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PROLOGUE

This doctoral thesis reports on the synthesis and characterization of novel phosphinine
coordination compounds and their reactivity toward small molecGleapter 1gives a
general overview of phosphinine chemistitiscussingheir rich coordination cheistry and
application in catalysisChapter2 reports on the selective halogenation of an anionic
phosphinine iron(0) complex, which led to the formation of rare halogenated
phosphacyclohexadienyl complexé&shapter3 shows the reactivity of a phosphara
norbornadiene with nitriles and alkynes. The results show phosphinine derivatives
incorporating a Lewis acidic site can possess frustrated Lewis pair (FLP) type reactivity. In
Chapter 4 the synthesis of pyridyphosphininebased phosphinobdes is discissed.
Chapter Sreports on the facile splitting of carbon dioxide by an anionic pyptgisphinine
iron(0) complex.Chapter 6addresses the synthesis on a homoleptic pypbgkphinine
nickel(0) complex which is capable of splitting carbdaalide bondsFinally, Chapter 7
summarizes all results of this thesis followed by a brief outlook on the future of phosphinine

chemistry.

PROLOG

Diese Dissertation beschreibt die Synthese und Charakterisierung von neuen
Phosphininverbindungen und defReaktivitat gegentber kleinen Molekil&apitel 1gibt

einen generellen Uberblick tber die Phosphininchemie wieder. Die Vielfaltigkeit von
Phosphininen spiegelt sich in ihrer reichhaltigen Koordinationschemie und ihren Einsatz in
der Katalyse widerKapitel 2 thematisiert die selektive Halogenierung eines anionischen
PhosphinirEisen(0)Komplexes unter Bildung von halogenierten
Phosphacyclohexadienylkomplexen. Kapitel 3 wird der Einsatz von Phosphininen in
frustrierten LewisPaaren (FLP) beschrieben.grebei zeigt ein Phosphaboranorbornadien
eine FLRartige Reaktivitat gegebiber Nitrilen und AlkinenKapitel 4wird die Synthese

von Pyridylphosphinirbasierten Phosphinoboranen diskuti&epitel 5berichtet von der
einfachen Spaltung von Kohlenstafigid durch einen anionischen Pyridylphosphinin
Eisen(0O)Komplex. Kapitel 6 beschreibt die Synthese eines homoleptischen
PyridylphosphiniaNi(0)-Komplexes, welcher in der Lage ist, Kohlenstdtlogen
Bindungen zu spalteKapitel 7fasst alle Ergebnisseéeser Arbeit zusammen und gibt einen
kurzen Ausblick in zuktnftige Forschungsgebiete der Phospfiinemie.
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Chapter L:ntroduction

Chapter 1
Introduction

Phosphininesi Versatile Ligands in Coordination Chemistry and
Homogenous Gtalysis

coordination]
chemistry




1.1 The discovery of phosphinines

For a large part of chemicadsearctnistory,i t was bel i eved that p 1p°
not occur for heavier main group eleméitSheid oubl e bond rul ed purpo
with a quantum number greatthan two, are not able to form multiple bonds with
themselves or with other elemefisThis was disproved in the last century by the isolation

of low coordinate / multiply bonded compounds containing phosphorus, silicon and their
heaviercongener$'® Unsaturated compounds containing phosphorus were of particular

interest due tbeinganalogusto carborl® These two elements have a diagonal relationship

in the periodic table of elementsvhich results in similarreactivity. The Pauling
electronegativity values (2.55 for C and 2.19 for P) as well as the van der Waals radii (1.70

for C and1.80A for P) are similarand,as aresujtst r ong coval ent CiP b
di ssociati on =606&r ¢ ladsdo 1R8110C7 C B Ckcanfbmfmrimed]

The synthesis of2,4,6triphenylphosphabenzenalso known as triphenylphosphinine

(TPP), in 1966by Markl demonstrated that phosphommntaining heterocycles possessing

PT @&ul tipl e b dhybrislizaton cafdctGallysepifl. TPPwas synthesized by

reaction ofa pyrylium saltwith a phosphorus(lll) sourgee.g. P(CHOH)s (Schemel).

M2 rkl 6s seminal work on the synthesis of pho
main group chemistry. It allowed easy access to loardinate phosphorus compounds

which hithertoonly existed in the form of unstable phosphaalkynes or phogphiaed®?
Phosphininesubsequentlproved to have promisingpplicationsn coordination chemistry

and catalysis and were intensively investigated by the groups of Ndamkioth, Ashe I,
ElschenbroichMathey, Le FlochZenneckand Miller.

N N
| @, (CH,OH)s |
0

O, 0 » 7T

BF,

Schemel.Firstsynt hesi s of TPP by OM2OKITHBEF pyridine, 1

1.2 Synthetic routestoward phosphinines

Numerous synthetic routes to phosphinines have been developed over the past five decades.
The following describes the most common synthetic procedures for thesesiRered
heterocycles. As mentioned above, Markl udeslpyrylium salt 2,4,&riphenylpyrylium
tetrafluoroboratefor the original synthesis of TPP (Scheme®1Pyrylium salts are a
common precursor for the synthesis of phosphinines because of thmteaguction of

various functionalgroups and substituents in specific positiohthe heterocycleScheme

2)_[11]
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Scheme2. Different synthetic routes to pyrylium salts.

Synthesizingpyrylium saltsvia the condensation of aldehydes and ketonédeial as the
starting materials are generatlgmmercially available cgasilyaccessiblesynthetically(a,
Scheme?2).’2 Pyrylium salts can also be synthesized through two other routes: the
cyclization of aromatic 1;8liketones with BEHBF4 (b, Scheme?) or reacting a chalcone
with acetophenone derivatives in the presence of HBFScheme2)*3. The inal step of

the phosphinine synthesis is the/® exchange reaction of the pyrylium salt with a
phosphorus (Ill) compound such asa® more nucleophilic agents such as P{OH)s!*4

or P(SiMe)3!*®. With this route, high purity phosphinines can be isolatmvever, yields

of theisolated produdttypically are bw to moderatei(e. in the range af01 50%).

"Pn”
AT

Scheme3. Synthesis of phosphininega pyrylium salt route.

Another common route for the synthesis of phosphininesemstedy Ashe Ill, who was
able to obtain the unsubstituted parent phosphiningi$£@a tin exchange reaction fromn
stannacyclohexadiene (aScheme4).'®l An alternative preparation of REs is the
thermolysis of tris(allyl)phosphine at 760G (b, Schemet).[*"]
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Schemed. Synthesis of parent phosphinivia a) stannacyclodiene and by b) thermolysis.

A versatile precursor for the synthesis of substituted phosphinines are phosphaalkynes.
Thesdow-coordinate phosphorus compounds can act as dienophiles in [4+2] cycloadditions
with different dienophilic system&¢hemeb). All of these reactions involve a cycloaddition

as the first step followed by subsequent elimination of an organic fragment. For example,
tert-butylphosphaalkyne can breatedwith activated stannols (8chemes)!*®l or heated in

the presence of 1,8yclohexadienes (l5chemes)*¥ to form phosphinines in good yields

via the elimination of dimethyl tin and ethene respectivgheme5). Regitz and co
workers described the synthesis of phosphinines [4+2] cycloaddition of tert-
butylphosphaalkyne and pyronesgchemés)?? or cyclopentadiones (§&chemes)?d with

release of C@andCO respectively

a)
BR,

|[4+2] cyclo additions| t-Bu

R,B, R

2/ \; _ [ShMe,]
st
Ph Ph
X _co S
w I )- e jff[ )

~
t-Bu - CoHy Ph t-Bu
Ph Ph
AN
» ~co, o
Me;Si0” ~0~ S0

0\
»

Me;SiO t-Bu

c)
Schemeb. Synthesis of phosphininesa tert-butyl phosphaalkyne.

Another prevalent tool for the synthesis of phosphininethesonestep ring expansion

reactions of phospholé&g! The original reactionfirst conducted byathey; involved the

hydrolysis of a mixture of phosphole, aromatic acid chloride and triethylarBicieefne
4



6).2%l The ring expansion is highly dependent on the substituétite phosphole and acid
chloride. Too bulky substituents (R and Ar)alkyl substituents on the acid chlorjtevent
phosphinine formatian

|ring expansion|

Me Me M Me
e
2/ \i NEts B
+ ArC(O)Cl ——2— nr
/\ OH
. R Yo

Schemeb. Synthesis of phosphinines from phospholes.

A lessfrequentlyemployed method for the formation of phosphinines are metaliated
syntheses. Titanacycle transfer reactions are very useful for the synthesis of pnictogen
containing heterocycle§! CpTiMe: can be used for the formation of,3,2
dizazaphosphininega N7 Ti , NT P b o n 8cheme7}).?d it tae also act &5 a
mediator for the formation of 2,3d&ubstituted phosphinines, which involves a thermal

rearrangement, an intramolecular [4+2] cycloaddition and afly&jogen shift (bScheme
7).

|metal-mediated |

_ H
RC RC=CR
"SR AT & Me _ AT ROAR
a) | - - > b)
~p? Clg K Me RCZC-PCl, R~ “p?>H

Schemey. Titaniummediated syntheses phosphinines.

It was later foundthat nitrogen containing P heterocyslalsoproved to be effective
precursos for the synthesis of 2,3,5f@trasubstituted phosphinines. Ttwo-stepreaction
starts with [4+2] cycloaddition of an alkyneedévatedemperatures (7€C) which affords

a 1,2-azaphosphiningith therelease of nitrile. Addition of a second equivalent of alkyne
leads to the formation of the desired tdtractionalizedphasphininel?42l

R R 5— e R R2
YO R=—FR W/I R==FR "y

~p* -RCN ~ RCN R3 PP R

Scheme8. Synthesis of 2,3,5;6rtafunctional posphininesvia reaction of 1,3,aliazaphosphinines with
alkynes.

Chromium?7 iron-28 and hafniurf¥-mediated syntheses haatsobeen established for
the synthesis of phosphinindmit the pyrylium alt route isstill the most employed due to

being the easiest, most efficient and cheapest method to obtain substituted phosphinines.
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1.3 Electronic and structural properties of phosphinines

Due to their unique electronic and structymadperties, phosphinines have been intensively

employed as ligands in coordination chemistry and homogeneous catalysis. General features

of these heterocycles are their planar structure and arom&ficifpe molecular structure

generally featuree q u a | Ci C bond), whegnayet dose to( tHe.vau@sSin

benzene, and shoRT C bonds ( me a®@). Thée ardmaticity ef:the pareft4 9
phosphine was estimated to amount to 97% of ber2®ndoreover, the electronic

properties of phosphinines diffeigaificantly from their lighter homologuegpyridines as

demonstrated by photoelectron and electron transmission spectroscopy and theoretical
calculationg®?3% An analysis of the frontier molecular orbitatsphosphinineseveals that

the | one pair of el ect r donespairoéeectrons sccupies at he H(
more diffuse, partially delocalized and less directional orbital compared to pyridiredy whi

makes phosphini ne -donoc &lecpaphilia dtthck onvire & katem in G
phosphinines hardly occaidue to the fact that the electron density on the P atom has strong
3s-orbital character (about 63%) which leads to low basiciks (€sHeP) =7 16 . 1 N1 i n
aqueous solution£¥Due to their symmetry the HOMOT 1 an
donor interactions with metatakbitals of suitable symmetry in transition metal complexes.

More importantly, the lowying LUMO orbital provides phosphinn e s w i -acbeptorr e a t
abilities Figure 1).!Y This property is essential for thflermation of transition metal

complexes

Eﬂ —

-

HOMO™2 ="
\\
X X
[ [

Figure 1. Qualitative MOdiagram; comparison of the frontier orbitals of phosphinine (left) and pyridine
(right).



A classial tool for the quantification of the electron donor properties of a ligand is the
Tol man el ect r®8The imangparaneter tllews the comparison of different

phosphorus |l igands with each other. The par
of phosphorous donor ligand (L) nickel carbonyl complexes LNigC@)hereby
(tBusP)Ni(CO)s serves as refr enc e . Hi gh 6 v adcepwrsproperiies, c at e

whi ch ar i s eback domaton lfront thel neetal ‘center to the CO ligand. The
comparison of phosphinines with otheliggands shows that théyave higher values for the
CO stretching frequecies in the corresponding Ni complexeand thusares t r onger
acceptorgFigure 2)(*% 3%

Ph
joll»
tBU3 | Me3 Ph3 Ph “Z Ph | =
|
L

—T— 2050
—T— 2070
—T— 2080

I >

N v(CO) / [ecm™"]

2069 [-——~

N
o)
S
AN

2066

S
N

Figure 2. Tolman electronic parametes$ P containing ligands determined By CO stréching frequencies
(in [cm'Y) of LNi(CO)s (L = PtBus, PMe;, PPh, TPP, PGH).

Along with electronic properties the choice of substituent is important in terms of the steric
demand of the phosphinine. In order to describe the steric situation of a ligand, the Tolman
steric parametedf (= cone angle) can be utiliz&d! The valued gives a general idea about

the sterichinderance around the-dentre in phosphine ligandsiowever, in terms of
phosphinine ligands, which aptanemolecules, the occupancy aegU and b along the

orthogonal planesandy in the heterocycle are more suitable for the description of the steric
situation (Figure 3)¥ The valuesof the occupancy angles of TPP, measured from the
geometry of its ca2l6A | artdldbhesdericidentandrifey ar e |
plane is lower than ithex plane, thus phosphinines are better describedlagtened cone

rather thera perfectly cylindrical one, which is the case for phosptiifies

Figure 3. Occupancy angleédandb in phosphinines.
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1.4 Phosphinines as ligands for transition metal complexes

As mentionedthe electronic properties phosphinines (see section 1m3ake them highly
attractive ligands in coordination chemistapnd are able t@dopt a range of different
coordination modesHigure4). Phosphinines possess a lone pair of electrons, located at the
P atom, allowing them timrm d*-complexewia G-coordination (aFigure4). Due to a low

Il yi ng L U-RtCeptorability of phosphines is very high, which enables the formation
of-compl ex e sbcanpleds (b, &igured) . The combdionmatri-a@amdof
acceptor properties offer several coordination sites on the ligand allthéfigrmationof
dinuclearphosplinine complexes (c and &jgure4). Adding a substituent to the P atom
formsa®-phosphinines, also referred@sosphacyclohexadienyl anigrasd theycoordinate

mo s t | y-maddeto tle metal center fgured). There is also the a r*-mod€ (fFigure

4), which is presented by just a few examples.

| : :
M M

M
X M
LJ o o oK, o 8
M

n' n® pn®m’ pntm? n® n*
c-mode n-mode o/n-mode c-mode o/n-mode n-mode
a) b) c) d) e) f)

Figure 4. Rangeof coordination modes gghosphinine transition metal complexes.

Il n gener al -acceptimg capadity ad phgsphinines enables the stabilization of
electronrich transition metal complexes. Late transition metals in low oxidations states
u n d e f-gpardindtion with phosphinines. This was observed for a range of homoleptic
complexesby Elschenbroich who used the parent phosphinine as a ligagdré 5).
Tetrahedral Ni(0¥9 (1), octahedral group §Cr(0), Mo(0), W(0)*¥ (2) and trigonal
bipyramidal Fe(d}2 (3) complexes were prepared and structurally charaeshowng
G-coordination of the parent phosphinine to the metal center exclusively.

N N
|\ |/ |/
/ 7 N\ 7 N\ 7N
| » — o, l\|/l ““““ = _> —Fle “““ .
\ 7 N
A —5 | NS
N y y
1 \ N\
M =Cr, Mo, W 3

Figure 5. Examples fori-coordinated transition metal phosphinine complexag-imode.



Another common motif igoordinationt h r o u g-bBysteamhot the "phosphininghich

resul ts i n t-phespHinmecompléxeés Bigure®).fBulky substituents on the
phosphinine ligand incompoudp r e ve nt t h ecofpexemsashdwoinFigure
5, above, for the parent pephinind® 1 n addi ti on, group 8-metal s

compl exes with Sphosphipirredomplextevas.syntiidsized loy reacting
[Fe(cod)] (cod=1,5cyclooctadiene) with free phosphinine at low temperatife
Compounds can also be utilized in catalytic reactions which will be discussed in section

1.6. Compoundb is an example of a cationic ruthenium phosphinine complekeim|’-
coordination modelti s f or med by the react i*@hi)0]f free
(Cp* = 1,2,3,4,5pentamethylcyclopenatdiene) in the presence of AdBFAgain, bulky

trist ri met hyl si | yl| -soordisation fromé¢ha phesphninee vent s 0

t-Bu=— 1 2 SiMeg=Z 1
A LV Vg
vBu M u Fe\ SiMe; Ru SiMe4
Zin A F N
AT S
t-Bu 5 6
M = Ti, Cr
4

Figure 6. Examples for -coordinated transition metal phosphinine complexef-imode.

