFs) adduct (MoO-BOC) instead the

postulated adduct (Scheme 24, left).

O,

" /\N\

oO—O

/

B(CeFs)3 o
o)
B(CeFs)3 ) \M///(I) B(CFs)
6 N—Mo 65)3
< Ph” / o o
o N

CeFs CoFs

\/

MoO-BOC

Scheme 24: Insertion of an oxygen into a B-C bond of B(CesFs)s3 (right) instead of FLP formation (left).
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The insertion was verified by X-Ray diffraction analysis
of a single crystal that formed in the reaction flask
(Figure 2). Compared to the dioxido FLP (MoO-B) the B—
O distance to the Mo=0 oxygen was shortened (1.518
A vs. 1.550 A) as well as the Mo—-N distance to the imine
in trans position to the same oxygen (2.246 A vs. 2.299
A), and the Mo—0-B bridge became more linear (170.5°
vs. 159.42°). But even though a crystal structure was

obtained, °F NMR analyses of the reaction mixture

——\.—-‘\f /\l/
|
l /!/‘|<
=N __'-I— ad
N[
/\/'\/\‘——
7 b {
4

Figure 2: Crystal structure of MoO-BOC

suggested no such compound, but a few decomposition products including the free inserted

borane (CsFs)2-B-O(CsFs) (BOC), the dioxido FLP MoO-B and pentafluorophenol.

Green and co-workers also performed a similar experiment with B(CsFs)3 and a molybdenum

oxido peroxido complex in 1998, albeit with a different ligand framework.*® They postulated

that one of the two adducts shown in Scheme 25 is formed, based on elemental analyses and

the shifts of the *H NMR phenyl and B NMR signals. However, no full characterisation was

reported, as no °F NMR, crystallographic data or further reactions with the product were

given. Moreover, during crystallisation attempts the complex decomposed and formed a

dioxido B(CsFs)s adduct, the same reactivity that was observed in the case of MoO-BOC.

T(Cth)j
Ph O
Ph O 0 H O
AN
o ||_-9 S MoT—O0—B(C4Fs)s
SMe—O0 N—0" | o M.
1 1
O\N )\Ph N
/
/ Ph
Ph

Scheme 25: Postulated Mo oxido peroxido B(CsFs)3 adducts by Green and co-workers.*®
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1.7 Analysis of pentafluorophenyl compounds with *°F NMR

spectroscopy

The 'H and °F nuclei share several similarities: They have the same nuclear spin [ = % ,
virtually the same abundance (*H =99.98%, °F = 100%) and similar receptivities (*H =1;
19F = 0.835), because of comparable gyromagnetic ratios wa/ylH = 1.062. Lastly, the spin-

lattice relaxation times are quite short (less than a few seconds).”’

The most important differences include a much larger range for °F chemical shifts
(approximately 500 ppm) than *H (approx. 10 ppm). With the larger range, fewer resonances
can overlap making the interpretation of 1D experiments easier. Another difference are the
solvent effects on the resonances. They affect '°F resonances significantly more than *H with
shifts of > 5 ppm being usual.’’” Moreover, non-deuterated solvents do not obscure peaks,
making °F NMR an effective tool for reaction progress monitoring. The spin-spin interactions
of fluorine nuclei are larger than those for protons and moreover are not limited to
transmission through bonding o- or m-electrons, but also take place as a through space
interaction.®® This stronger interaction facilitates the assignment of resonances to the
respective fluorine positions on the phenyl ring (Figure 3). Ortho fluorine atoms split into a
doublet of doublets. Para-F atoms give a triplet of triplets and meta-F atoms are recognised
by a doublet of doublets of doublets. As in 'H NMR, the integrals can be utilised to measure
the number of chemically equivalent fluorines. In case of pentafluorophenyl groups the

integral ratio for ortho:para:meta is 2:1:2 (Figure 3, blue).

ortho para meta

Figure 3: Stronger spin-spin interactions of 1°F nuclei lead to additional splitting of the pentafluorophenyl positions
compared to regular phenyl splitting in 'H NMR.
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For better comprehension of 1°F NMR spectra of pentafluorophenyl compounds in CsDs, the
general shift ranges of several species are given in Figure 4 - 6. Resonances of such compounds
are commonly found between -100 and -180 ppm. Molecules of the type R«M-CsFs, where M
= B, Sn or Si, for example B(CsFs)3 or (CeFs)2B-Cl show very characteristic resonances of the
ortho fluorine atom around -130 ppm, para between -140 and -150 ppm and meta around -

160 ppm (Figure 4).

FAF
FV%
B
cl” R
= F
x -
- . N
-130 -135 -140 -145 -150 -155 -160

ppm

Figure 4: °F NMR spectrum of (CsFs).B-Cl with highlighted fluorine atom positions.
When such an arylborane is reacted with a metal oxido complex and forms an FLP, the
resonance of the para fluorine atom shifts about 15 ppm towards more negative values. The

ortho- and meta-resonances are not as heavily affected (Figure 5).
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Figure 5: °F NMR spectrum of MoO-B with highlighted fluorine atom positions.