Dinuclear or even trinuclear phosphinine compleaes rather scard® 3 So far, such
species have not beeutilized in catalytic applicationsIn contrast, d®>-phosphinine
complexeshave found several catalytic applicatidis.T h e5-codrdination mode in
phosphinine complexes can be achiebgdreactinga a*-phosphining also known asa
phosphacyclohexadienyl aniamith transition metal precurso(Bigure7). The firststep of
this methodis to react a free phosphinine ligand with a nucleophile, e.g. organolithium
agents. The addition of the nucleophile occurs at the P atom due to thengw.UMO
which is mainly localized at the P atdtd.T h e r e §-phbsphininegcansfurther react
with metal precursors such as [Rh(cod)€llo  f Secommplexgs7 (Figure7).58

Ph \\R

R ILi* (. P—iBu
ﬁ [Rh] Ph R:h\ R
Ph o R LiCl A7
R = Ph, TMS
7

Figure 7. Example for -coordinated transition metal phosphinine compleg®imode [Rh] = Rh(cod)CI}.
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There are only a “malwinteliteratpre, éosexample thehdiauclear
phosphinine iron(0) compleX (Figure8).[>® The phosphinine liganih 8 is d* coordinated

to anFe(CO} fr a g me n t cooadimatedvid the Rlone pairof electrons tcan Fe(CO)
moiety.>® The anionic iron(0) comple? possesssa n “-codordinated TPP ligandndis
generatedby the ligand exchangeof TPP with naphthalene (GHs) in [K([18]crown-
6)][Cp*Fe(d*CioHs)] (Figures).[>2

e

F,.e
Ife CO), Ph L )Q
==Ph Fe(CO)g | X K([18]crown-6)]* I'_'l Ph
-l —> | —
o Ph” > FZ “Ph Ph’é /
(OC),4 Fe Fe(CO)q

Ph
[K([18]crown-6)(thf),]*

9

Figure 8. Examples for -coordinated transition metal phosphinine complexe} mode and their syntheses.

Due to the multitude of coordination modasgailable phosphinines are highly versatile
ligands. The examples given in this sectilustratethe flexibility of phosphinines resulting
from their characteristi@lectronic and steric properties. The subsequent phosphinine metal
complexes are not only interesting from a coordination chemistry perspéxctivaso find

use in many catalytic transformatioi$elected examples for such catalytic applications are
discussed in section 1.6, below.

1.5 Synthesis and coordination of donoifunctionalized phosphinines

2,2NBipyridines (a,Figure 9) have been extensively used as ligamds$ransition metal
complexes for different chemical applications due to their versatile spectroscopic,
photochemical and electrochemical properfiddence there was interest isynthesizing

the heavier analogue of lyipdines 2,2Npiphosphinines (I&igure9). Donorfunctionalized
phosphinines provide enhanced stability metal centerghrough donation fromtheir
substituents, which has an influence on the coordination chemistry and catalysis.

/_\ » /_\ )
2,2'-bipyridine 2,2'-biphosphinine
a) b)
Figure 9. Generic examples for group 15 chelate ligands.
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Although the symmetry of the MOs of bipyridines and biphosphinines is very similar, the
properties of biphosphinines differ from bipyridines. The LUMO in bipyridines is located at
the carbocyclibackbonewhereas the LUMO of biphosphinines is localizethatP atom

and is lower in energ§®>® The first biphosphinine waisolatedby Le Floch in 19919

The multistep synthesis of 3)§,4Njetramethyl2, 2Npiphosphininel0 is formed from
2-halophosphininé®! and involves cycloaddition, dehalogenation combined with
homocoupling and reduction reactioscheme).

\%1 > < 7 PhLi, NiCl, S
_— _
N X J X < +
N N

X=Cl, Br

L (CH,CH,CN)3

/_\ \_/ . =
10 X

Scheme9. Synthesis of the first 2Npiphosphinine.

Biphosphininel0 can be isolated in only moderate ye(da. 22%), which has limited the
study of its reactivity However,a range of different transition metal complexegh 10,
including neutral and anionic complexes, were synthesiZegnlie 10). Le Floch and co
workers reactedO with [Cr(CO)(thf)] (thf =tetrahydrofuran) to form chelate complex
1159 Anionic tetragonal biphosphinine complexes bearing highly reduced metal centers
(12) were achieved by reducintd with an excess of sodium metal and by subsequent
reaction with [M(acag] (M = Co, Rh; acae acetylacetonatdj? The same procedure was
applied for goup 4 dianionic octahedral biphosphinine complex&s). ( Neutral
biphosphinine complexe$4 could be obtained by reacting group 6 metal salts \MCI
(M =Cr, Mo, W) with 10 in the presence of an excess of magneditinnterestingly,
complexesl4 showed an unusual trigonal prismatic geometry, rather than octahedral.

/\
—
_ >/ X
7\ ~yi
__ \ / /I\ e
/ ~ I
(CO)s /l ¥
11 N
M = Cr, Mo, W

13 14
Figure 10. Transition metal biphosphinine complexes.
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Apart from bipyridines and biphosphinines, it is also possible to isolate mixed P,N
heterodonor compounds in the form gb@idylphosphininesRigurell). The first pyridyt
substituted phosphinirieN1 P HOS synthesizesby Mathey and cavorkers® The
multi-step synthesis starts from a phosphole aadeylchloridepyridine Schemel0). A
ring-expansion reaction is followed by condensation and reduatittnmetallic nickel at

high temperatui which affords NIPHOS.

Ph

= 7 N_(

Ph

c) d)
NIPHOS [P,N]

Figure 11. 2-Pyridyl-functionalized phosphinines.

M o—< >—PS
X S NEt, N ) © 2]2
+ | _ —— | ~

coyer H°
Ph ©) P Yo OH

Ni metal l240 °C

/_\ \_/

NIPHOS

Schemel0. Synthesis of NIPHOS.

NIPHOS possesses a phosphinine moiety which is sensitive towardabdsegleophiles

and a pyridyl group which does not tolerate acidic mediums. However, combination of these
two opposing properties does not interfere with foligvchemistry. A rangefaifferent
neutral and cationic transition metal complexes bearing NIPHOS as a ligand were
synthesizedRigurel?2). After Mathey anadto-workers reported on the synthesis of NIPHOS,
they reacted it with group 6 metal precursors [M(§&})] (M = Cr, W) in order to generate
complexes 15.% Dinuclear platinum complexes of the general form{iClal2]

(L =PPh, PMePh, PMePh, PMe, PnBu);) were reacted with NIPHOS to afford
mononuclear chelate complexd$a.l® Complexes16a are very sensitive toward
nucleophilicreagents such as water, causing hydrolysis of the P=C bond in the phosphinine
moiety forming complexed6b. Another example of NIPHO8ontaining compourslare

the dimeric group 9 complexek?7.®”! Transition metal precursors §€lx(cod)] and
[RhoCl2(nbd}] (cod=1,5cyclooctadiengnbd= 2,5-norbornadienewere reacted with two
equivalents NIPHOS in order to generate dinuclear chelate compl@xedich were
isolated as Shfsalts in good yields (up to 74%).

12



/N co [ | 2(sbF)

\ I WwCO /\Pt 7\ \
NS/ Co N ) L\ / \ /
CO 16a L———M—M\/lj
M=Cr, W / L
15 H,0 7\ L)
Cl
L= PPhz PMePh, \Pt‘\\\\ M = Rh, Ir
PMe,Ph, PMes, - ~
P(n-Bu)s = "”"“OH\'- [ = cod, nbd
H 16b 17

Figure 12 Transition metal complexesf NIPHOS cod= 1,5cyclooctadiengnbd= 2,5-norbornadiene

Due to the sophisticated ligand synthesis and lability of NIPid@®aining complexes, the
chemistry of pyridylphosphinines is underdeveloped. The group of Miuller gave this
heterodonor ligand a renaissance by the facile synthesthegbyridyl-functionalzed
phosphinine2-(2igyridyl)-4,6-diphenylphosphinindP,N] (d, Figure 11) Muller and ce
workers employed the pyrylium salt route for the synthesi§Pdf] (Scheme 11¥8
2-Acetylpyridine undergoes a condensation reaction trétihs-chalcone tdorm a diketone
which subsequently is reacted with another equivalent chalcone antb Bffford the
pyridyl-substituted pyrylium salt. After reacting the pyrylium salt with P(SI¥e2-(2N;j
pyridyl)-4,6-diphenylphosphiningP,N] can be isolated in moderateelds (up to 30%).
Although the pyrylium salt route delivefB,N] in moderate vyield, it is a facile approach
compared to the muistep synthesis of NIPHOS.

=z
0 0 o
. _ NaOH
R
o sas shaR ES
Z +
(o}
O C

BF3, excess

Ph

OaY (SiMes)s

Ph [P,N]

Schemell. Synthesis of ZyridylphosphinindgP,N] via pyrylium salt route.
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On account of this new synthetic route for pyridylphosphinines, a number of transition metal
complexes have been isolatdtdgure 13). The generasynthesis of such complexissthe
reaction of[P,N] with group 6 carbonyl complex&8! The transition metal precursors
[Cr(CO)], [Mo(nbd)(CO)] and [W(CO}] were reacted with one equivalent [6f,N] to

afford mononuclear complexel8 in which [P,N] acts as a bidentate chelating ligand.
Cationic complegs 19a were synthesized by the reaction f?,N] with [Cp*M(Cl2)2]

(M =Rh, Ir) andthey react with HO regic and diastereselectively at the external P=C
double bond19).I"% Finally, neutral group 10 complex26a, were generated from ligand
exchange reaction {P,N] and [M(cod)C}] (M = Pd, Pt)"Y Reaction oR0awith methanol
affordedthe synaddition to the P=C doublsondquantitavely(20b).

Ph e Ph
OO OO0
o\ / \M/

,M\ Ph .

M =Rh, Ir M = Pd, Pt
19a 20a
leo lMeOH

Ph Ph

Figure 13. Transition metal complexes [#,N].

1.6 Phosphinines in homogeneous catalysis

Organometdic catalysis is an important field in modern chemistry because it aftmtise
selective formation of chemical products under mild conditions. Phospbonisining
ligands have found various applications in homogenous catdf/sihe field ismostly
dominated byhosphines and phosphite ligands, however, phosphinines have garnered more
attention in the past three decaf8sAs mentionedabove phosphinines arelectran

wi t hdr a wacceming tigands, thus they are able to stabilize metals in low oxidation
states and electremch transition metal complexes which can be utilized as catalysts.
Zenneck and cavorkers reported the first example on phosphimresliatechomogeneous
catalysis in 1996. The [2+2+2] cyclotrimerization reaction of elegumor alkynes with
butyronitril e wWphesphinae Fe)ygameldaffordingfuhceonatized
pyridines and benzenes in high conversions (up to 9hrid¢r mild conditions§cheme
12).[44 Interestingly, comple showed higher catalytic activities in the cyclotrimerization
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reaction compared t o 5%CiHg(cod)]6'] howenee5 carmpati v al e
compete with classical [CpCo(L{Cp = cyclopentadiene; E cod, (CO})) catalystg’+™

———— R?
cyclotrimerization )
A xR
| + | R
— RZNZOR! R NZ R —
nR—= 0.5 - 1.6 mol% [Fe] £, SiMe;
+ N
Hg, 20 °C, 48-96 h R? A
m R2= C7Hg, 20 °C, 48-96 R2 A7
1 - X
R =n-CSH7 R2 R2 R2 R2 5
R? = CH,OCH; —

up to 95% conversion

Schemel2. First catalytic application of a phosphinine complex by Zenneck.

Phosphininehodium complexefiavealso bund usein catalytic reactions. Breit and co
workers reported on a novel class of phosphibiaged Rh complexes which are able to
catalyzethe hydroformylation reaction of alkenéScheme 13)Catalyst21 was generated
in-situ by treating[Rh(CO)2(acac) (acac= acetylacetonajewith phosphinine ligand
(Schemel3) under a high pressures of Bihd CO’® The composition of the phosphinine
ligand is essential for the reactivity 81: -silibstituted phosphinines (substitution at P)
inhibit the catalytic reactivity, while 2,4.8ubstitued ligands possess high activihd a
regioselectivityfor theformation ofthebranched product in hydroformylation of styréffe.
The high catalytic activity of t h-accgptmn@ sphi n
ability, which enables the easy dissociation of CO from the metal centindda a vacant
site for substratel$¥

hydroformylation [Rh] = [Rh(CO),(acac)] + L
Ph
_ X
0.34 mol% [Rh oHo - | =
R 34 mol% [Rh] )\ + R/\/CHO Ar Ar
H,/CO R
25 °C, 20 bar branched linear active species:
. Ar H
20 : 1 ~ | WCO
Ph=——_P—Rh,
| ~co
Ar CO
21
Ar = 2,4-dimethylphenyl

Schemel3. Hydroformylation of styrene catalyzed by a phosphinine Rh conffileacac= acetylacetonate

Another prevalent transformation for rhoditbased catalysts is the hydroboration of
ketones’® Mansell and cavorkers showed that phosphinine comphxis a very potent
catalyst in the hydroboration of acetophenone derivatives wittclvalborane(HBcat)
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(Schemel4). With only 1mol% catalyst loading the ketone is reduced under mild conditions
and yields up to 99% are afforded.

_ | N T1[B(ArF),]
o) AN Z
)OL 1 mol% [Rh] )\Bcat MesSi Ph,
R™ R . ROR \/
HBcat, 50°C Rh
>99% Ly 2

Scheme14. Hydroboration of ketones mediated by Rh comp®2x cat= catechol; BAF, = .tetrakis(3,5
bis(trifluoromethyl)phenyl)borate.

Ruthenium also formsatalytically activephosphinine complexesyith Mansell and ceo
workers reporhg on the phosphinineatalyze transfer hydrogenation of keton&heme

15).I7l The combination of donefunctionalized, small bitangle 2phosphinghosphinine

with [RuChk(dmsa)] (dmso= dimethoxysulfoxide) leads to the formation of the homoleptic
Ru(ll) chelate comple®3 in the cis-conformation. Compoung3 acts as an excellent pre
catalyst for the transfer hydrogenation of acetophenone derivatives with isopropanol at
ambientemperatured\ith a catalyst loading @f.1 mol%, acetophenones could be reduced

in high yieldsof up to 94%. The reduction stibstates with electron withdrawing groups
gavegood conversions at room temperatusile reduction of substrates with electron
donating groups requidehigher temperatures (up to 32).

|transfer hydrogenation| /(/ﬁ/
Me;Si =

"PPh
o) 0.1 mol% [Ru] OH Cl., | & 2
J PrOH, KOBu . N "Ry, SiMe
R™R ’ R™OR o ‘ N 3
>94% 7N
Ph, _

23

Schemel5. Catalytic transfer hydrogenation of ketones with phosphinine Ru cor@plex

In summary, this section highlights the versatility of phosphinines in catalytically active
transition metal coordination compounds, which sarve as potent catalysts for range of
different reactions.
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1.7 Conclusion

The pioneering work of Gottfried Markl initiated the development of a whole new area in
phosphorus chemistry with the synthesi2gf,6triphenylphosphinine. These levalent
phosphorus heterocycles act as versatile ligands in coordination chemistry and catalysis due
to their special electronic and steric properties. Over the last five decades a range of synthetic
routes to substitetd phosphinine ligands have been reported with the pyrylium salt route
being the most accessible. The-siembered P heterocycles have been utilized as ligands
for transition metal complexes. These compounds can possess variable coordination modes
dependig on the substituents on the phosphinine ligand. The most common mode is the
U-coordination to the metal centéiat he phosphor us ItCoandmatignai r el
occurs mos%mow et, h rbtuat g decodpdimatiah compounds are accessible.

The implementation of a donor substituent leads to chelating phosphinines. Biphosphinines
and pyridylphosphinines proved as effective chelating ligands for transition metals.
Phosphinine complexes were successfully utilized as potent catalysts in eactbnas
hydroformylation, hydroboration and transfer hydrogenation. Although the chemistry of
phosphinines has been intensively investigated over the past decades, they still emerge in
modern literature. Several new aspects e.g. the ability of phosgitarsplit CQ or the
application as a Lewis base in FLPs are describ&hapters 26 of this thesis.
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Chapter 2

Halide-Substituted Phosphacyclohexadienyl Iron Complexes:

Covalent Structuresvs.lon Pairs

Abstract: The coordination chemistry of phosphinines (phosphabenzenes) has been intensively
investigated over the last decades, but metal complexes of halophosphinines and related halide
substituted phosphacyclohexadienyls have remained scarce. Here, we descsipattibsis of a

series of complexes [Cp*Fe@PGPhH,)] (2-F, Cp* = GMes), [Cp*Fe(L:CI-PGPhH,)] (2-ClI),
[Cp*Fe(PGPhH2)]Br (2-Br) and [Cp*Fe(PEPhH)]l (2-1), which were obtained by reacting the
previously reported 2,4;8iphenylphosphinine iron complex [K([18]crown6)(thf),]
[Cp*Fe(PGPhH2)] (1) with electrophilic halogenating agents. To the best of our knowl&dge,
and2-Cl are the firspp-c oor di*thatlt egghasphacycl ohexadienyl C 0 My
bonds (X = halogen). In theolid state2-Br and2-1 show ionic structures with [Cp*Fe(BRhH2)]*

cations and separated Xnions. Anion exchange of in 2-1 for [BArf]" (Arf = 3,5(CFs)2CsHa)

affords [Cp*Fe(P@PhsH2)][BAr F4] (2-[BAr F4]), which also displays an ionic structure.€Ek new
complexes were further characterized by set@te and solutiodP NMR spectroscopy, UVis
spectroscopy, elemental analyses, electrical conductivity measurements in solution, and DFT
calculations. The resulting data indicate tHaF retains itsc ov al ent PT F bond
fluorobenzene, and acetonitrile solution, while the remai2ing complexes containing heavier
halogen atoms (X = Cl, Br, and I) apparently form ion pairs in such solvents.

\ —
v ¢
\:'\. ‘,ﬁ‘\

L_COVALEVT

Repoducedwith permission from CM. Hoidn, J. Leitl, C. G. P. Ziegler, I. Shenderdvi&. Wolf,
Eur. J Inorg. Chem2019 15671 1574.

C. M. Hoidn performed initial experimenénd characterized compoungsCl, 2-Br and2-[BAr F4]

by single crystal Xay analyss. J. Leitl fully characterize@-F, 2-Cl, 2-Br and2-[BAr 7] by NMR

and UMVis spectroscopy, elemental analysis, cyclic voltammetry, mass spectrometry and
conductance measurements. C. G. P. Ziegler performed all DFT calculations. I. Shenderovich
performedP CRPRMAS NMR spectroscopic measuremen®s. M. Hoidn and JLeitl wrote the
manuscript with contribution from all authoR. Wolf supervise@nd directedhe project
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2.1 Introduction

Phosphinines are simembered aromatic phosphorus heterocycles with distinct properties
compared to both related arenes (e.g. pyes) and other trivalent phosphorus spéeéiés.

The presence of a phosphorus atom in the arompatystem enables versatile coordination

behavior, which can be attributed to their special electronic stru¢t@eth the lone pair

on phosphorus and

the conjugateg-system may interact with metbhsed orbitals, resulting in ambidentate

ligand properties evident in numerous transition metal compleXds. such complexes,
phosph ni nes can adopt various, ZTd'or, di afad i dn me
coordination to single metal atoms and bridging coordination between two metalitoms.

261 This highly versatile coordination behavior forms the basis for successful applications in
homogeneous catalysfé.®* Derivatization reactions of free phosphinines are also
well-established:*  In particular, reactions  th nucleophiles  afford
#phosphacycl ohexadi eni de a“%phosphisine anioosfithon | y r e
whi ch can b e Spghosphiniaes byeedctidn with @leceophifés’] Reactions

of neutr al phosphini nes:3phesphtninium echtier8® r op hi | e
Halophosphinines are of interest because they enable a broad spectrum of further
modifications®®4% 1,1-Dihalo-e®-phosphinines (typé, Figurel) can be prepared by the

oxidation of phosphinines with elemental halogens for X = CPF%B¥! The synthesis of
fluoro-substituted phosphinines was achieved by halide, alkoxide or amide substituent

met at hesi s>pms$phinmesrandalidibrome2,4,6triphenylphosphinine with

SbR:.B% While metal complexes of halogenated phosphinines are scarce, Liickoff and
Dimroth synthesizeg-coordinated 1difluoro-a*-phosphinine chromiuntomplexesB

(Figurel) by exchanging three acetonitrile ligands in [CrgCN)3(CO)] with
a®-difluorophosphininé**l Pincer complexe€ published by Le Floch and amorkers

weret he f-daosrtdi dhalopbodphaeyclohexadienyl comple¥és® To our

knowledge p-complexes of such ligands are unknown.

Ph Ph
co =
oc co
N/ o\ I\/'[ o

X X
/
S € ph P xR
RX R o F S—m—S
Rn = F &
Ph
A B c
X=F, Cl, Br R = tBu, Ph M = Ni, Pd, Pt:
X=Cl, Br

Figure 1. Known halophosphinines and halophosphinine metal compf&k&s.
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2.2 Results and Discussion

We recently reported the synthesis of the 2{dghenylphosphinine ferrate anioh
(Schemel) ! various Rsubstituted phospttyclohexadienyl complexes can be obtained by
reactingl with electrophiles®'® Similarly, reaction ofl with elemental iodine &rded
[Cp*Fe(PGPhsH2)]I (2-1), which shows an essentially ionic structure in the solid state with
a P11 di st akh®laspiedby Bis @dn&iaglrdsult, we have now synthesized
a series of new-halophosphacyclohexadienyl complexes [Cp{Ed-PGPhH2)] (2-F),
[Cp*Fe(1-CI-PGPhH2)] (2-Cl), [Cp*Fe(PGPhH2)]Br (2-Br), and the reference
compound [Cp*Fe(P&PhsH2)][BAr 7] (2-[BAr F4], ArF = 3,5(CFs)2CsHs). Single crystal X

ray diffraction studies revealed pronounced structure differences in thestdéd While

coval ent PIT X bonds ar 2Fand2ek errseparated sttudtuees st r u «

were found fo2-Br, 2-1, and2-[BAr F4]. To investigate this dichotomy and to gain insight
into the behavior of these molecules in solution, we have gathered spectroscopic,
electrochemical, electrical conductivity and quen chemical data. By analyzing these
results, we arrive at a comprehensive view of the structural behavior of the con#lexes

in the solid state and in solution.

ﬁ( 7@7 ) \}Q ./_|+
! wie+n ' " +n ' B -
F:e_<Ph o "¢ Ph %» F:e_<Ph '
[ _"'_l_ /: N
Ph‘@( N Phi ? Ph‘a—‘
Ph Ph
2-F 1 Ph 2-Br
(41%) [K([18]crown-6)(thf)]* (22%)

B N

4] '
F
:e_<Ph F:e_<Ph Ffi(Ph
1 72 - 2R
Ph_@( N Ph‘C—‘ (e) Ph‘%
Ph Ph Ph
2-Cl 2-[BArF,] 24
(70%) (90%) Wolf 2015

Scheme 1Synthesis of complexesF, 2-Cl, 2-Br, 2-11% and2-[BAr F4] (ArF = 3,5(CFs)2CsHs); reagents and
by-products: (@) N-f | uoropyridinium 4 et adBd.,colopynnir Glised K IBF )
T QCla, T[ 186 r+Bwn KBr, T1H1@+MdKwn T [61@)+NaRAWn/ T Nal ;
isolated yields are given in parentheses.

In an initial experiment, we investigated the reactiot with the weltknown fluorinating

agent N-fluoropyridinium tetrafluoroborate (Schertg The formation of a deep red

reaction mixture was observed, from which the unprecedentfdgoithated comple

[Cp*Fe(1-F-PGsPheH2)] (2-F) could be isolated in 41% yield. We subsequently prepared
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[Cp*Fe(1-CI-PGPheH2)] (2-Cl) in 70% yield in a similar manner by reactidgwith
hexachloroethane in THE-F and2-Cl both dissolve well in toluene and THF and arénhig
moisturesensitive: the compounds hydrolyze in the presences of traces of water to the
hydrophosphinine oxide complex Cp*Fefit1-O-PGPhH2)] (2-OH). The brominated
derivative [Cp*Fe(PePhsH2)]Br (2-Br) can be prepared in 22% yield by reactihgith
elemental bromine. The preparation of [Cp*Fe{PigH>)]l (2-1) by reaction ofl with
elemental iodine (61% yield) was previously reported b¥!usdditionally, we camow
report thathe iodide anion o2-1 can be exchanged with the weakly coordinating tetraaryl
borate anion [BAT]" to give [Cp*Fe(PGPhsH2)][BAr F4] (2-[BAr F4]), which was isolated

in 90% vyield by crystallization frorm-hexane/THF.2-Br, 2-I and 2-[BAr 4] are less
moisture sensitive tha&F and2-Cl and dissolve only sparsely in toluene and moderately
in THF, while the solubility is high in MeCN.
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Figure 2. Solid-state molecular structures of compleeX (X = F, Cl, Br, I, and [BAY4]). Ellipsoids are

drawn at the 40% probability level; H atoms, solvent molecules and disorderpardaphenyl substituent

and the Cp* ligand of-Cl, and in the CEgroups of2-[BAr F4] are omitted for clarity. The crystaf 2-F

contained a second crystallographically independent molecules with very similar structural parameters; only

one of these molecules is shown. Selected bond lengths (A) and angles &Ffer11 F1 1. 658 ( 4) ,
1.663(4)C1TP1TF1 104. 4(B)F1 10®B3 .69 (29)C/PAHEICR. 18 (28.)29F(or), C1T P
102.87(9), C51PZ2Brefl1BLQl169ZIPH( 1Mo 3f &3 91 fdr pdditiosak e Tabl e
structural data.
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Table 1.Selected bond lengths (A) and angles (°20f (X=F, Cl, Br, |, and [BAF4]); P17 X di st ances
given in the caption of Figure 2 and Table 3 below.

2-Flal 2-Cl 2-Br 2-119] 2-[BAr R

FeliP1 %;g%; 2.670(1) 2.340(1) 2.392(1) 2.433(1)
FelicC1 %:ﬂ?ggg 2.153(3) 2.147(3) 2.157(3) 2.166(3)
FeliC2 %zgggggg 2.055(2) 2.200(3) 2.074(4) 2.133(3)
FeliC3 %:%%%Egg 2.102(3) 2.132(3) 2.147(3) 2.160(3)
FeliC4 %zgggégg 2.066(3) 2.117(3) 2.095(4) 2.007(6)
Feli C5 %:%ggggg; 2.145(3) 2.183(3) 2.146(3) 2.145(2)
P17 C1 Hgg%; 1.772(3) 1.736(4) 1.765(2) 1.761(3)
c11C2 Hgﬁggg 1.414(3) 1.450(5) 1.416(5) 1.437(4)
c2icC3 %ziéggg 1.416(4) 1.504(4) 1.414(5) 1.430(4)
C371 C4 %:ﬂ%g; 1.420(3) 1.427(4) 1.419(5) 1.470(7)
C4iC5 %:igzggg 1.421(3) 1.410(5) 1.408(5) 1.348(6)
P17 C5 %:;ggggg; 1.772(3) 1.765(3) 1.774(3) 1.787(3)
Cl1i P17 C5 gg:ggg; 97.6(1) 101.0(2) 98.8(1) 97.6(1)

[a] Data for two crystallographically independent molecules

Singlecrystal Xray diffraction studies o8-F and2-Cl revealed sandwich structures with
d®coordinated cycl op e nt aptdasphacyclbhexaienyl ligarals o g e n
(Figure2, Tablel ) .  Whi | e t he 2-FP(1.663(4)A and 1a6B8¢4A sor tivan
crystall ographically Il ndependent mol ecul es
threecoor di nate phosphor us2Ch@895()AR)ss, remarkably PT Cl
elongated compared to otherthe® or di nat e phosphorus leompout
bonds“®1 't is noteworthy that | Gudageta®inFdhlor® onds w
1,3,2diazaphospholenes (from 2.3241(4) up to 2.758§2371 while the phosphanyl
substiuted  phosphacyclohexadienyl complex [Cp*FeRh-PGPhH2)] and
Pohosphanyl di azaphosphol e n'®¥Bydanalsegy Withthese | o n g a
previousobserat i ons, t he el2€sugtgeecdstEs @l plodmd iizre d
with significant ionic character. Consistent with this interpretation, comp2dBrd which
contains a superior leaving group, shows a fully ionic sstlide structure with &[p * Pe ( d
PGPhH)]*cati on well separated from the bromid:
being 6.730(1) ) . A similar i oni c °sobrdinatect phasghininee ar i n
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ligand wasfound for 2-[BAr F4] and for2-1,°® where the iodid counterion is separated by
3.639(1)AfromthenextPatonT. hi s P T | 2-ti$isfacalitilesbortér than the sum
of van der Waa908).%% adii ( xr

Table 2. Comparison of*P NMR shifts of compound®-X (X = F, Cl, Br, |, [BAr]) in MAS 3P, 31Pp{1H}
NMR spectra andalculated shieldings.

31p{IH} NMR shifts (ppm) in solution Sh?&ﬁ%g‘;e(%;lﬁﬂq
MAS(;;FI’,n’)\'MR [DgTHF FBH [DJMeCN | covalent ionic
318 33.2 33.0 33.0 )
2.F (o630 Hz| (r =016 (e =905 (o =830HZ) | 486 1100
Hz) Hz) ol
2-Cl 3.8 111.9 19.9 115 9.9 17.2
2-Br 112.2 111.8 18.0 11.2 8.6 18.7
2-1 4.1 15.2 14.9 11.2 13.5 16.2
2-[BAr Fi] 78.9 72.4 74.6 71.2

[a] Solvent fluorobenzenelDs capillary.
[b] Partial hydrolysis o-F to [Cp*Fe(1H-1-O-PGPhsH2)] (2-OH, singlet af 30.7 ppm) was observed
(see Figure S7, Sl).
[c] Calculated at the ZOR®PBE/def2TZVP level of theory; the calculated chemical shielding of the
[Cp*Fe(PGPhH2)]* ion 2* (licac = 365.7 wasreferenced to th#AS 3P NMR shift of 2-[BAr F4] (Uexp=

8 . 9), setime SI for further details.

In order to analyze the covalevd.ionic nature of the phosphoriiglogen bonds i2-X
further, we performed™ NMR spectroscopic studies in the solid state and in solution
(Table2; see the SI for further details). The sedidte3'P MAS spectrum of-F shows a
strongly downfield shifted doublet at 31jppm. The largéJer coupling constant of 93dz
isconsistat with the pr esenf¥{ blfanddP{HpPNMR spectra PT F b
of 2-F in [Dg] THF, fluorobenzene (FB) and fMeCN (Table 2) show a very similar picture
as the®P MAS spectrum recorded in the solid with very similar chemical shiftshior t
observed doublets and a highec oupl i ng constant . I n particul
strongly i ndi cat e s-bondédastructureh is retaired anl solation. P 1 F
Significantly, the isotropié'P MAS signals fo-Cl, 2-Br, 2-1, and2-[BAr F4] are shifted to
high field compared to that &-F, but there are slight variation$he signals of2-Cl
(+3.8ppm)and2-l (+4.1 ppm) are deshielded comparedtothose®f ( 1 1 2. 2 ppm) an
2-[BArF4 (1 8ppn9.It is noteworthy that the isotroptéP NMR shift of2-Cl significantly
changes when this compound is dissolved i} [ HF o r = 15.Bppnf fgrliDs] THF),
while the shift of2-Br in these solvents is very similar to the chemical shift recorded for the
sol i d ( ogu = gOHFY Copspeningfthese dgtaDit seems plausible that the
chlorideionin2Cldi ssoci ates in THF due to the pol ar:i
consguence, the solutiotP NMR chemical shift 02-Cl is close to the values detected for
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the ionic specieg-Br, 2-1 and 2-[BAr F4], but distinct from thé'P MAS chemical shift
recorded for soli@-Cl. The chemical shifts recorded @iX (X = F, Cl, Br, landBArFs) in
FB show the same trend as those recorded for the same compoungld iHF[DNotably,
the values foR-Cl, 2-Br, 2-1, and2-[BAr 4] in [D3]MeCN are different from those recorded
in FB and[Ds]THF; moreover, they are in a very close ranghis observation might
indicate thagenuine iorseparated species (solvent separategh&rs)are formed by these
speciesn [D3]MeCN. Larger deviations of the chemical shifts 8€l and2-Br in FB and
[De]THF from those observed ifD3]MeCN seem tasuggest tha-Cl, 2-Br and perhaps
also2-1 form contact ion pairs in the former two solvents. In contBafBAr F4] likely exist
as solvenseparated ion pairs in all three solvents.