This shift of the para fluorine atom is not a direct indication of the formation of an FLP but

correlates more generally with a geometric change at the boron atom. In B NMR
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spectroscopy trigonal triarylboranes have resonances in the range of 40 - 80 ppm, while tetra

coordinated boranes give signals around 0 ppm.®® This influences the para fluorine atom

significantly.
F
RAF
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ﬁ ‘Q‘
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Figure 6: *°F NMR spectrum of BOC with highlighted fluorine atom positions.
When an oxygen atom is directly bound to the phenyl group, whether inserted in a boron-
carbon bond (i.e. BOC) or as a hydroxy group (i.e. pentafluorophenol), the resonances of all

fluorine atoms are shifted to -155 to -170 ppm.
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2 Objective

Reaction of the molybdenum oxido peroxido complex [L;MoO(0)] with B(CeFs)s led to the
formation of the inserted borane adduct MoO-BOC instead of the expected FLP (Scheme 26).

But Mo0O-BOC was only confirmed by single X-ray diffraction as no bulk material was obtained.

CGF5 Cer
B(CeFs5)3 F
2 0 o F
o) o) o)
e ///O se ) ///O N\ // ﬁ'
/N’_'Mo\l B(CGF5)3 /N—‘Mo\l B(CG —Mo=—=0 F
Ph o) < % Ph / o) / \
O N o N o N
Il >ph Il >ph I >ph
[Lo,MoO(O)] MoO-BOC

Scheme 26: Insertion of an oxygen atom into the B-C bond of B(CsFs)3 (right) instead of FLP formation (left).
To understand the reactivity of the inserted complex, the goal of this work was to reproduce
the reaction, characterise the complex and study the mechanism of the insertion. If the
reproduction yielded no further insights, another route to MoO-BOC was to be taken. The
strategy was to synthesise the free inserted borane BOC and to react it with the dioxido

complex [L.MoO;] (Scheme 27).

[L,MoO,] BOC MoO-BOC

Scheme 27: Alternative synthesis path of MoO-BOC.
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3 Results and Discussion

3.1 Reproduction of the insertion reaction

In an experiment of [L;MoO(0O2)] with B(CsFs)s previously performed by N. Zwettler single
crystals of the inserted product MoO-BOC shown in Figure 2 could be isolated, but no bulk
material was obtained.! Thus, for reproduction one equivalent of [LMo0O(02)] was dissolved
in pentane, cooled to -50 °C and solid B(CsFs)3 was added upon which the colour changed
spontaneously from orange to dark brown. The mixture was cooled at -25 °C for 18 hours. A
dark red precipitate had formed and was isolated. The *°F NMR spectrum (Figure 7) matched
vastly with the one from which the single crystals were obtained. However, in both cases the
spectrum proved to be too complex to discern signals of MoO-BOC. Nevertheless, it confirms

the principally similar reactivity.

T T T T T
-155 -160 -165
ppm

Figure 7: Meta-region of the 1°F NMR spectra of the reaction between [L;Mo0(0,)] and B(CsFs)s. The spectrum
obtained by N. Zwettler is shown in blue and the reproduced one in red.

For this reason, the reaction was upscaled, additionally performed at room temperature and
crystallisation attempts were made. In one case the solid was dissolved in heptane and layered
with dichloromethane and in the other it was dissolved in pentane and the solvent slowly
evaporated. In both cases no single crystals formed, but an amorphous solid. *®)F NMR

spectroscopy of the solid gave the same spectrum as the small-scale experiment. It became
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clear that further experiments would yield no additional results. Therefore, the direct
synthesis was not pursued further, but the alternative pathway was examined. [L.M00O;] was

readily available in our lab, but BOC had to be synthesised.

3.2 Synthesis of BOC

The synthesis of (CsFs)2B-O-CsFs (BOC) has previously been reported in literature, as well as
the precursors Me2Sn(CeFs)2 (SnCF) and (CeFs)2B-Cl (BCI).19%101 But as the syntheses and work-
ups proved challenging due to unavailability of certain apparatuses and chemicals, modified

versions are described here in more detail.

1) Mg, EtBry, Et,0, 1d  ~_ _-CéFs
Br F > Sn\
2) Me,SnCly, 1d D CeFs

SnCF

BCl;
heptane
100°C, 3d

CoFs CeF5-OH CeFs5_ _CeFs
B—Cl > /B—O
CgFs CH,Cl,, 1min CgFs

BCI BOC

Scheme 28: Three-step synthesis of BOC.