Table3.Compari son of PRX(Xd&iF<Lt Brn)detesmined by XRDfand DFT geometry
optimization (OPBE/TZ2P level), and calculated relative thermal enthaigi¢si 298K) of the geometry
optimized covalent and ionic structures; the relative free enthatpBeat(298K) are given iparentheses; see
the Sl for details.

covalent ionic
ﬁ —| +
| . X~
]
Fe Fe
, Ph versus " Ph
e T - <
Ph‘g N Ph—
X
Ph Ph
geometry optimization (A) relative (E]C%Tﬁ'oﬁr)“ha'pies
2-X XRD (A) covalent ionic covalent ionic
1.658(4); +32.8
2-F 1.663(4ff 1.659 5.334 0 (309)
2-Cl 2.295(1) 2.150 6.177 0 (ﬁ?'g)
2-Br 6.730(1) 2.340 6.318 0 (ﬁg.s)
2-| 3.639(1) 2.588 6.834 0 (:igg)

[a] Data for two crystallographically independent molecules.

Using DFT methods (OPBE/TZ2P level, see the Stfirils), both a structure featuring a
covalent phosphordsalogen bond and an ionic structure with the halide anion located
bet ween t wo ph e n y-toordinatbdsphosphinires higansl wesef suctebstully d
optimized for2-X (X = F, CI, Br, |, Talle 3, see also the Sl). The calculated covalently
bonded structures are all energetically energetically favored over the ionic ones based on the
calculated thermal enthalpies in the gas phase. In the cade tie ionseparated structure
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is +32.8kcal mol'! less stable than the covalent one. The enthalpy differences are
significantly reduced for2-Cl (+19.6kcal mol?l), 2-Br (+18.2kcal mol?), and 2-I
(+15.5kcal moll) though. These calculated enthalpies qualitatively mirror the trend
observed insoluton, wher e t2iF & refained, wheceasd:iCli, 2aBr and?2-|
dissociation can occur. The optimized covalent structurezFfofand 2-Cl are in good
agreement with the crystallographically determined datke (Suprd. For2-Br and2-1, itis

noteworthy that the Bovalentbtoaudkes2Bri h3408h2d: opt i mi

2588 ) are considerably longer thaa225Re sum

and Pk 244551 In this regard, it is remarkable that the molecular ion of the
bromine compound2-Br was indeed detected at 59412 by mass spectrometric
measurements (LIFBMS). The molecular ion d-I was not observed.

We also calculatedP NMR shieldings for the covalent and ionic forms2eX at the
ZORA-OPBE/def2TZVP level (X = F, Cl, Br, I, Table 2, see also the Sl). The results of
these calculations are in good agreement witi*P@&AS data (also displayed in Gla 2).
The c ov a ktbendedisgmerB feaXure more strongly deshietéeahuclei compared
to the ionic ones. For the covalent form2df and the ionic forms a2-Cl, 2-Br and2-1,
the calculated'P{*H} NMR shifts are in good agreement with the attexperimental
values recorded in THF and FB solution.

Table 4. Molar conductivities§m) i tren? gpol? of 2-X (X = F, Cl, Br, I, and [BAF4]). Concentration of
all solutions: =9 mM in THF or MeCN, 30(.

molar conductivities sm (¢t cm? mol?) in

2-X THF MeCN
2-F 0.23 10.5
2-Cl 0.51 64.1
2-Br 0.24 74.0
2-| 0.24 81.6

2-[BAr 4] 20.9 48.2

Considering that the proposed dissociati

should also influence the electric conductivity in solution, we performed molar conductivity
measurements f&-X (X = F, Cl, Br, |, andBArFs) in THF and MeCN (Tabld).*" The
molar conductivitiesgm) are low for2-X (X = F, Cl, Br and Ijn THF, but drastically higher

for 2-[BAr F4]. In good agreement with tf&P NMR spectroscopic dataide suprd, this

indicates the presence of either covalent structures or strongly associated contact ion pairs

for 2-X (X = F, Cl, Br and I)n THF. Significantly, high molar conductivities were raaeed
for 2-X (X = ClI, Br, | andBArF,) in acetonitrile. Consistent with tiéMR data, the high

molar conductivitiesuggest that ioseparated structures are present in this case, whereas
the relatively lowsmvaluefor2-<Fsupports the notion that the

in solution.
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The formation of covalent molecular structuwession pairs is also reflected by the colors
observed foR-X. 2-F is orangecolored as a crystalline solid and in solution (THF, IR8 a
MeCN). By contrast2-[BAr F4] shows a distinct yellow colo2-Cl, 2-Br and2-I are orange

solids, but they give yellow MeCN solutions consistent with the proposed presence of ion
separated structures in this solvehX (X = F, Cl, Br, and I) are orange in THF and FB,
while 2-[BAr F4] remains yellow in these solvents. These visbakovations are in line with
theUV-vis spectra. The spectra®iX (X = F, Cl, and Br) recorded in THF are very similar,
showing strong peaks in the UV and weak absorptions in the visible range at 370 to 380, 455
and 525 nm (see the Sl for graphical repregations of the spectra). The Wi spectrum

of 2-1 in THF is distinct showing stronger bands at 390 and 480 nm; absorptions at higher
wavelength are not observed for this compound. Thevid\épectrum oR-[BAr F4] in THF
features further hypsochromibalshifted absorptions as shoulders at 350 andr#i20
Interestingly, the UWis spectra oR-F and 2-[BAr F4] in THF are essentially identical to
those recorded in MeCN, while compouradX (X = CI, Br and I)in MeCNshow the same
absorption pattern a&[BAr 4], which is in line with the proposed presence of solvent
separated ion pairs in that solvent.

Finally we studied the redox properties2F, 2-Cl, and2-Br by cyclic voltammetry, in

order to gain further insight into the redox behavior of these complexes and to compare it to
the previously published data 4 .°! Interestingly, the cyclic voltammogram (CV)
recorded in THFABuN](PFe) features a clean reversible eglectron oxidation process at
Ei2=0.110V vs.Fc/F¢ (Figures 3, S38 and S39, Sl). In comparison, the C\&sX%f(X =

Cl, Br, and |) are distinct and feature several (quagersible or irreversible) oxidation and
reduction processes (Figures S40 and S41, Sl, see al€h).réhis simpler electrochemical
behavior for2-Fi s again qualitatively consistent wi
whereas reversible PT X bonding?2KE=€liB,her t h
and 1) would be expected to give the complex behavior observed experimentally.

4 uA

I L T Y T T T T T T T T T Y T T 1
-0,6 -0,4 -0,2 0,0 0,2 0,4 0,6 0,8 1,0

E vs. Fc/Fc' [V]

Figure 3. Cyclic voltammogram o®-F, Ei;» = 0.110V vs.Fc/Fc.
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2.3Conclusion

Rare halidesubstituted phosphacyclohexadienyl complexes (X = F, Cl, Br, and I) can

be synthesized in varying yields by reacting the anionic iron phosphinine coinyiéx

electrophilic halogenating agents. The related complex [Cp*F&(RB2)]|[BArF] (2-

[BArF4], Arf = 3,5(CFs).CsHs), which containsa more weakly coordinating aniois

likewise accessible in high yield by salt metathesis f@m The properties 02-X were

studied comprehensively by crystallographic, spectroscopic, analytical and quantum
chemical techniques. Thegbs t at e mol ecul ar structufFes show
and2-Cl. To our knowledge, these compounds represent the first structurally authenticated
transition metal complexes witiicoordinateds®-halophosphacyclohexadienyl ligands. By

contrast, ionicstructures with dissociated halide anions were observed-Byr and 2-I.

While our DFT calculations suggest that the covalent isomers are favored in the gas phase

i ndependent of the halogen substituent, the
due to the weaker PIT X bongstadeFazd,2-Braand2i,ng ef f e
3P NMR, UV-vis, CV and computational data indicate that ionic structures are present in

THF, fluorobenzene and acetonitrile, while o2 apparently retains its covalent P

bond in solution. This interesting structural dichotomy Isggnificant implications for

further functionalization reactions and potential applications in homogeneous catalysis.
Investigations in these directions are currently ongoing in our laboratory.

30



2.4 Experimental Details
2.4.1 General Considerations

All experiments were performed under an atmosphere of dry argon by using standard
Schlenk and glovebox techniques. THF, tolueneQEnNdn-hexane were purified, dried,

and degassed with an MBraun SPS800 solvent purification system. MeCN, fluorobenzene
(FB) ard ortho-difluorobenzen€DFB) were dried and degassed over gabtnzene was

dried and degassed over Na. NMR spectra were recorded on Bruker Avance 300 and Avance
400 spectrometers at 380and internally referenced to residual solvent resonances. The
assgnment of thetH and*C NMR signals was confirmed by twbmensional (COSY,
HSQC, and HMBC) experiments. Solid st&e MAS-NMR spectra were recorded with a
Bruker 400 MHz spectrometer. Melting points were measured on samples in sealed
capillaries on a tsart SMP10 melting point apparatus. UV/vis spectra were recorded on a
Varian Cary 50 spectrometer. Cyclic voltammograms were recorded with a CH Instruments
Electrochemical Analyzer. Elemental analyses were determined by the analytical department
of Regenburg University. Mass spectra were performed with Jeol AccuTOF GCX LIFDI

MS by the analytical Department of Regensburg University. Conductance measurements
were performed in THF and MeCN at ambient temperature K30@th a Mettler Toledo

Seven Compact coluctometer and an InLab 710 sensor. [K([18]cr@)thf);] [ Cp *-Fe ( d
PGPhsH2)] (1) and Na[BAF4]™? were prepared according to literature procedures. N
fluoropyridinium tetrafluoroborate, hexachloroethane and bromine were purchased from
SigmaAldrich and used as received.

X-ray Crystallography:The singlecrystal Xray diffraction data were recorded on an
Agilent Technologies SuperNova, an Agilent Technologies Gemini Ultra R and a GV1000,
TitanS2 diffractometer with GKgr a di at i o n A) Bitherserhiempidcal diti

scan absorption correctidf$ or analytical ond€” were applied to the data. The structures
were solved with SHELX®! and leassquare refinements df? were carried out with
SHELXL.5® The hydrogen atoms were located in idealized positions and refined
isotropically with a riding model.

CCDC 1866340f6r 2-Br), CCDC 1866341f¢r 2-Cl), CCDC 1866342f¢r 2-F) and

CCDC 1866343f6r 2-[BAr F4]) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge Crystallographic Data
Centre.
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2.4.2 Synthesis of [Cp*Fe(EF-PGPhsH2] (2-F)

A solution of N-fluoropyridinium tetrafluoroborate (0.48mol, 77mg,
ﬁ leq.) in THF (6mL) was added to a solution ©f(0.415mmol, 400mg,
F:e = 1leq.) in THF (6mL) at room temperature. After stirring overnight (during
Ph—s &j( which time the brown reaction mixture turned deep ré@,solvent was
;(3 - removed under vacuum and the dark red residue was washedivetiane
o.F (9 x 2mL), before being extracted intoEX (10x 2 mL). The solvent was
removed under vacuum and the residue was dissolved in tolueme).(2
Red crystals were obtad by layering this toluene solution witkhexane (20nL). The
product was isolated by decanting the solution, washingmliteixane and dryinip vacuo
Yield: 90mg, 41%. M.p.23AC (decomposi tion to m/fm ack oil
Ghax/ L-molit.cm® : 290 (22000), 370sh (4000hx/ 455 (1
nm,mx UL-moltcmil): 295 (19000), 370sh (4000), 450 (2000), 520sh (1000);
(fluor ok#/nzeme L tdodt-cm'l): 290 (18000), 370sh (3000), 450 (800),
520sh (300)H NMR (400.13MHz, 300K, [Dg] THF) : U = 4CH3)s) 6.28s , 15H,
(d, 3Jp = 3.0Hz, 2H, G5 H of TPP), 7.23 7.25 (m, 2H, ¢& H of C>% Ph), 7.37 7.41
(m, 4H, G H of C?*8 Ph), 7.45 7.49 (m 1H, CTH of C4 Ph), 7.55 7.58 (m, 2H,
C3> T H of C%Ph), 826 828 (m, 6H, 5 H of C>5Ph and &5 H of C% Ph).
13C{*H} NMR (100.61MHz, 300K, [Dg] THF ) : U 5(GHs)sp 650 (n(,C$°of TEP),
78.9 (d,2Jcp = 4.5Hz, C39 H of TPP), 85.5 (SCs(CHg)s), 94.2 (m C* of TPP), 126.2 (s
C*% H of C>% Ph), 128.3 (sC*5 H of C* Ph), 128.4 (sC* H of C% Ph), 128.6 (mC>5 H
of C*5 Ph), 128.9 (¢35 H of C>& Ph), 129.5 (s> H of C% Ph), 139.7 (sC* of C% Ph),
143.5 (d,2Jcp = 27.7Hz, C! of C25 Ph).2%F{'H} NMR (376.50MHz, 300 K, [s] THF) :
= T 6 0LJkP=9(8Hz). °F NMR (376.50MHz, 300K, [Dg] THF) : U =1 60. 0 (
918Hz). 3P{*H} NMR (161.98MHz, 300K, [Dg] THF) : U %3r=3938H2. (d,
3IPNMR (161.98MHz, 300K, [Dg] THF) : U See=3mBHZ. 3R GRMAS
(5kHz/6kHz,300K ) : U =Jpr3 930H2). Elesngntal analysis calcd. fogfEls.FePF
(Mw =534.44g-molt) C 74.16, H 6.04; found @4.78, H 6.06. MS (LIFDI, THF)m/z(%)
= 534.14 (100) M*515.15 (3) [Cp*Fe(P&hsH2)]*.

>

N
/_\

2.4.3 Synthesis of [Cp*Fe(CI-PGPhsHy)] (2-Cl)

A solution of hexachloroethane (0.81mol, 74mg, 1eq.) in THF (4mL)
ﬁ was added to a solution ©f0.312mmol, 300mg, 1leq.) in THF (3mL)
F:e Ph at JC3Adter stirring overnight, the reaction mixture turned dark red
Ph— S:C—6< 1 and was evaporated to dryness. The residue was washed-kettane
2 (7 x2mL) and E#O (7x 2 mL). The remained residue was extracted into
-Cl toluene (7 2mL) and the solution was reducednfd). Red crystals
were obtained by layering this toluene solutwith n-hexane (20nL).
The product was isolated by decanting the solution, washingnaigxane and dryingn
vacua Yield: 120mg, 70%. M.p.24AC (decomposi tion toma bl ack
I nom/ L-nibl t-cm’): 295 (37000), 370sh (6000), 455 (2000), 530sh (1000); (MeCN,
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amax / N may / L-ohol t-cm'): 290 (34000), 355sh (4700), 430sh (1008Y.NMR
(400.13MHz, 300K, [Dg] THF) : 4 = 4CH%sB 6.475d,%)pnE 2.6Hz, 28,

C35 H of TPP), 7.28 7.32 (m, 2H, G H of C*5 Ph), 7.40 7.43 (m, 4H, &% H of

C25 Ph), 7.49 7.52 (m, 1H, & H of C% Ph), 7.57 7.61 (m, 2H, G5 H of C% Ph),

8.241 826 (m, 4H, E5H of C*5Ph), 824826 (m 2H, GS5H of

C% Ph)13C{'H} NMR (100.61MHz, 300K, [Dg] THF ) : U 5(GH3)H, 7027 (d*B8r, C

= 34.7Hz, C>5of TPP), 80.6 (d?Jcp = 9.4Hz, C®% H of TPP), 86.5 (C5(CHa)s), 96.5 (d
2Jcp=6.7Hz,C*of TPP), 127.1 (FJcp= 3.5Hz, C* H of C>% Ph), 128.7 (BJcp= 7.2Hz,

C25 H of C* Ph), 128.9 (sC% H of C* Ph), 129.2 (sC>5 H of C*§ Ph), 129.2 (s¢*5T H

of C28 Ph), 129.7 (sC*% H of C% Ph), 138.8 (sC* of C* Ph), 141.4 (dRJcp= 26.2Hz, C*

of C2§ Ph). 3'P{*H} NMR (161.98MHz, 300K, [Dg THF) : i *®NMR12. 4.
(161.98MHz, 300K, [Dg] THF ¥T. 1 1% CPMAS (kHz/6kHz, 300K ) : 0 = 3.
Elemental analysis calcd. fors4Es,FePCl (Mw= 550.88g-mol?) C 71.95, H 5.86; found
C72.39, H 5.85. MS (LIFDI, THF):m/z (%) = 550.11 (100) M” 515.14 (72)
[Cp*Fe(PGPheH2)]".

2.4.4 Synthesis of [Cp*Fe(P§PhsH2)]Br (2-Br)

—+ A freshly prepared stock solution£®.193mmol-mL'%, 0.1mL Br>
ﬁ _in 10mL benzene) of bromine (0.72@mol, 3.77mL, leq.) was

5F:e6 on " added to a solution df(0.727mmol, 700mg, 1eq.) in THF (1GmL)
Ph@ 1 at room temperature and in the absence of light. An orange precipitate
3 2% was formed immediately and the reaction mixture was stirred

2-Br overnight. The solution was decanted, and the remaining orange solid

was dissolvd in THF (10mL). The product was obtained as an

orange powder after filtration through silica (in order to remove [18]cf@)vnand

subsequent crystallization from a saturated THF solution. Yielth@®@&2%. M.p. 180C.

UV-Vi s : (mak /H F n haxd-L-tdol *-cmi' 1): 290 (25000), 380sh (4000), 455 (1400),

520sh (800m«! Mg Citigl-cai?): 290 (36000), 360sh (5000), 430sh

(1200).'H NMR (400.13MHz, 300K, [Dg] THF) : 0 = slCH3s5)66.60 @315 H,

= 3.8Hz, 2H, G5 H of TPP),7.341 7.7.37 (m, 2H, & H of C?>% Ph), 7.43 7.47 (m, 4H,

C3% H of C>% Ph), 7.511 7.55 (m, 1H, ¢ H of C* Ph), 7.60° 7.64 (m, 2H, G5 H of

C% Ph), 8.27 8.30 (m, 4H, &% H of C>% Ph), 8.36 8.37 (m, 2H, &% H of C% Ph).

13C{*H} NMR (100.61MHz, 300K, [Dg] THF) : i 5(GH3)D, 77031 76.9(s,C>f

TPP), 81.7 (BJcp= 9.4Hz, C*> H of TPP), 87.2 ($¢5(CHs)s), 97.03 (sC* of TPP), 127.7

(d, 2Jcp= 3Hz, C% H of C>% Ph), 128.7 (Jcp= 7.2Hz, C*5 H of C* Ph),128.9 (sC* H

of C% Ph), 129.2 (sC*>% H of C*>% Ph), 129.4 (sC>% H of C>5 Ph), 129.7 (sC>% H of

C% Ph), 138.3 (sC! of C*% Ph), 140.4 (d2Jce = 26Hz, C! of C?& Ph).3P{*H} NMR

(161.98MHz, 300K, [Dg] THF) : GPNMR (161.9889Hz, 300K, [Dg THF) : & =

8

T 11 3P CPMAS (kHz/6kHz, 300K) : =11 2. 2. El ement al anal

CasHaFePBr (Mw= 595.34 g-moil) C 66.58, H 5.42; found 66.64, H6.10. MS (LIFDI,
THF): m/z(%) = 594.00 (1) MA515.14 (100) [Cp*Fe(PPhsH2)]*.
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2.4.5 Synthesis of [Cp*Fe(PPheH2)]l (2-1).1°
E —]+ lodine (0.15 g, 0.6inmol) was added to a solution 0.5 g, 0.61

. (- mmol) in THF (50 mL) at room temperature. An orange solid

5F:ee Ph precipitated after a few minutes. The reaction mixture was stirred
Ph—,{Q_‘; overnight, and the solution was then removed by filtration. The solid
3 2%, residue was dissolved in hot MeCN. Orange edgdbormed after slow
2- cooling of this solution to room temperatuvéeld: 0.24 g 0.37 mmol,

61%: UV/ Vingl 1 M E-ffol lemY): 290 (34000), 340 (22000), 390sh
(13000), 480S hnaxd 4 0@OL)NDIL-EnidE ZO0I(400G8), 36€h (7000),
430sh (1400)'H NMR (400.13 MHz, 300 K, CBEN): d = 1.26 (s, 15H, €CHa)s), 7.16
(d, 3JpH = 4.7 Hz, 2H, @%H, TPP), 7.60 (m, 6H, T5H of C26-Ph), 7.71 (m, 3H, &*>H

of C*-Ph), 8.14 (m, 4H, &-H of C2%-Ph), 8.34 (m, 2H, &-H of C*-Ph); 3}P{’H} NMR
(161.98 MHz, 300 K, CBCN): d = i0.9 (s).MS (LIFDI, THF): m/z (%) = 515.13 (100)
[Cp*Fe(PGPhH2)]".

2.4.6 Synthesis of [Cp*Fe(P§PhsH2)][BATr F4] (2-[BATr F4])

1+ A solution of Na[BArT] (0.425mmol, 376mg. leq.) in
ﬁ i ortho-difluorobenzenéDFB, 5mL) was added dropwise to a
5F:e6 Bh BAT™ Solution of2-I (0.0425mmol, 273mg, 1eq.) in DFB (5mL) at
Phj@‘i 1 room temperature. An orange suspension formed and a white
3T 2%, precipitate was observed. Anothemb of DFB was added for

complete dissolution. The suspension was stirred overnight and
filtered for the removal o$olid Nal. The deep orange solution
was evaporated under vacuum and the remaining residue was extracted intomBF (3
After layering withn-hexane (4nL) and st °€rthe greducawas isoBated as an
orange solid. Yield: 526hg, 90%. M.p. 182C. UV-Vi s : (mxWFE , nag/ U
L-mol't.cm'1): 265 (43000), 290sh (30000), 350sh (4000), 420sh (1008)g C Max/ na
Uhax/ L-mol't-cm’Y): 290sh (28000), 360sh (4600), 430sh (108@)NMR (400.13MHz,
300K, [Dg] THF) : U = s(CHPsW7.3R &,20pn 2 &6z, 2HC C7T H of TPP),
7.57 (bs, 4H, BAw), 7.60i 7.75 (m, 9H, &*T H of C>*9 Ph), 7.79 (m, 8H, BAn),
8.221 8.24 (m, 4H, G5 H of C*5Ph), 842 845 (m, 2H, G5 H of C*%Ph).
13C{H} NMR (100.61MHz, 300K, [Dg] THF) : U sE€H3)9),. 88.72 ((d5%)cp =C
6.8Hz, C>% H of TPP), 94.1 (sCs(CHa)s), 103.6 (d 2Jcp= 3 Hz, C* of TPP),116.2(s),
118.2 (m,C*Ph of BAf), 124.2 (s,C*3%0f BArFs), 126.9 (s,C**%of BArF,), 128.9 (s,
C2% H of C*5 Ph), 129.6 (mC?5 H of C% Ph),130.5 (sC>*>H of C>*9, 130.7 (sC3>*>

H of C?>49, 134.4 (sC! of C% Ph), 135.6 (bsC>%-Ph of BAr), 136.7 (d2Jcp = 22Hz, C!

of C?5 Ph), 162.8(mCFs of BArfs). 3'P{*H} NMR (161.98MHz, 300K, [Dg] THF) :

T 2. #PNMR (161.98MHz, 300K, [Dg] THF) :  U'BEH} NZR (428.38MHz,
300K,[Dg] THF) :  U°F{iH} NMR (¥3.66MHz, 300K, [} THF3 : 1 @3P 47 .
CPMAS (5kHz/6kHz, 300K ) : =1 8 . Bemental analysis calcd. forefElssBF24FeP

2-[BArF,]

[l
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(Mw = 1378.22 g-moll) C 56.63, H 3.22; found 67.05, H3.41.MS (LIFDI, THF): m/z
(%) = 515.16 (100) [Cp*Fe(R€hH2)]*.
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2.6 Supporting Information

The supporting information d@hapter 2can be found on the supplied ¢BDM andon
https://doi.org/10.1002/ejic.20180113bhe supporting information contains: NMR and
UV-vis spectra, Xray crystallography details, cyclic voltammograms gsiilts of quantum
chemical calculations including Cartesian coordinates of all optimized structures
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Chapter 3

A Phosphinine-Derived 1-Phospha7-Bora-Norbornadiene: Frustrated
Lewis Pair Type Activation of Triple Bonds

Abstract: Salt metathesis ofl-methyl2,4,6triphenyphosphacyclohexadienyl lithium and
chlorobis(pentafluorophenyl)borane affords -phbsphars-boranorbornadiene derivativ@. The

CLN triple bonds of nitriles insert into tha B bond of2Zwi t h concomitant CT1TB bo
while the G C bonds of phenylacetylenes react vidtio formaf-phosphabarrelenes. Even tho@yh

must formally be regarded as a classical Lewis adduct, i &hd C C activation processes

observed (and the mild conditions under which they occur) are reminiscent of the reactivity of
frustrated Lewis pairs. Indeed, NMR and computational studies mggught into the mechanism of

the reactions and reveal the labile nature of the phospboros bond ir2, which is also suggested

by detailed NMR spectroscopic studies on this compound. Nitrile insertion is thus preceded by ring
opening of the bicycle @t hr ough P1T B bond splitting with a | o
reaction with alkynes involves formation of a reactiawitterionic methylphosphininium borate
intermediatewhich readily undergoes alkyne dgddition.
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Repoducedwith permissiorfrom J. Leitl, A. R. Jupp, E. R. M. Habraken, V. Streitferdt, P. Coburger, D. J.
Scott, R. M. Gschwind, C. Milller, J. C. Slootweg and R. Welfem. Eur. J202026, 77881 7800

J. Leitl performed all reactions and fully characterized compo@nda-3e, 4, 5a-5¢ and6 by single crystal

X-ray analysis, NMR and UWis spectroscopy and elemental analysis. J. eitite the manuscriptvith
contributions from all author#\. R. Juppperformed DFT calculations (all mechanisms and NMR shifts) and
prepared the manuscript and supporting informafiofiR. M. Habraken supplied §&).BCl and was involved

in the initial reaction oR. V. Streitferdtperformed NMR monitoring experiments and was involved in the
preparation of the manuscript. P. Coburger performed DFT calculations for NMR shifts. D. J. Scott was
involved in the preparation of the manuscriBt M. Gschwind, C. MiillerJ. C. Slootwegand R. Wolf
supervisednd directedhe project.
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3.1 Introduction

1-R-Phosphacyclohexadienyl aniong, (Figure 1, also sometimes referred to afs
phosphinine anions) present a promising, yet underutilized platform for accessing diverse
functionalized organophosphorus molectdt&8. Anions A can easily be prepared from
organolithium or Grignard reagents and aromajg-phosphinines and show ambidentate
character toward varisu el ectrophil es, i ncluding trans
alkylating agents, such as elHan Si2 reaction with the phosphorus atom lone pair typically

results in formation of a 1;disubstituteds®-phosphinine (typ®). On the other hand, with
Ahardo el ectrophiles such as acylium ions ¢
electronrich C4 or C2positions of the heterocycle (tygeandD, respectively, affording

the corresponding 1;2r 1,4dihydrophospheyclohexadienes! ”!

R R F tBu
X " 0 M (CeFs) )§
es
| Z | | 2 o tBu)l\ /)\tBu
i) i) F F
] \CH3 \ / | . G
R

CGFS\ ,Cer this work:
1-phospha-7-bora-norbornadiene

/ Ph
/ ? m readily accessible
1® W classical Lewis pair

m FLP type reactivity toward triple bonds

Figure 1. A generic 2R-phosphacyclohexadienyl anidnand its reactivity toward various electrophiles; the
first reported P/B FLPK); a triphosphabenzene derivative that displays-Hké’reactivity G). Reagents: i)
CHal, ii) R'COCI, iii) H*, iv) ML,=M?23L,=Rh(1,5cod), ca = cyclooctal,5diene; R=aryl or alkyl
substituents.

For example, protonation (tyfi® usually proceeds exclusively atthe-Gd s i t i o*n of t
phosphinine anioR:®! It has been proposed that typically -prbducts B) are
thermodynamically favoured, while %*,2and 1,4products C and D) arise through
kinetically controlled alkylatioff! &*-Phosphinines can also serve as anionic ligands for
transition metal complexes. Depending onrthture of the ringsubstitution pattern and the
met al f fa%gdranmt e &coordihation (typ&) can be observed’ 14 Some

of these coordination compounds hawarfd applications in homogeneous catalysis, such
as [(1,5c o d ) RHBuQ,4,5,6PhPGH)] for the Rhcatalysed hydroformylation of
olefins. [11714]

As part of our programme to study the chemistry of reactive and catalytically active
phosphinine and phosphacyclohexadienyl compl&xE<! we anticipated that the reaction

o f *pleesplinine anionsA with chloroboranes would lead to neutral, phosphitiased
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heterocycles that exhibit both a Lewis basic phosphorus atom moiety and an additional

Lewis acidic boryl sité'®! Related systems have attracted much attention lately-cailed
Afrustrated L evindh s/picplly consstfrivaléntalky or aryl phosphine

and borane uni8® For exampl e, Stephanés groundbr ec:
MesPGsF4B(CsFs)2 (F, Figurel) displays unquenched reactivity a¢thewis acidic borane

and basic phosphine moieties, allowing it to split dihydrogen revet§iblgnd similar

systems also react with other small molecules such a&&@

Despite the ubiquity of Sgh y b r i ¢ fBshesphores Lewis bases in FLP chemistry, the

use of phosphorus bases in other coordination environments remains essentially unexplored,
except for one recemixample reported by Stephan andwmrkers who showed that 2,4,6
tri-tert-butyl-1,3,5triphosphinine G, Figurel) is able to activate dihydrogen in an FLP type

manner?? Herein we describe the synthesis, thorough characterisation and reactivity of a

bicyclic 1-phosphar-boranorbornadien&, which possesses a direct
Despite formally being a classical Lewis adduct, compdudisplays characteristic FL:P

like behavior due to the presence of easily therradlyessible ringppened isomers, which

contain unquenched Lewis acidind Lewis basic sites. As a res@ltyehaves as a masked

FLP and readily activates the strong NC and G C triple bonds of nitriles and
phenylacetylenes, forming unusual nitrile insertion and alkyne addition products.

3.2 Results and Discussion

3.2.1 Synthesis, characterisation and mechanism of formation -phdspha7-bora
norbornadien@

Taking the known reactivity oA with electrophiles into account (Figure 1), it was
anticipated that a chloroborane could be used to install a strongly electrophilic boron center
onto a phosphacyclohexadienyl scaffold by salt elimination. On this basis, the simple salt
Li[1-Me-PGH2Phs] (1) was chosen as a starting material, which is easily prepared from
methyl lithium and 2,4 @riphenylphosphinine (TPP, Schemé)Jpon treatment of with
(CeFs)2BCl at T = 1 °8 51 n-hexane, a colour change from deep pink to orange was
observed, with concomitant precipitation of an orange solid. Following filtration, dissolution
of the remaining solid inidthyl ether, refiltration (to remove LiCl) and removal of solvent,

a new compoun@ was isolated as a bright orange solid in 35% yield. Comp@unds
characterized by single crystalrgy diffraction, NMR and UWis spectroscopy as well as
elemental angkis, all of which provided data that are consistent with the molecular structure
depicted in Scheme Vifle infrg. In particular, single crystals & suitable for Xray
diffraction, wereobtained by slow evaporation of the solvent from a soluti@iroh-hexane

at room temperature. Crystallographic characterizaggaaled a hitherto unknown hetero
norbornadiene structure (Figure 2), in which the boron atom has adopted a bridging position
between the P1 and C4 positions of the phosphorus heterocycle
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Schemeél. Synthesis of via 1 andlso-2a; reagents and conditions: i) +MeLi ¢&x, 1 78 °C), ii) +(GFs)2BCI/i

LiCl (r.t., n-hexane). Relative wB97K/6-311+G** electronic energiesiE in kcal mol?) and freeenergies

(of5 in keal mol?) for possible isomers & (Iso-2ai 1so-2d).