A three-step synthesis was utilised, starting with the formation of the Grignard reagent
pentafluorobenzene magnesium bromide (Scheme 28). Afterwards, 2.2 equivalents of the
Grignard were added to a solution of 1 equivalent Me;SnCl; in Et;0 at room temperature to
yield Me2Sn(CeFs),. After quenching the remaining Grignard reagent with a few drops of water,
the product was extracted with pentane and purified by vacuum distillation (0.16 mbar, 73 °C)
to obtain SnCF as a colourless liquid in 85% yield. The 1°F NMR spectrum was consistent with

literature data confirming its purity.1*

In the next step, the SNCF was dissolved in heptane and cooled to -80 °C. A solution of BClsz in
heptane was added, whereupon white smoke evolved and some BClz evaporated. The mixture

was then heated to 100 °C for 3 days. The reaction was monitored by °F NMR spectroscopy
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(Figure 8). During the reaction, 2 newly formed species aside from non-reacted SnCF were
observed. The resonances marked with red arrows were consistent with the desired
disubstituted product BCI while the other ones marked with red circles are assignable to the

monosubstituted (CsFs)BClz, which is converted further to BCl with longer reaction time.
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Figure 8: Ortho region of the time dependent *°F NMR spectra of the conversion of Me,Sn(CsFs)z
(black triangles) to (CsFs)BCl; (red circles) and (CeFs).BCl (red arrows)

The light brown reaction mixture was cooled to room temperature, upon which heavy
precipitation of the side-product Me,SnCl; occurred. The solid Me,SnCl; was filtrated and the
remaining mixture was dried in vacuo. This yielded a brownish solid, which was purified by
fractional sublimation. The first phase (35 °C; 0.068 mbar) was used to remove the remaining

Me,SnCl,, followed by a second phase (65 °C; 0.039 mbar) to give the pure product BCI.
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Figure 9: Ortho region of the *°F NMR spectra of the conversion of Me2Sn(CsFs)2 (black triangles) to (CsFs)2BCl
(red arrows) with further BClz addition after 5 days and formation of the side product (CsFs)2B-O-B(CsFs). (BOB)
during sublimation.

As mentioned earlier, a portion of the BCls evaporated under reaction conditions. Thus,
further syntheses of BCl were performed using excess BCls. However, the reaction can be
driven to completion by adding the lost amount after an NMR inspection. Figure 9 shows
clearly that the remaining Me,Sn(CeFs). is fully converted to BCI. During sublimation, moderate
temperatures (< 150 °C) should be applied, to inhibit formation of the hydrolysis by-product
(CsFs)2B-0-B(CsFs). (BOB).102

The formation of BOC by addition of pentafluorophenol to BCl was previously described by
Britovsek and co-workers.%° They suggested to add the pentafluorophenol at 0 °C, stir the
reaction for 2,5 h and then to purify the product by sublimation at 90 °C. However, in our
hands this procedure proved futile. NMR measurements revealed that BOC is formed
guantitatively after one minute (Figure 10). The amount of formed BOC (red) and excess
pentafluorophenol (yellow) did not change with prolonged reaction times. After evaporation

of the solvent, the product was pure according to 'H, 1B and *°F NMR spectroscopy with small
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traces of pentafluorophenol and the tin precursor SnCF, which did not interfere in further

reactions.

210 minutes
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Figure 10: 1°F NMR spectra of the reaction of pentafluorophenol (yellow) and BCI (red arrows) to BOC (red).

When purification of BOC was attempted by fractional sublimation to remove the traces of
pentafluorophenol and SnCF, mostly decomposition of the product to BOB was observed

(Figure 11) and the pentafluorophenol remained present.
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Figure 11: *°F NMR spectra of the purification by sublimation. Pentafluorophenol (yellow), BOC (red) and
MezSn(CsFs)z (black triangles).

In summary, the synthesis of pure BOC was achieved in 40 % overall yield over these three

steps. The purity correlated directly with the purity of the precursor (CsFs)2B-Cl, as the final
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step was found to be quantitative without any side products and need of work up.
Furthermore, the purification of BCl proceeded much smoother than BOC as it was more
stable at high temperatures. BOC was found to be extremely moisture and air sensitive and
instantly decomposed to (CeFs)2B-OH and pentafluorophenol. It was stable for several weeks
under nitrogen atmosphere as a solid or dissolved in pentane or heptane, although the

solubility is poor.
3.3 Lewis acid-base adduct formation

With the BOC material obtained as described above, adduct formation with [L.MoO;] was

attempted (Scheme 29).

CGF5\,\B_O
- \
o o o CeFs
/\N—\Mo//zo (CoF),B-0-CqFs S v
Ph o/ \ — > Ph O/ \N
I >ph ph
[L,MoO,] MoO-BOC

Scheme 29: Reaction of BOC and the Mo dioxido complex [L2Mo0O:] to MoO-BOC.

3.3.1 Reaction in pentane at room temperature

One equivalent of yellow, crystalline Mo dioxido complex [L.Mo0O;] was added to the white
solid BOC in a Schlenk flask at room temperature. A solid phase reaction took place and the
colour changed instantly to dark brown. After pentane was added and the solids dissolved,

the flask was cooled to — 40 °C, and the dark brown mixture was stirred overnight.
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Figure 12: 1°F NMR spectrum of the reaction between BOC and [L:MoO3].
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Scheme 30: observed products of the reaction between BOC and [L2MoO:]. Underneath each molecule the label
which is used in Figure 12 is given.

After evaporation of the solvent, a *°F NMR spectrum was acquired (Figure 12). Four main
components were identified: unreacted BOC, bis(pentafluorophenyl)boronic acid (B-OH),
pentafluorophenol (Ph-OH) and the molybdenum dioxido B(CeFs); adduct MoO-B, whose
shifts are in accordance with literature.3* However, signals for the inserted MoO-BOC adduct

were not observed.

Comparison of the spectrum with the starting material suggests formation of
pentafluorophenol (Figure 13). Pentafluorophenol and bis(pentafluorophenyl)boronic acid

are known decomposition products of BOC, while the formation of MoO-B is unexpected.
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Figure 13: Comparison of the °F NMR spectra of BOC before and after the reaction with [L2MoO:]. A significant
increase of pentafluorophenol (yellow) is observable after the reaction.

For MoO-B to form, BOC would need to perform scrambling to create B(CeFs)s3 that reacts with
the dioxido complex. While pentafluorophenyl migrations have been reported, they
proceeded from tris-CsFs to bis-CeFs compounds and not in the reverse direction.1031%4
Furthermore, BOC is stable over several weeks, therefore the metal complex must be involved
in the scrambling. A reaction (Scheme 31) similar to the one observed by Arnold and co-
workers (Scheme 32) is imaginable, although the exact mechanism is still unclear. The reason
for the different stability of MoO-BOC in comparison to MoO-B is the lone pair of the oxygen

atom at the borane making it more reactive and unstable.
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Scheme 31: Scrambling of BOC.
In a further experiment both reagents dissolved in pentane were added at room temperature
into a Young tube, to avoid the solid-state reaction. However, the °F NMR spectrum shown
in Figure 14 revealed a plethora of resonances which could not be assigned. In particular, a

signal as upfield as -114 ppm had not been observed in our previous experiments.
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Figure 14: 1°F NMR spectrum of the reaction between BOC and [L.Mo0O:] at room temperature in a Young tube.
A recent paper by Arnold and co-workers reported CsFs group transfers from B(CsFs)s to their
rhenium oxido imido complexes (Scheme 32).1% Those directly bonded Ce¢Fs groups had *°F

shifts in the range between -110 to -120 ppm.

A NR B(CeFs)s ATNR ATNR
i\fE:R{\ | <<\ SReCefs ————> <<\ SReCeFs
W Ar O B(CeFs) YN
B(CeFs)2

Scheme 32: Synthesis of an organometallic rhenium imido oxido pentafluorophenyl complex.04
This made us speculate whether such a type of complex with a C¢Fs group bonded directly to
the Mo had formed and possibly was an intermediate in the postulated scrambling. The
mixture was heated to 100 °C for several days in hope of increasing the formed amount and
making characterisation possible, but no further reactivity occurred. As no purification

attempt was successful, no further data on this hypothesis was gathered.
3.3.2 Reaction in pentane at -40 °C

As reactions at room temperature were extremely reactive the reaction temperature was
lowered. Solutions of BOC and the dioxido complex, in pentane were cooled to -40 °C in
separate flasks. Combining the two solutions led to an immediate colour change from yellow
to brown. Upon resting at -25 °C for several hours, a brown solid precipitated. *°F NMR

spectroscopy of the solid revealed that, in contrast to the previous experiment at room
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temperature, all BOC had reacted, and 3 new species had formed. However, none of those

newly formed ones matched with MoO-BOC or MoO-B.

The spectrum suggests 3 species (X, Y, Z in Figure 15) with only one type of CsFs group attached
to a borane. This means either the O-CsFs or two CeFs-groups must have been cleaved in the
process. A higher amount of formed pentafluorophenol (Ph-OH) indicated the former. The *°F
NMR shifts also indicated that the three new compounds have tetra coordinated boranes
coordinated. In complexes of this type, the para-F shift typically is in the range between -150

and -160 ppm. These compounds were identified and are discussed in chapter 3.3.4.
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Figure 15: 1°F NMR spectrum of the formed solid after the reaction between BOC and [L2MoOz] at -40°C. The 3
new species (X, Y, Z) are marked in red and labelled according to the fluorine position (ortho, para, meta).

3.3.3 Temperature dependence

To possibly influence the ratio of the three compounds described above, the reaction was

performed at various temperatures (-196 °C, -50 °C, 25 °C and 70 °C).

As we have observed previously, BOC is highly reactive even in a solid phase upon contact
with [L.M00O;]. To examine this reactivity, one experiment was performed at -196 °C with both
reactants suspended in liquid nitrogen. The N2 was added to the Schlenk flask, where the
powdered Mo-complex was placed with a stir bar. Then solid BOC was added under nitrogen

atmosphere and stirred until all liquid nitrogen had evaporated. The mixed powder had an
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unchanged bright yellow colour until then. When the flask started to warm up a solid phase

reaction turned the solids dark brown (Figure 16).