This unusual structure (cB. D) can be attributed to the doubly electrophilic nature of the
chloroborane, which allowghe formation of a second, bridging interaction that is not
available to most other main group electrophiléis.is worth noting that hetero
norbornadienes have recet significant attention as ligands in homogeneous catalytic
reactions, e.g. the hydrogenation and hydroformylation of alkenes as well as Heck
reactiong??4 Furthermore, compounglis a rare example of a hetemorbornadiene based

on both phosphoruand boron!?>281 Derivatives with phosphorus and another additional
heter@atom in the norbornadiene scaffalce scarce, although Streubel andwvakers have
described a -Azal-phosphanorbornadiene and group 13-nietallal,4-diphospha
norbornadienes (mechanistic and reactivity studies of which have unfortunately not been
reported)?”-28 Also of note are the very mild conditions used for the preparatidrvdiich
contrasts with the much more forcing conditions required to prepare many q@hesgha

norbornadiene derivativé¥!

Figure 2. Molecular structure of in the crystal. Displacement ellipsoids are shown at the 40% probability

level; H atoms are omitted for claritts el ect e d

P17 C.8025(17)

C61 @.336(2)

B 11.7C142)

P 11I8T4B(17)

ClT1 A295K8) C21 RAUM4L4H
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While the P11 B1 dAis2issimtieeeange bf pHospBodud bilorl sthyle

bonds (sum of covalent radiil.96A),F%t he B171 C4 bond is slightly
both to the sum of the covalent radii (1.721(2yA1.60A)2% and to previously reported
7-boranorbornadienes (ca. 1.640,3Y3 suggesting significant strain in the bicyclic
structure3+351 A similar phenomenon was observed by Braunschweigcamebrkers for a
heptaphenyl-borabicyclohept2,5diene Nh et er ocycl i ¢ car bBne addu
in which the boron atom is also fecoordinaté®®! Alsoof notea e t he C271 C3 and (
distances within the phosphorus heterocycle, which are characteristic of C=C double bonds
(1.344(3) and 1.336(H, respectively}*” The3'P{*H} NMR spectrum oR shows a poorly

resolved signal ai(ppm) = +18.6 at r.t. (see Figures S3 and S79), whiléepectrum

reveals a resonance @ppm) = +14.1 consistent with foaoordinate boron (see Figures

S5, S82 and S84)

In order to elucidate the pathway for the formatioi2,ofariable temperature (VB and

31p{1H} NMR reaction monitoring was performed, alongside DFT calculatit@sNMR

spectra recorded during the reactiori @ind (GFs)2BClI revealed not only the foation of

product2 ( U ( p=p+d38) but also of an additional specidsp-2a, characterised by a

resonance12ts Fpmmaye S82). Further informat.i
by 3P{*H} NMR monitoring (see Figure 3a; see Sl for experimentatiteeind Figure S79
for further spectra) which showed tha{ U ( p=gr@)2 . 5) i s fully conver:

temperature. The signal of prod@cappears within minutes even at 13see Figure 3a).
However, another intense and broad signal can be oldseneet & ( p pl€Rain

Figure 3a), which converts infias the temperature is increased, suggesting an intermediate
species. Calculations at the TPSS/IGUDCPCM(THF) level of theory showed that the
experimentaf'P shift ofi 102 ppmandth€Bs hi ft of 125 ppm both fit
threeme mber ed BT CT,Rndthis strgctuse is eanseguently assignddd@a

(see Table 1 and Scheme 1). Calculations also suggested that this structure should be very
similar in energy t®, and indeed, NMR analysis of even authentic samples of crystalline
showed the presence of minor amountisof2a, consistent with reverdidisomerisation in
solution. Given the known reactivity ef-phosphinine anions with electrophiles shown in
Scheme 1, other plausible structutes-2bi Iso-2d were also investigated as possible
intermediates. DFT calculations at thB97X-D/6-311+G** level showed that isomers with

a tricoordinate boryl substituent in the 2- or 4-position are all higher in energy tharor

Iso-2a (see Schemg), and therefore less likely to accumulate during the course of the
reaction. This is corroborated by a cheahshift analysis of these structures (Table 1), which
predicts significantly different NMR shifts for the isomde®-2bi Iso-2d than those
observed experimentally. Nevertheless, it should be noted that strisch2ein particular

is predicted to bthermally accessible at even modest temperatures on the basis of the above
calculations.
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3.2.2 Variable temperature NMR characterisation of ison2eandlso-2a

During VT NMR monitoring of the formation &it was noted that th#P{*H} resonances

for both 2 and Iso-2a show complex temperatudependent behavioudn order to
understand these observations (and also further support the structural assigmhsoe?d)of
anin-depth analysis athe relevanimultinuclear VT NMR spectravas carried out. In the
31P{*H} NMR spectra, the multiplicities of th&P{'H} signals of bot2 andIso-2achange

upon warming from 193 K (see Figure 3a). Over the entire temperature range examined, the
signal of2 is dominated byscalar couplings té'B and the quadrupolar relaxation 0B.

This was proven by simultaneousiB and'H decoupled'P spectra (seg'P{'B, H}
spectrum in Figure 3b), which show a clear collapse of the triplet with a coupling constant
of 1Jpg = 84 Hz at 193K. Additional **P{*°F, *H} experiments did not change the signal of

2 (Figure S80), which is reasonable for scalar couplings being sigmily smaller than the

half line width 6., = 90Hz). With increasing temperature, tHe{'H} signal of 2 becomes

first a singlet and then a very broad doublet from 300 K upwards (for a temperature row
between 19X and 333 K oR, see Figure S83). The wesponding!B signal changes from

a very broad singlet to a sharper doublet at 300 K corroborating the large scalar coupling
constant betweeh'B and®P (Jpg= 90 Hz, see Figure S8A)hich is accompanied by a
downfield shift. Similar behaviour was observed in a temperature screening of a solution
containing exclusivel? in which the!!'B signal of2 started out as being relatively sharp at

193 K (see Figure S84), then first broadened subsequently narrowed during a steady
temperature increase. Again, this went along with a downfield shift (around 1.4 ppm, see
Figure S84). The line broadening associated with a downfield shift is probably related to a
coalescence d with another spaes downfield shifted relative t&. Given the relatively

low energy predicted for isomé&go-2d (vide supra this is likely to be the relevant species,

and these variable temperature measurements therefore further hint at the labile nature of the
Bi P bondin 2 (a!'B shift of 1.4 ppm fo2 would correspond to the presence of around 4%

of Iso-2d; see SI for calculation). Within this
established, which may altédes and could therefore give rise to the observed chamge
shape of thé*P{*H} signal of 2 during temperature increase (see Figure 3a).>iPgEH}

signal of Iso-2a at U(ppm)=1 1 0 2 exhibits a significant]l)
temperature increase. At 183juadrupolar relaxation seems to dominate produaibroad

singlet @ = 98 Hz). During warrup, this signal becomes sharper (Figure S79) and
develops a quartet splitting which at higher temperatures converts into a quintet (see Figure
3a and Figure S79§!P NMR with simultaneou$’F and*H decoupling evealed that the
splitting results from coupling t9F (see’'P{°F, 'H} in Figure 3d). The fact that different
multiplets are observed at altered temperatures may be attributed to the presence of two
chemicallydistinct, hindered €Fs rings, each of which may independently suffer from
hindered rotation about iIts B1TC bond (of t
the case fotso-2a). While the ortho (and meta) fluorines of a freely rotating ring would
have identical scalamaplings to phosphorus, those in a hindered ring may have different
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couplings. Thus, similar coupling &P to both fluorines of one freelptating GFs (°Jpr=

22.5 Hz) and only one fluorine of a hinderesF€(°Jer = 23.5 Hz) would give rise to the
obsrved quartet (see Figure 3e). At elevated temperatures, stronger rotation of the
fluoroar vyl s -lzomddpeningand elgsinggpredimably results in a similar scalar
coupling of*!P to all four ortho fluorines, creating a quintet coupling pattéf{1'B8,H}
measurements at 183showed a small reduction in line width (see Figure 3c) while at
233K no change in line width or multiplet structure was observed (see Figure 3e). This
implies that at 19K the 3'P signal oflso-2ais dominated by the @arupolar relaxation
effects of'!B. In contrast, at higher temperatures there is an apparently smaller influence of
118 on the line width which is now mainly dominated by coupling’fo Calculations at the
TPSS/IGLGIII CPCM(THF) level of theory reveateaJes of 6 Hz for Iso-2a (see Table

1) which fits well to the observation of a small change in line width aK1&3d no change
at233K. Veri fying Igo-Ragia¥Pi!B-HWWQCwds not successful due to

the extremely broatB signals assoated with very short transverse relaxation times. (T

A H-31P-HSQC spectrum revealed the expected break in symmetry of the heterocycle in
Iso-2a compared t@® since the protons bound to thehBterocycle exhibit different shifts
andH-3P coupling constants (Figure S81). Taken collectively, these NMR observations
therefore strongly support the proposed structutem®a.

Table 1. Cdculated (calcd.§*P and"'B NMR shifts (ppm) and coupling constadés; (Hz) at the TPSS/IGLO
[l CPCM(THF) level of theory. The calculated absolute shieldings of compdsgedved as reference for the
other compounds. Experimental (exp.) chemical shifsarfdlso-2a are also given.

2 Iso-2a Iso-2b Iso-2¢ Iso-2d
1102 (exp.)
i ¥P) +18 (exp.)
198 (calcd.) 116 138 143
125 (exp.)
UB) +14 (exp.)
126 (calcd.) +32 +66 +47
Jre 87 6
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Figure 3. a) 3'P{*H} NMR monitoring (starting from 19% and warming up to 30R) of the reaction ofl

with (CsFs)2BCI (see Sl for full spectra, Figu&/79). The spectral regions ®fandiso-2a are displayed with

the same expansion and intensity scaling. b) Overlaid F1 (indirect dimension) projectiohsBPa1SQC

with simultaneous'B and*H decoupling in F1 anéP decoupling in F2 (direct dimension) acquired in the
region of2 (better signal/noise compared to®# spectrum, see S81 in Sl for pulse prografB)decoupling

was applied on resonance (red) and off resonance (black). The spectra were acquildl-enpaiobe. c)
Overlaid 1d3'P spectra with simultaneod® and*H decoupling!'B decoupling was applied on resonance
(red) and off resonance (black). The spectra were adjusted to same height for a better comparison of line widths.
The spectra were aciged on a TBIP probe. d) Overlaid 18P spectra withH decoupling only (black) and
simultaneoud®F and'H decoupling (blue). The spectra were adjusted to same height for a better comparison
of line widths (see also S80 in SlI). The spectra were acqoiredTBFF probe. e) Overlaid F1 projections of
a'H-31P-HSQC with simultaneou$B and'H decoupling in F1 an#P decoupling in F2 acquired in the region

of Iso-2a. The spectra were acquired on a FBprobe.

3.2.3 Reactivity of2 toward nitriles

Although the soligstate structure o2 clearly indicated the formation of a classical P/B
Lewis acid/base adduct, XRD, DFT and VT NMR analyses all suggested that reversible,
t her mal PT B bond cl eavage m@gapénedispnesa?2di bl vy
possessing unquenched acidic and basic sites. It was thus anticipated tkhgpd-LP
behaviour might still be observable for compo@né line with both our initial predictions

and results reported previously for some other béwased Lewis adduct® 4! Indeed,

more direct evidence that such reaityiis possible was observed during attempts to dissolve
samples o in deuterated acetonitrile for NMR purposes, which led to a clear colour change
from orange to deep green. Although activation of other unsaturated C=X bonds by FLPs is
very well estabshed, reports of nitrile activation are remarkably scarce, with this having
been achieved only for a family of geminal phosphinoboranes reported by Wagner and
Slootweg, which reacted to generate fimembered cyclic structures, and a single, more

elabora¢ enamine/borane system reported by Eeker % 44
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Scheme2. Synthesis of nitrile insertion produ@s-3e (yields of isolated compounds are given in parentheses
in this caption)3a R = Me (33%), 3b: R = Ph(64%),3c. R = 3,5-Br,CeHs (43%),3d: R = CH.CI (39%), 3e
R = Et (41%).

T g b /
\\ / \C;\‘jﬁfcz i /'/
N e
¢

Figure 4. Molecular structure oBain the crystal. Displacement ellipsoids are shown at the 40% probability
level; H atoms are omitted for clarity; phenyl angF$groups were shown in wireframe for clarity; selected
bond |l engt hs [ il alseB6(18)n g P 18827(1A4)] : P 1ALIAZH16) P11 C6
1.7431(17) C21.387Q32) C31.3092) C513C&H2) C7128112) N11.3B7A2) C771C8
1492(2) C11 RQ2&8) P11 AZ012%(13) C71 NIZ0BA8) C8 1 Cl24.56(16)

Nevertheless, addition of acetonitrile to a solutio of diethyl etheat room temperature

resulted in an immediate colour changeeep greeand the’'P{*H} NMR spectrum of the

reaction mixture indicatedhé selective formation of a single new spe8atScheme 2), as

evidenced by a sharp singlet resonancé(apm)= +0.6, that is shifted to higher field

relative to2 (FigureS11) In the protorcoupled®P NMR spectrum this signal appears as a

complex miltiplet (FigureS12). Additionally, the"'B{*H} NMR spectrum shows a broad

signal atl(ppm) = +21.9 that is shifted to lower field relativeZowhich is qualitatively

consistent with a change from fewo threecoordinate boron. Single crystals were grown

by slow evaporation of anrhexane solution oBa at room temperature. Gratifyingly, the
crystallographic characterization confirmed activatof the nitrile triple bond, although this

was unexpectedly accompanied by cleavage of
of 2 (Figure4) with the nitrile having formally inserted into the former. The resulting BCN

moi ety is al mdBil7RApearan@@CznihNel N17B1 distar
shortened (1.367(3) ) compared to commonA)Rlsiggestingn gl e b
some multiple bond character due to donation of electron density from the nitrogen lone pair

into the empty p orbital on boron. The nitrdee r i ved C71 N1 di stance i ¢
typical CI1 N douAf)Péannbdo ntdlse (PLL12G7l (e smati on (
therangeof i ngl e bonds according to tAE sum of th
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Other substituted nitriles were subsequently employed in similar reactions, yielding
compounds3b-3e (Scheme2) as deep green crystals in moderate yield$6836). The
crystallographic characterization 8b and 3c revealed structures similar to that already
discussedfoBa, wi t h essentially |Iinear CT NI B arra
more details, see Sl). Multinuclear NMR data of all compounde @lso in line with those

found for3a

A slightly different outcome was observed usin@inethylamino)acetonitrile (Scheme 3),

which contains an additional pendant donor functionality, as was indicated by an immediate
colour change from orange to dg@pk (c.f.deep green for compoun@a-3€) upon addition

of the substrate to a solution @fin diethyl ether. NMR analysis indicated the clean
formation of a new produe that features @P{*H} r esonance at U(ppm)
shifted to higher field relative t8a-3e( G ( pp m) =1 1. BB{H}esignal11.6) . Th
ppm for4 vs.ca. 2226 ppm for3a-3e) is also shifted to higher field, suggesting a different
product structure, which waswfirmed by single crystal Xay diffraction (Figure 5). The

molecular structurecfi n t he cryst al reveals inse&rtion
analogously tBa-3e However, instead of a linear CNB moiety a fivembered Lewis

adduct is formd in which the boron moiety interacts with both available nitrogen atoms.
The rather el ongat ed)ofRk coNsktert with aldativelinteradtidan2 ( 1 6 )
between B1 and the lone pair of N2. This interaction has a significant influence ohdhe so

state structure and spectroscopic propertiegl.ofhe crystallographic characterization

further shows that the Ci NI B fragment is n
bond distance 1(5237(16)R) is elongated compared ®a (1.367(2)A). The UWVis
spectrumo#s hows an additional absorbance at o =

colour change from green (f8a-3€) to pink.