} '. e

Figure 16: Solid phase reaction of BOC and [L2MoO:] at 0, 20 and 120 minutes after the liquid N2 evaporated.

The experiments at -50 °C, 25 °C and 70 °C were performed analogous to the ones described

in the previous chapter.

The four reactions led once again to full conversion of BOC, but no MoO-BOC was observed.
The °F NMR spectra showed the same sets of three signals previously observed (-134.5, -
155.5,-162 ppm, product Y and -135, -155.5 and -163 ppm, product Z, already shown in Figure
15). It became clear that reactions involving BOC always led to decomposition of the substrate,

thus our attention shifted to identifying these main decomposition products Y and Z.
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Figure 17: 1°F NMR spectra of the reaction between BOC and [L:MoO:] at different temperatures.
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3.3.4 Decomposition pathway

Purification of Y and Z was attempted by crystallisation, solvent extraction, distillation, and
sublimation. However, no method afforded adequate separation. As a next step,
chromatography was considered, thus the air and moisture stability of Y and Z were examined.
Consequently, an NMR sample was exposed to laboratory atmosphere. No changes were
observed in °F NMR analysis as shown in Figure 18, before (bottom) and after the exposure

to O; (middle).

Thereafter, 0.4 mL H,0 were added to the same sample (Figure 17, top). In the °F NMR
spectrum an increase of pentafluorophenol (yellow) and two by-products (ortho-F atom
resonances at -137 and -139 ppm) and a decrease of Z (green) was found. The by-products are

speculated to be pentafluorophenyl boronic acid derivatives.
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Figure 18: °F NMR spectra in CsDs of the stability test of Z (green). Exposure to Oz showed no changes.
Additional water reacted with Z and increased quantities of two by-products and pentafluorophenol (yellow).

This suggests that no FLPs were formed as they are expected to be extremely moisture
sensitive and decompose in seconds in laboratory atmosphere. Additionally, a yellow solid

precipitated during NMR measurements.

The H NMR spectra showed resonances similar to the free ligand (2,4-di-tert-butyl-6-
((phenylimino)methyl)phenol) (LH), which is also bright yellow in colour, but without the

expected phenol signal at 14.14 ppm.
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Consequently, a blank experiment with LH and BOC was performed. This experiment showed
that BOC indeed reacted with the ligand and gave the same species Z, that was already

observed during the reaction with the complex (Figure 19).
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Figure 19: *°F NMR spectrum of the reaction between LH and BOC in liquid N led to formation of Z and
pentafluorophenol (yellow).

1B NMR spectroscopy is heavily influenced by the coordination number of the borane atom.
For example, tris coordinated BOC gives a resonance around 40 ppm. Tetra coordinated
species such as MoO-B have shifts around 0 ppm. Because BOC reacts with LH to give Z and
pentafluorophenol, Z might be B(CsFs), moiety bound to the oxygen atom of the phenolate. If
that were the case the compound would be trigonal and thus have a comparable B shift to
BOC, which is not the case as seen in Figure 20. Therefore, the borane must be bonded to the
oxygen and the nitrogen atom of the ligand, resulting in a tetra coordinated boron atom as

shown in Scheme 33.
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Figure 20: 1B NMR spectrum of Z (bottom) and BOC (top).
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Scheme 33: Products of the reaction between LH and BOC with an imaginable structure of Z.
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Figure 21: *H NMR spectrum of Z.

A literature search revealed that compounds structurally identical to Z have previously been
reported as boranils that are used as fluorescent markers in cells and for OLED display

technology (Scheme 34).105106
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Scheme 34: Z (left) and the reported Boranil compounds B1 and B2 (right).?%>1% The highlighted positions are
selected as references for comparison of *H NMR resonances in Table 2.
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The B, 13C and °F NMR resonances of these compounds are consistent with our findings,
especially the characteristic ortho fluorines of both B1 and B2 at -135 ppm (Table 2), the same
as Z. Only the pronounced H NMR shift of the imine proton did not match (7.6 instead of 9.2
ppm).

Table 2: Comparison of selected resonances of Z with the two reported boranil compounds B1 and B2. Shifts are
given in ppm. The aryl-H atom position is highlighted in green in Scheme 34.

1H NMR 1B NMR | 3C NMR 19F NMR
N=CH Ar-H N=C o-F p-F m-F
A 7.6 7.76 3 169,2 -135,15 -155,55 -163,25
B1° 9,23 7,85 1 166,0 -135,02 -158,48 -165,68
B2° 9,37 7,82 2 166,5 -135,15 -157,90  -165,41

3 measurement performed in CsDs. b measurement performed in acetone-de.

The reason was that the reported boranil compounds were measured in acetone-de and Z in
CsDs. Unfortunately, no dry acetone-ds was available and use of bench-grade one lead to
decomposition of Z. However, a shift comparison of the imine proton of LH in the mentioned
solvents showed a change of nearly 1 ppm (8.08 ppm in CsDs to 8.91 ppm in acetone-dg).

Curiously, the imine proton was the only affected nucleus.

In conclusion, the decomposition pathway of MoO-BOC was found to proceed by a
nucleophilic substitution of the phenolate of the ligand at the boron atom under elimination
of pentafluorophenol and formation of the boranil compound Z. The boron atom of Z is
tetracoordinated by 2 pentafluorophenyl groups, the phenolate and the imine nitrogen atom.

This is in accordance with H, 1B, 13C and °F NMR spectroscopy.

Unambiguous confirmation of its structure will have to provide a future crystal structure.
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4 Conclusion

The reaction of [L;Mo0(0;)0] (L= 2,4-di-tert-butyl-6-((phenylimino)methyl)phenolate) with
B(CsFs)s led to single crystals suitable for X-ray diffraction analysis which proved it to be the
adduct of the type [L.Mo(O(B(OCsFs)(CeFs)2)(0))] (MoO-BOC), where one of the peroxido
oxygen atoms has inserted into a boron carbon bond of the borane. However, no conclusive
spectroscopic data was available. To fully characterise the inserted product, its reproducibility
was investigated by varying the reaction temperatures as well as the reaction times. Although
the obtained spectroscopic data were found to be identical to previous attempts, * no MoO-

BOC could be isolated, neither in bulk nor in single crystals.

Therefore, the alternative preparation by reacting (CesFs)2-B-O(CeFs) (BOC) with [L.MoO;] was
attempted. BOC was synthesised by a three-step synthesis starting with Me,SnCl,, which was
converted to Me;Sn(CsFs)2 and further to (CsFs)2BCl. The literature reports used apparatuses
and chemicals which were partially not available in our lab. Therefore, reaction conditions and
purification steps were optimised to achieve similar yields. The final synthesis step was also
improved by exclusion of the sublimation of the literature procedure, that led to more
decomposition of the product than purification. NMR analysis showed that this step was

redundant because the crude product was already pure.

Reactions of BOC with [L.M00O;] made apparent that MoO-BOC was unstable and could not
be characterised by NMR spectroscopy or other analytical means. Instead, the decomposition

pathway was identified.

During the reaction, decomposition of both, BOC and the complex, under formation of an
unidentified arylborane Z were observed, which was also formed when BOC was reacted with
LH (the free ligand of the Mo-complex). This led to the conclusion that BOC is substituted by
the phenolate and forms pentafluorophenol and the boranil Z (Scheme 33), which is

supported by 'H, 1B, 13C and *°F NMR spectroscopy.
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5 Experimental

5.1 General considerations

If not otherwise noted, reactions were carried out under N, atmosphere, using standard
Schlenk-techniques or a Nx-filled glovebox. The substrates were purchased from commercial
sources and used as received. All starting complexes were synthesised using modified
procedures from previously published literature (Me2Sn(CesFs)2,'%”  (CeFs)2BCl,0t
(CeFs)2BO(CsFs),*®  [Mo00O,Clo(DMF),],108 [L2Mo03] (L = 2,4-di-tert-butyl-6-((tert-
butylimino)methyl)phenolate),’”” [L.Mo00O(0,)]2'). Solvents were purified via a Pure-Solv MD-4-
EN solvent purification system from Innovative Technology, Inc. The 'H, 1B, 13C and *°F NMR
spectra were recorded on a Bruker Optics instrument at 300/96/75/282 MHz. Peaks are
denoted as singlet (s), doublet (d), doublet of doublets (dd), doublet of doublet of doublets
(ddd), triplet (t), triplet of triplets (tt) and multiplet (m), broad peaks are denoted (br) and all
peaks are referenced to the solvent residual signal. Shifts in 1B and °F NMR spectra are
referenced to external standards (BFs-Et,0 and CFCls, respectively). Used solvents and peak

assignment are mentioned at the specific data sets.
5.2 Starting materials

Synthesis of Me2Sn(CsFs)2 (SnCF)

Mg turnings (0.987 g, 40.6 mmol) were dried in a Schlenk flask under vacuum for 1 h. 30 mL
of dry diethylether were added and the suspension was cooled down to 0 °C. 0.2 mL of
dibromoethane were introduced with a syringe, then CsFsBr (5.14 mL, 40.61 mmol) was added
slowly under vigorous stirring. The reaction was highly exothermic; therefore, the cooling bath
was removed after no more reactivity was observed. The dark brown reaction mixture was
stirred for 18 h. Me;SnCl; (4.055 g, 18.5 mmol) was suspended in 30 mL dry diethylether and
the Grignard solution was added dropwise by cannula at room temperature. A beige
precipitate formed during the addition. After stirring for 16 h, the reaction was quenched with

3 drops of deionised water and the solvent was removed in vacuo. The product was extracted
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with 3x 20 mL dry pentane and filtered to another dry flask. The solvent was evaporated once
again leaving a brown viscous liquid. The product was purified by vacuum distillation (73 °C,
0.16 mbar) and yielded 7.593 g (85%) of liquid colourless Me,Sn(CsFs)2. *H NMR (300 MHz,
CsDe) 6 0.56 (t, J = 0.9 Hz, 6H). 1°F NMR (282 MHz, CsDs) 6 -122.11 (dd, 4F, ortho), -150.29 (tt,
2F, p), -159.47 (ddd, 4F, meta).”?