Ph
CeFs_ CoFs X
©\_Ph _ w
/ Me,NCH,CEN b Ph
A M e
P md® b s Me
2

4 N
CeF5 CoFs

Scheme3. Reaction o with 2-(dimethylamino)acetonitrile.
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“F1

Figure 5. Molecular structure of in the crystal. Displacement ellipsoids are shown at the 40% probability

level; H atoms are omitted for clarity; phenyl angF$groups were shown in wireframe for clarity; selected

bond lengths [A] and angles [’PIIC7 1. 8435 ( 121.7631(R1L 1 €2 1.T®62(12) P11 C1
1.8231(12) C 2 1..8936(17) C 3 1..8985(18) C 4 1L.4030(17) C5 1..8882(17) cr7v1C38
1.5084(16); N21B1 1.7322(16); B1T NUNIIR7(BR3NI1B)T NN1T C7
100.38(9) P11 AZ513N9 C81 NP3 B1

To analyse the reaction course2afith nitriles in more detail, DFT calculations were again

performed athewB97X-D/6-3 1 1 + G* * | ev el of theory (all ene
values in kcal-mol; see Figure 6 andide suprd. As already discussed, an initial ring

opening of2 forms isomenso-2d, which can act as an FLP for the activation of nitriles,

modelled here using acetonitrile. This first step is consistent with the chemical exchange
betweer2 andlso-2d suggested by'B NMR (Figure S84 angide suprd. Nitrile binding

to the boron centre d$o0-2d then gives an addutntt -A with almost identical energyrhe

subsequent ratgetermining step involves cyclisation to give the begiergy bridged
intermediatelnt-B (this proceeds over an energy barrier of +21.5 kcaldnathich is

slightly higher than expected given the rapiaatesity observed at room temperature, but is
nevertheless in satisfactory agreement with the experimental result, given the errors typically
associated with the computational methods employed) . This compound is highly unstable

and rapidly rearranges withl eavage of the BT C -nbeombde.?-eFll ast t e |
phosphininederived ring gives initiallynt-C, whi ch readi ly i someri se:
rotation to the slightly more stable conforn3ar as is observed in the solitiate structure.
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Figure 6. Relative wB97X-D/6-311+G** energies (calculated free energigs in kcalmol!) for the
conversion oR into 3.

3.2.4 Reactivity of2 toward alkynes

Encouraged by the high reactivity ®ftoward the strong, polar triple bond of nitriles, we
were motivated to also test the reactivity2dbward the similarly strong, but apolar triple
bonds of simple alkynes. The combinatior2ofith one equivalent of phenylacetylene in
benzene did not show any significant reactivity at room temperature. However, when heating
this mixture toT =60°C ovenight, the selective formation of a new prod&et was
observed (Scheme 4), indicated by the detection of a single new resonanc&{ thl
NMR spectrum at 853pmFyur§s4). Thissignal Bgpeans within the
range observed for thatrile activation product8a-3e which suggests the formation of a
similar tetracoordinate phosphorus environment. In contrast:Bfii&H} NMR signal of5a

is shifted to significantly higher field relative 83a-3e( 7T 1 1 . 2 5avs.wa.28-26 ppm

for 3a3€), and suggests a tetracoordinate rather than tricoordinate boron moiety
(FigureS55). The reactions @&with 4-(trifluoromethyl)} and 4bromophenylacetylene led

to analogous results, as the selective formation of the corresponding new confjooamnds

5¢c was observed, which show very similar heteroatom NMR resonaréesH}
U(ppEm)6b),1.960;M"B{H} O (=piplm)5bp , ( T 30) CdmpaundSa-5c

could be isolated as light red powders in good yields (up to 72%) by treatment nidbe c
product withn-hexane and thorough drying of the resulting precipitate under vacuum.
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Scheme4. Reaction of2 with phenylacetylene derivatives, leading to the formatiorb@&bc, thermal

rearrangement oR to 6, and relative wB97X-D/6-3 1 1 + G* *

energies (calcul ated f

kcalmol'%); 5a: R = Ph (61%)5b: R = 4CFs-CoHa (62%);5¢: R = 4-Br-CeHa (72%).

Single crystals obb and5c were grown by slow evaporation nfhexane solutions. The

single crystal Xr a'y

structures

r é-+mhasphabarteleniuim moietyain i on o f

which the alkyne bridges between P1 and C4 of the phosphiened heterocycle. As

with nitriles, alkyne addition is accompanied by cleavage of botP theB

and CT B bonc

of 2. Remarkably, this is accompanied by migration of the¢Bf}2 moiety via formal

i nsertion

i nt o2 Duk o th€raadddthquabtyaf the soutctural daté&of

(Figure S106 and Table S2), only the structural daba$ discussed in detail here. The
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Figure 7. Molecular structure obb in the crystal. Displacement ellipsoids are drawn at the 40% probability
level; H atoms are omitted for clarity; phenykHGCF; and GFs groups were shown in wireframe for clarity;

a disorderedh-hexane molecule is omitted for clarity; selected bondtlengs [ i ] and angl es
1.783(4); C41C7: 1.577(5); P11C2: 1.723%5)  C3RPRLH4CGE:

1.560(5) ; C41 C5: 1.541(5) ; C51 C6: 1.335(5); cC71C8:

C871 C771C4: 11BC64( 31)0;3.C3261(P117); C371C471C5: 107.2(3).

Typically, DielsAlder type [4+2] cycloaddition of alkynes to neutral phosphinines to form
1-phosphabarrelenes must be performed using highly reactive arynes or activated alkynes
(such as §C C [ C4 & dienophile§84546.495047That phosphaorbornadiene reacts

with simple phenylacetylenes under modest reacooditionsis therefore significantand

is reminiscent ofthe cationic 1-methytphosphininium salt [[Me-2,6-(SiMe&3)>-3,5Phy-
PGH][GaCls]®! that upon reaction with-dctyne affords a-nethykphosphabarrelenium
tetrachlorogallatevhich was characterized by NMR spectroscopy.

While activation of alkynes is known to occur for other FlyBtams, the concomitant
B(CsFs)2 migration observed in this case suggests an atypical activation meckarifsih.

%0 To gain more insight, a solution @was monitored by*P{*H} NMR spectroscopy at
60°C in the dsence of alkyne, which resulted in the slow formation of a new species
observed as a shar p ppmi(mgahatogous aransfaiimaop mgs
observed at r.t.). The chemical shift this speciess quite similar to those oba-5c

( 0 ( p=ALm2.0), suggesting a similar environment at P. The structure of this species could
not be determined by single crystaray diffractometry; however, LIFBMS spectrometry,
elemental analysis and NMR observations are consistent with the stréaapctedin
Schemet. In particular, the calculatedP (U (=p-Fvm}1.3 observed) antB NMR

( U ( p=p+#38)s.+54 observed) shifts @are in agreement with the observed shifts (Table
S5). Additionally, the calculated and observed-Ui¢ spectrum of6 are in reasonable
agreement (Figur8104 and S115).
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VT 3P{*H} NMR monitoring of2 was also carried out in the presence of an alkyne substrate.
When 4(trifluoromethyl)phenylacetylene was adde®tat room temperature only a small
singletinthe NMR spectrum at UG(ppm) = DHbcbudppm cor
be observed next to the signals2adindliso-2a (Figure S89)3P{*H} NMR monitoring at

60 °C showed tha? andIso-2a convert quiteselectively to the produéb (accompanied by
generation of only 5% o06) within three hours (Figur889), with no other observable
intermediates. Notably, when the same alkyne was added to compoabhdroom
temperature no reaction occurred, even upatitg to 60°C. Thus,6 does not appear to be

an intermediate during the formation ®d-5c, but rather a competitive siggoduct that

forms selectively in the absence of alkyne (Scheme 4, see Figure S114, Sl, and the discussion
in section S5.4 of the $or further details).
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Figure 8. Relative wB97X-D/6-311+G** energies (calculated free energigs in kcalmol'') for the
conversion oR into 5a.

Based on the structures of produstand6, it was anticipated that the observed reactivity

might be proceeding through the isomeric form2piso-2c (vide suprg, in which the
B(CsFs)2has mi gr at edrthobulployi t bomnhef 6the phosphor
proposal is supported by DFRIculations which show that, following isomerization to this
6opend f or m, -phenysmigrasion gan ecomia TSzcp (AG = 25kcal-mol?),

which is accessible at elevated temperatures. This results in a zwitterionic
methylphosphinium borate spiesint-D. The alkyne subsequently adddrno-D in a 1,4

manner formingsa,®!! in a step that can formally be considered as a h@&isis-Alder

reaction. Alternatively, this step can be viewed as another FLP type reaction, in which the
conjugated phosphorus heterocycle provides both the Lewis acidic and basic.Gi@&s (
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Scheme 1) needed to activate the alkyne. Initiiespretation it is expected that the aryl
substituted carbon atom from the phenylacetylene derivative should end up bound to the
formally Lewis basic fragment of the FLI4$9 due to better stabilisation of the positive
charge that will accumulate on $tgarbon atom during the interaction of the alkyne with the
Lewis acidic centre. Indeed, an alternative reaction pathway betwdeBd and
phenylacetylene to generate regioisormrE was also calculated and it was found that
althoughint-E is thermodynaneally slightly favoured oveba, the associated transition
state TSpe is significantly higher in energy thaRSpsa (+33.3vs. +26.2 kcal-mof, see
Figure 8).This implies that the phosphorus centre is the Lewis acidic site in this system, and
i p aC€ 4 ds the Lewis basic site, which is consistent with the FLP type activation of
dihydrogen by 1,3#&iphosphinine derivative€l Thus, the phenyl migration that
transformslso-2c into Int-D results in arumpolungeffect, where the phosphorus centre
changes n reactivity from nucleophilic (as observed in the activation of nitriles) to
electrophilic (as observed in the activation of alkynes).

3.3 Conclusion

The unusual compourlincorporating a boron atom in a phospt@bornadiene scaffold

is readily accessible by reaction ad®aphosphinine anion and a chloroborane. Even though

2 is nominally a classical Lewis acid/base adduct it shows FLP type reactivity due to its
stramedbcyclic structure, readily activating t
nitriles formally insert into the PIi B bond,
ultimately connect to the resulting Bffs)> moiety in a linear fashion3&-3e) unless an

additional donor functionality is also present (ad)inDFT calculations revealed that these
reactions proceediaa low energyringppeni ng of the bridging no
Conversely, reactions @fwith phenylacetylene derivativeff@ad phosphabarrelenés-5c¢

viama mechanism that inver)Bés t hrbugh Mmbgmat i
a Ci C bond. This work highlights the abil:@
reactive intermediates lrgversible heterolytic elemertement bond dissociation, while

also illustrating the ability of phosphinikterived Lewis bases to engage in interesting FLP
reactivity that is not easily accessible using more conventighaf-phosphines The
applicationof these principleto the activation of further small molecules is a worthwhile

subject for future investigations.
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3.4 Experimental Details
3.4.1 General Considerations

All experiments were performed under an atmosphere of dry argon by using standard
glovebox techniques. Diethyl ether amtiexane were purified, dried, and degassed with an
MBraun SPS800 solvent purification system. NMR spectra were recorded on BrukeeAvan
300MHz and Avance 40MHz spectrometer equipped with a BB+D probe at 30K.
Temperature screening were performed at a Bruker Avance 400 MHz spectrometer equipped
with a BB-H-D probe and a Bruker Avance Ill HD 600 MHz spectrometer with a fluorine
sekctive TBIF probe and a phosphorus selective TBIP priteand °C spectra were
referenced externally to TMS and calibrated on the corresponding residual solvent signals.
118 spectra were reference externally ted3tBFs. 1%F spectra were referenced extalty to

CFCk. 3P spectra were referenced externally to 858® (aq) The assignment dH and

13C NMR signals was confirmed by twbmensional (COSY, HSQC, and HMBC)
experiments. For the chemical assignment 2@dp&enylphosphinine will be referred as

TPP. UV/Vis spectra were recorded on a Varian Cary 50 spectrometer. Elemental analyses
were determined by the analytical department of Regensburg University. Mass spectra were
performed with Jeol AccuTOF GCX LIFEMS by the analytical DepartmentiR&gensburg
University. 1 was synthesized according to a literature procedure(@sfe)-B-Cl was
synthesized by an unpublished proced{rglitriles and alkynes wer@urchased from
SigmaAldrich and used as received.

X-ray Crystallography: The sngle-crystal Xray diffraction data were recorded on an
Agilent Technologies SuperNova and a GV1000, TitanS2 diffractometer witKgCu
radi ati on A). &ither sefiientpidichl8ntiltiscan absorption correctidfi or
analytical ond§? were applied to the data. The structures were solved with SHEY xiid
leastsquare refinements & were carried out with SHELXI®* The hydrogen atoms were
located in idealized positions and refined isotropically with a riding model.

CCDC1946109for 2), CCDC1946111(for 3a), CCDC194611for 3b), CCDC1946114

(for 3¢), CCDC 1946115(for 4), CCDC 1946116(for 5b) and CCDC1946118(for 5¢),

contain the supplementary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre.

3.4.2 Synthesis of

Compound was prepared in an MBraun argon glove b@xs sensitive toward moisture
and air. 2 is soluble and stable in diethyl ether, benzene and toluene, it is not stable in
tetrahydrofuran.
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CoFs. CoFs (CeFs)2B-Cl (171mg, 0.45mmol, lequiv.) was dissolved im-hexane
, / pn (2mL) , Cc 0 0 PCeand stowly addedto a suspensiorld200mg,
o/ ?5 0.45mmol, 1 eqiv. ) ¢ o o | °€ ih n-heganel (Bnb). An immediate
Ph Mel® ;h colour change from deep pink to orange was observed. The orange
2 suspension was stirred for 15 minutes and the precipitate was separated from
the solution. The bright orange solid was extracted into diethyl etheR (8L) and the
solutonwasreuced i n vol ume by35fCa2was isolétddiaearlighet or a
orange powder. Yield 10ng, 35%. Elemental analysis calcd. fo3sH20BF10P
(Mw = 684.32g-mol?) C63.19 H2.95 found C63.12, H3.17. U\VVis: (*h e X a i , &
N m,max/W-mol’t-cm’'1): 221 (18278), 229 (15854), 290 (539%). NMR (400.13MHz,
300K, CeDe) : U = 1MedhJpn=(26Hz), B.81,(m, 4H, €% H of C*>& Ph), 7.04
(m, 6H, G*3 H of C*>% Ph), 7.20 (m, 3H, €9 H of C% Ph), 7.27 (m, 2H, &7 H of
C*% Ph), 7.56 (d, 2H, &% H of TPP,3Jpn=35Hz). 1*C{'H} NMR (100.61MHz, 300K,
CeDe) : U =MeLTPB,Wcr=28Hz), 64,28 (brC* of TPP), 117.02 (biC! of CsFs),
126.25 (sC* of C*% Ph), 127.19 (dC?®of C>% Ph, 3Jcp = 4 Hz), 127.39 (mC2® of C% Ph),
128.29 (sC®®of C?>6-Ph), 129.26 (sC* of C* Ph), 134.63 (dC* of C> Ph, 2Jcp= 5 Hz),
137.48 (br dCsFs, *Jrc = 250Hz), 137.91 (mC2%of TPP,Jcs = 48 Hz), 140.12 (br dCsFs,
1Jrc=260Hz), 143.38 (d,C!' of CYPh, Jcr or ce=14Hz), 147.46 (br d,CsFs,
YJrc = 244Hz), 156.62 (dC? and C® of TPP,%Jcp= 17 Hz). 3'P{*H} NMR (161.98MHz,

300K,CéDg) : U = 18.7 ( br oa dJsecouldmosbe éxactydetermined i p | e
to the line broadeningcalles=60Hz; minor Iso-2a is also observed 3P NMR
(161.98MHz, 300K, CsDe) : U = TB{H; NNMRo(128.38lIHz, 300K, THF-ds):
U = 14 15 %90Hb)+B NMR (128.38MHz, 300K, CeDe) : U = “EMMRL ( bs)

(376.66MHz, 300K, @Dg) := U1 129. 40 ( brir=4R)Y, Hz15@F39 (g
4F). MS (LIFDI, toluene)m/z(%) = 684.10 M" (2); 339.12 ([tMe-P(GH2Phy)]).

3.4.3 Synthesis oBa

Compound8a-3ewere prepared in an MBraun argon glove b8&3eare sensitive toward
moisture and air3a-3eare soluble and stable in hexane, diethyl ether, benzene.