Synthesis of (CsFs)2BCl (BCI)

A solution of Me;Sn(CeFs)2(7.471 g, 15.5 mmol) in 50 ml heptane was cooled to -80°Cand a 1
M solution of BCls in heptane (15.5 mL, 15.5 mmol) was added via syringe. The colourless
solution was warmed to room temperature, stirred for 2.5 h, heated to 100 °C and stirred for
90 h. After an NMR check, addition of further BCl; and heating was necessary to achieve full
conversion. The brown, clear reaction was then cooled to room temperature and a white solid
precipitated (mainly Me2SnCl,). The solvent was evaporated in vacuo and the product was
extracted with 3x 10 mL dry pentane. After renewed evaporation of the solvent the brown
viscous liquid was purified by fractional sublimation. Residual Me,SnCl; was first sublimed and
discarded (35 °C, 88 pbar), then (CsFs)2BCl was isolated in 66% yield (2.123 g) as white crystals
(60°C, 26 pbar). ®F NMR (282 MHz, CsD¢) 6 -129.83 (dd, 4F, ortho), -144.70 (tt, 2F, para), -
161.18 (ddd, 4F, meta). 1B NMR (96 MHz, C¢Dg) 6 58.74 (br s).12

Synthesis of (CsFs)2-B-O(CsFs) (BOC)

CsFsOH (263 mg, 1.43 mmol) in 15 mL CH,Cl; was cannulated to a solution of (CsFs)2BCl (544
mg, 1.43 mmol) in 20 mL CH,Cl, at room temperature. After stirring for one minute, the
solvent was removed in vacuo to yield 544 mg (72%) (CsFs)-O-B(CsFs)2 in form of an off-white
solid, with traces of pentafluorophenol.2®F NMR (282 MHz, CsD¢) 6 -130.63 (dd, 4F, ortho CeFs),
-145.67 (tt, 2F, para CsFs), -160.46 (ddd, 4F, meta CsFs), -157.35 (dd, 2F, ortho O-CsFs) -160.22
(tt, 1F, para O-CeFs)), -161.92 (ddd, 2F, meta O-CsFs)) 2B NMR (96 MHz, CsDs) & 44.42 (br s).
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Synthesis of [L.M00;] (L= 2,4-di-tert-butyl-6-((phenylimino)methyl)phenolate)

[MoO,Cl2(DMF)2]** (2.65 g, 7.7 mmol) and 2 equivalents of (E)-2,4-di-tert-butyl-6-
((phenylimino)methyl)phenol (4.75 g, 15 mmol) were added in a Schlenk flask, dissolved in 60
mL dry MeCN to yield an orange suspension. Subsequently 2.4 equivalents EtsN (2.57 mL, 18
mmol) were added via syringe. The dark red reaction mixture was stirred for 3 hours,
whereupon a yellow solid precipitated, which was filtrated and dried in vacuo. It was then
redissolved in dry toluene (60 mL) and the solution filtered into another dry Schlenk flask. The
solvent of the red solution was evaporated and dried to yield an orange solid. Because an 'H
NMR spectrum still showed free ligand, 50 mL of dry pentane were added, and a yellow solid
precipitated overnight. The solvent was cannulated off and the microcrystalline yellow
product dried (5.12 g, 90%). NMR data is consistent with literature.”> *H NMR (300 MHz, CsDs,
O,N isomer) &: 7.68 (d, 1H, ArH), 7.66 (d, 1H, ArH), 7.56 (s, 1H, CH=N), 7.44-7.41 (m, 2H, ArH),
7.41 (s, 1H, CH=N), 7.20-7.16 (m, 1H, ArH), 7.09-7.00 (m, 1H, ArH), 6.90-6.75 (m, 7H, ArH),
6.44 (d, 1H, ArH), 1.70 (s, 9H, 'Bu), 1.49 (s, 9H, 'Bu), 1.26 (s, 9H, tBu), 1.23 (s, 9H, 'Bu); 'H NMR
(300 MHz, CsDs, N,N isomer) 6: 7.88 (s, 2H, CH=N), 7.58 (d, 2H, ArH), 7.09-7.00 (m, 4H, ArH),
6.90-6.75 (m, 8H, ArH), 1.37 (s, 18H, 'Bu), 1.24 (s, 18H, 'Bu).

Synthesis of [L.M0O(0O;)]

[L2M00O3] (200 mg, 0.27 mmol) was dissolved in 10 mL of dry toluene in a Schlenk flask and 5
equivalents PMes (137 pL, 1.24 mmol) were added, whereupon the solution turned dark
brown. The reaction was stirred for 2 h, then placed under a dry O, atmosphere (1.5 bar) and
stirred overnight. The colour had changed to orange-red. All volatiles were evaporated in
vacuo (206.8 mg crude vyield). The remaining solid was dissolved in pentane and filtered
through a 1 cm thick pad of AlOx and washed with CHCl,. The CH,Cl, was evaporated in vacuo
and the remaining phosphine oxide sublimated (80 °C, 60 ubar). [MoO(02)L,] was isolated as
an orange red solid (98 mg, 48%). NMR data are consistent with literature.® 'H NMR (300
MHz, CeDs, 25 °C,) 6 8.11 (s, 1H, CH=N), 8.10 (s, 1H, CH=N), 7.89-7.85 (m, 2H, ArH), 7.70 (d,
1H, ArH), 7.61-7.56 (m, 2H, ArH), 7.54 (d, 1H, ArH), 7.24-7.18 (m, 2H, ArH), 7.13-6.99 (m, 4H,
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ArH), 6.90 (d, 1H, ArH), 6.86 (d, 1H, ArH), 1.37 (s, 9H, tBu), 1.26 (s, 9H, 'Bu), 1.25 (s, 9H, tBu),
1.23 (s, 9H, 'Bu).

5.3 Experiments with [L,M00,] and BOC

In a Schlenk flask 1 equivalent of [LMo0O;] was suspended in 10 mL solvent (Table 3) and
cooled or heated to the respective temperature. Thereafter 1 equivalent of BOCwas added as
a solid (-196 °C) or dissolved in the same solvent (-50 °C, 25 °C, 70 °C), whereupon the colour
changed from bright yellow to dark brown, and brown precipitate started to form. The
precipitate was dried and an NMR sample in CsDs was acquired. The crystallisation attempts
involved layering a concentrated solution of the dried products in toluene with pentane and
letting it rest at -35 °C, recrystallisation from CeDe, toluene, pentane and heptane and letting

it rest in Young Tubes for several days.

Table 3: Solvents used depending on reaction temperatures

Temperature Solvent
-196 °C Liquid N»
-50°C Pentane
25°C Pentane

70 °C Heptane

5.4 Experiments with LH and BOC

(E)-2,4-di-tert-butyl-6-((phenylimino)methyl)phenol (58.6 mg, 0.19 mmol) and BOC (100 mg,
0.19 mmol) were placed in a Schlenk flask and the solids were dissolved in 1.5 mL CsDs at room
temperature under stirring. 60% Z was observed in °F NMR but could not be purified.
Nevertheless, it could be unambiguously characterised by NMR analysis: *H NMR (300 MHz,
CeDe) 6 7.76 (d, 1H), 7.60 (s, 1H), 6.88-6.56 (m, 5H), 6.54 (d, 1H), 1.38 (s, 9H), 1.03 (s, 9H) 1°F
NMR (282 MHz, CsDs) 6 -135.15 (dd, 4F, ortho), -155.55 (tt, 2F, para), -163.25 (ddd, 4F, meta)
11B NMR (96 MHz, CsDs) & 3.08 (s).
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7 Appendix

Table 4: *°F shifts of various pentafluorophenyl species in ppm.

Molecule Ortho Para Meta

(CeFs)2B-Cl -128,99 -144,72 -161,04
(CeFs)2BOCeFs -130,95 -157,73 -144,06 -159,23 -159,63 -161,41

(CeFs)2BOB(CsFs)2 -132,04 -145,93 -161,08

(CsFs)2BOH -133,03 -147,87 -161,06

(CeFs)2SnMez -122,13 -150,26 -159,56

FsPh-OH -163,61 -169,18 -164,64

B(CsFs)3 -129,38 -142,04 -160,29

(CeFs)2BH -134,8 -148,0 -160,7

L2Mo0O2B(CsFs)3 -130,72 -159,59 -165,42

Et3SiCeFs -126,63 -151,86 -161,38

B(CeFs)s - Et20 -132,72 -149,08 -160,96

w -134,51 -153,42 -162,09

Y -134,45 -155,11 -162,94

VA -135,15 -155,55 -163,25

A -137,46 -155,81 -162,34

bl -139,10 -154,08 -163,53

Synthesis of MoO,Cl>(DMF)2: Concentrated HCI (7.6 mL, 91 mmol) was added to a suspension

of NazMoQgs - 2 H20 (2.2 g, 9.1 mmol) in 5 mL H,0. After stirring for 20 minutes, the solution

was extracted 3 times with 20 mL Et;0, the combined organic phases dried over MgS0O4 and

filtered. Dimethylformamide (1.55 mL, 20 mmol) in 20 mL Et,O was added to the filtrate,

whereupon a white solid precipitated immediately. The solid was filtered of, washed with Et,0

and dried to yield an off-white solid (2.65 g, 84%).

'H NMR (300 MHz, CDCls) § 8.30 (s, 1H, CH=N), 3.13 (s, 3H, Me), 3.05 (s, 3H, Me).
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