P4h Acetonitrile @e L, Onmdl, 3 &quiv.) was added to a solutiondf
:l tz (40mg, 0.059mmol, lequiv.) in diethyl ether (ImL) at room
P > >= Ph o temperature. An immediate coilochange from orange to deep green
Me 6752 \as observed. The reaction mixture was stirred fomifites, the
3a solvent was completely removed, and the dark green oily residue was

extracted withn-pentane (X 2 mL). After reducing the solution to
half and storagetaoom temperature for Aour,3acould be isolated as dark green needles.
Yield: 14mg (33%).Elemental analysis calcd. f@ssH20BF1oNP (Mw = 725.38g-mol?)
C62.92, H3.20, N1.93; found: 63.28, H3.31, N1.42.UV-Vis: (n-h e X ad@ , N, 0
/ L-mol't.cm'1): 224 (41862), 253 (33000), 320sh (11068) NMR (400.13MHz, 300K,
CeDs) U = 12)pd=413Hz,MeTPBH2,09 (d, 3H3Jpn =8 Hz, MeCN), 6.94i
55



7.13 (m, 11HHaromati9, 7.27 (M, 2HHaromatid, 7.41 (M, 2HHaromatid, 7.63 ($ 1H,Haromatid,

7.70 (s, 1HHaromatid. **C{*H} NMR (100.61MHz, 300K, CeDg) : & = 9. 00, 24. 4
114.39, 124.50, 125.74, 126.97, 128.59, 128.68, 137.30, 139.36, 140.15, 142.75, 147.50,
156.87;due to the low S/N, not all of the€C signals could be resolvedP{*H} NMR

(161.98MHz, 300K, CeDe) : U ='PRMRS(161.98)IHz, 300K,CeDg) : U = 0.6 (I
LB{1H} NMR (128.38MHz, 300K, CsDs) : U = PBINMR PL28(38MH3, 300K,

CeDe) : U = 29F{'H} NMR(376.66)Hz, 300 K, Dg) : =T0131.81 (m, 4F
7151.07 (m, 2 F), 1161.51 (m, 4F).

3.4.4 Synthesis o8b

P4h Benzonitrile (7.5 L, Onmd, 16&juiv.) was added to a solution of
;I \/: 2 (50mg, 0.073n.1mol, .1equiv.) in diethyl ether (inL) at room
Ph- > >: Ph . temperature. An |mmed|a'Fe cupchange from.orage to deep green
PH was observed. The reaction mixture was stirred fomitutes, the
3b solvent was completely removed, and the dark green oily residue was

extracted withn-pentane (X 2 mL). After reducing the solution to half and storage at

T 3% for 1hour, 3b could be isolated as dark green needles. Yieldm§7(64%).

Elemental analysis calcd. fo€4sH2sBFioNP (Mw = 787.45g-mof') C65.59, H3.20,

N 1.78; found: (85.33, H3.34, N1.80.UV-Vis: (n-h e X amwé , N/ L-mol tcm b):

259 (12766), 320sh (3979jH NMR (400.13MHz, 300K, C¢De): U = 2.00 (d, 3H,

2Jpn=13Hz, Me-TPP), 6.89i 7.11 (M, 15HHaromaid, 7.26 (M, 2HHaromaid, 7.38 (M, 2H,

Haromatig, 7.50 (S, 1HHaromatid, 7.59 (S, 1HHaromatid, 7.94 (d, 1HHaromatiq- 13C{1H} NMR

(100.61MHz, 300K, CesDs) : ua = 12.10, 85. 55, 108. 11, 115
128.82, 128.99, 129.44, 129.69, 131.95, 132.39, 1328K96, 137.65, 139.69, 140.16,

140.29, 147.96, 151.26tue to the low S/N, not all of th€C signals could be resolved

31p{1H} NMR (161.98MHz, 300K, CéDe) : U = P NMRL16X.98MHz, 300K,

CeDe) : U = 'B{0H} NMR (#28.38MHz, 300K, CsDe):li = 23 BMMR( bs) .
(128.38MHz, 300K, CsDg) : U = 28F{'M}S\MR (876.668/Hz, 300 K, €Dq):

= 17131.26 (m, 4F), T1T151.01 (m, 2 F), 1161.1

3.4.5 Synthesis 08c

P4h 3,5-Dibromobenzonitrile (19ng, 0.073mmol, 1equiv.) was added to
3| X5 a solution o2 (50 mg, 0.073mmol, 1equiv.) in diethyl ether (inL)
th > 22 Ph at room temperature. An immediate aslewhange from orange to
CG“::Br?: —(CeFsl2 deep green was observed. The reaction mixture was stirred for
3¢ 15 minutes, the solvent was completely removed, and the dark green

oily residue was extracted witithexane (2nL). After reducing the
solution to half and storage at mdemperature3c could be isolated as dark green crystals.
Yield: 30mg (43%).Elemental analysis calcd. f@usH23BBroFioNP (Mw = 945.24g-mofl
1) C54.64, H2.45, N1.48; found: (53.99, H2.58, N1.39.UV-Vis: (n-h e X a M€ hm, &
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Chax/ L-molf L-cr 2): 260 (14990), 310sh (7040), 432 (2236) NMR (400.13MHz, 300K,

CeDe): U= 2.12(d, 3H,2Jpy=13Hz,MeTPP , 7. 08 1 Heomaid, 3.15((S4H, 2 H,
Haromatia y 7. 31 1 Ha%mati(;3 ,4 (7 m4 53H Ha%mati(ﬁ D.68 (ngHHagorﬂtia,

7.73 (s, 1H,Haromaid, 7.81 (S, 1H,Haromaid, 8.19 (S, 1H,Haromaid. C{*H} NMR
(100.61MHz, 300K, CgDe) : a = 11. 54, 84. 93, 115. 74, 1:
128.56, 128.61, 130.93, 137.26, 137.94, 138.94, 142.24, 140.14, 147.52, t48.%#the

low S/N, not all of the*C signals could be resolvettP{*H} NMR (161.98MHz, 300K,

CeDe) : U ¥ 3PNMRB (1§198MHz, 300K, CsDe) : U = B{IHE NMRm) .
(128.38MHz, 300K, CeDg) : U = PBNMR (128B8MVH3, BOOK, CsDs) : U = 2 3.
(br s).%F{*H} NMR (376.66MHz, 300 K, D) : = Ui 131.29 (m, 4F), 11

7160.82 (M, 4F).

3.4.6 Synthesis o8d

Ph 2-Chloroacetonitrile (4.6 L , Onmdl, 2&quiv.) was added to a
4
3TN 5 solution of2 (50 mg, 0.073mmol, lequiv.) in diethylether (1ImL)
A Oh
Ph” > Ph at roomtemperature. An immediate colochange from orange to
Me —(CéFs)2 deep green was observed. The reaction mixture was stirred for
Cl 3d 15 minutes, the solvent was completely removed, and the dark green

oily residue was extracted withhexane (X 2 mL). After reducing
thesolution to half and storage at room tempera@ueould be isolated as dark green solid.
Yield: 22 mg (39%).Elemental analysis calcd. f@zsH2.BCIF1o0NP (Mw = 759.82g-mol?)
C 60.07, H2.92, N1.84; found: 080.46, H3.27, N1.23.UV-Vis: (n-hexanepmax/  nnax, U
/ L-mol't.cm'Y): 248 (22550), 307 (13470), 416 (613 NMR (400.13MHz, 300K,
CeDe): U = 1.78(d, 3H,2Jpn=13Hz, Me-TPP), 4.25 (s, EI.CN), 6.97i 7.13 (m, 11H,
Haromatid, 7.28 (M, 2HHaromatd, 7.36 (M, 2HHaromatid, 7.55 (S, 1HHaromatd, 7.63 (s, 1H,
Haromaid. *C{*H} NMR (100.61IMHz, 300K, CsDs) : a = 10.05, 45. 78,
124.63, 124.75, 126.08, 126.91, 128.73, 137.19, 138.76, 139.86, 140.13, 147.80, 153.86;
due to the low S/Nnot all of the**C signals could be resolvedP{*H} NMR (161.98MHz,

300K, CeDe) : U = StPNMR (161.98MHz, 300K, CgDe) : a = T11.0
1B{1H} NMR (128.38MHz, 300K, CsDg) : U = HYBNMR (128038MHsg, BOOK,
CeDe) : 25.8 for s).%F{'H} NMR (376.66MHz, 300 K, €Dg) : = U7 131. 13 ( m,
1r150.22 (m, 2 F), 1161.29 (m, 4F).
3.4.7 Synthesis oBe
P‘:w Propionitrile (5.1eL, 0.073mmol, 1equiv.) was added to a solution

3| X5 of 2 (50mg, 0.073mmol, 1lequiv.) in diethylether (ImL) at room
Ph 2 > R Ph temperature. An immediate colour change from orange to deep green

Me %( —"(CeFs)2 was observedThe reaction mixture was stirred for @bnutes, the

3e solvent was completely removed, and the dark green oily residue was

extracted withn-hexane (2nL). After reducing the solution to half
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and storage at room temperatidewas isolated as dark green crystals. Yieldn2(41%).

Elemental analysis calcd. fo€sgHzsBF1oNP (Mw = 739.40g-molt) C63.35, H3.41,

N 1.89; found: (62.43, H3.41, N1.39.UV-Vis: (n-h e X amwé , N/ L-mol tcmb):

259 (12766), 320sh (39Y9H NMR (400.13MHz, 300K, CéDg) : U = 0..6H8, (t, 3H
3Jun = 7Hz), 1.89 (d, 3H2Jpu=13Hz, Me-TPP), 2.65 (dq, 2H, E>CHs, 3Jun = 7 Hz,

8Jpu=2.7Hz), 7.06i 7.23 (M, 11HHaromatid, 7.38 (M, 2HHaromatid, 7.53 (M, 2HHaromatid,

7.76 (S, LHHaromatd, 7.84 (S, 1THHaromatid. *C{*H} NMR (100.61MHz, 300K, CeDe) : U =

7.95, 8.84, 29.56, 82.22, 107.9, 114.22, 124.45, 124.48, 125.78, 126.99, 128.59, 128.69,
137.24, 139.35, 139.94, 142.00, 142.76, 147.55, 1684010 the low S/N, not all of the

13C signals could be resolvedP{*H} NMR (161.98MHz, 300K, CéDe) : U = 0. 1 ( s
3P NMR (161.98MHz, 300K, CeDe) : O = “@{HLNMR rfLR8.38MHz, 300K,

CDe) : U = PEBNMR (12888MHg, BOOK, CeDs) : U = ZPFRMHPNMRbr s) .
(376.66MHz, 300K, D) := 1 131. 71 (m, 4F), 1151.15 (m, 2

3.4.8 Synthesis oft

Compound was prepared in an MBraun argon glove bdxs sensitive toward moisture
and air.4 is soluble and stable idiethyl ether, benzene.

Ph 2-(dimethylamino)acetonitrile (74 L ,  Onmdl, Zejuiv.) was added
35 to a solution o (50 mg, 0.073mmol, 1equiv.) in diethylether (1ImL)
Ph AT at room temperature. An immediate asl@hange from orange to deep

Me’ Y\ — pink was observed. The reaction mixture was stirred fomitfutes,
4 \/ A while a suspension with a pink solid was formed. The solution was
Ar Af

decanted and the pink solid was washed witiexane (Z 2 mL). 4 was

isolated as a pink crystalline powder after drying unescuum. Yield: 28ng (50%).

Elemental analysis calcd. fa€soH28BF10N2P (Mw = 768.45g-moft) C 62.52, H3.67,

N 3.65; found: (62.41, H3.60, N3.49. UV-Vi s: (di et | nmt/h&r, o
L-mol't.cm): 260sh (17060), 316 (17420), 411 (4100), 523 (6644.NMR

(400.13MHz, 300K, CgDe): Ui = 1.39 (s, 6HMe:NCHCN), 2.05(d, 3H,%Jpr = 13 Hz, Me-

TPP), 3.43 (s, 2H, MENCH>CN), 6.977 7.00 (m, 2HHaromatig, 7.13 (M, 1HHaromatd, 7.17

(m, 4H,Haromatig, 7.341 7.39 (m, 6H,Haromatid, 7.67 (M, 2HHaromatig, 7.96 (S, L1HHaromatig,

8.03 (s, 1HHaromaid. 3C{*H} NMR (100.61MHz, 300K, CsDg) : U = 12. 68, 48. 8
82.08, 113.76, 124.25, 124.43, 124.98, 125.61, 128.59, 128.81, 137.40, 137.47, 140.38,
143.45, 147.95, 165.6%ue to the low S/N, not all of th€C signals could be resolved

31p{iH} NMR (161.98MHz, 300K, CeDe) : U =. 3P NMR161.98MHz, 300K,

CDe) : U = UB{OH} RIMR (b2B.38MHz, 300K, CsDe) : U = HENMR (br s)
(128.38MHz, 300K, CsDe) : U = PR{H}3NMR B76.68MHz, 300 K, €D¢) : =
7128.79 (m, 4F), 1154.91(m, 2 F), 1162.45 (n

58



3.4.9 Synthesis oba

Compound&a-5cwere prepared in an MBraun argon glove bda5care sensitive toward
moisture and airSa-5c are soluble and stable in diethyl ether, toluene and benzene.

Ph Phenylacetylene (16 L , onmdl, 41@quiv.) was added to a
A en solution of2 (100mg, 0.146mmol, 1equiv.) in benzene (&L), the
J 4 7% mixture was warmed up to 8C overnight. A colour change from

CoFs~=7" 1 d® Iih orange to deep red washserved. After cooling down to room
CoFs’ \Ph 5a temperature, the solvent was completely removed. The remaining oily

residue was triturated witim-hexane (2nL). After drying under
vacuum,5a was isolated as a light red powder. Yield:ni@ (61%).Elemental analysis
calcd. for CasH26BF10P (Mw = 786.46g-molt) C 67.20, H3.33; found: (56.52, H3.51.
UV-Vi s: (di end/hynhmmeLinole.-cnil): 461 (414)H NMR (400.13MHz,
300K, CsDg): Ui = 1.20(d, 3H,%Jpn = 15Hz, Me-TPP), 6.05 (d,1H, 2Jpn = 22 Hz, HCCP},
6.36 (m, 2H,Haromatig, 6.58 (M, 2HHaromatid , 6. 7 6 T 6Halndig ,( m7 . GHI, 7. 18
7H, Haromatid, 7.36 (M, 2H,Haromaid, 7.58 (S, 1H,Haromatd, 7.65 (S, 1H,Haromatig-
13C{*H} NMR (100.61MHz, 300K, C¢Ds¢) : a = T10.33, 66. 35, 120
128.14, 128.53, 128.70, 128.76, 128.96, 132.05, 134.99, 136.90, 139.46, 148.25, 150.38;
due to the low S/N, not all of tHéC signals could be resolvedP{H} NMR (161.98MHz,

300K, CeDg) : U = CPNWIR (161.88MHz, 300K, CDs) : o = 1. 67
L1IB{1H} NMR (128.38MHz, 300K, CeDe) : U = FBNMR {188.38MH}, 300K,
CeDe) : U = TBE{1H} NMR (3766BpMHz, 300 K, €D¢) : = 07 128. 18 ( m,

T159. 44 116M02 (n2 4Fy.)
3.4.10 Synthesis obb

CeHsCF3  4-(Trifluoromethyl)phenylacetylene (24 L Onmdl, 416équiv.)

A was added to a solution @ (100mg, 0.146mmol, lequiv.) in
. @J(; /65 benzene (2nL), the mixture was warmed up to 80 overnight. A

066:5) \ Me® b, colour change from orange to deep red was observed. After goolin
Ph sp down to room temperature, the solvent was completely removed. The

remaining oily residue was triturated witthexane (2nL). After drying under vacuungb
was isolated as a light red powder. Yield: i@ (62%).Elemental analysis calcd. for
CasH2sBF13P (Mw = 854.46g-moft) C 63.26, H2.95; found: 53.58, H3.30. UV-Vis:
(di et hymx/ e niag Lol feem Y): 467 (431).*H NMR (400.13MHz, 300K,
CsDe): Ui = 1.19 (s, 3HMe-TPP), 6.00 (d, 1H2Jpy = 23Hz, HCCGsH4CRs), 6.35 (m, 2H,
Haromatig, 6.46 (M, 2HHaromatig , 6. 7 41 6Ha&9 ,( m§ . BVB&HI, 7Hadmalig, ( m, 9
7.33 (M, 2H,Haromatd, 7.50 (S, 1H,Haromaid, 7.58 (S, 1H,Haromaid. *C{*H} NMR
(100.61MHz, 300K, CgDe) : a = 10. 33, 66. 01, 122. 37, 17
128.69, 128.84, 129.15, 129.92, 130.25, 131.77, 135.00, 138.79, 140.34, 141.25, 148.27,
150.00, 171.76due to the low S/N, not all of th&C signals could be resolved

h
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3p{iH} NMR (161.98MHz, 300K, CeDe) : 0 = RNMRT161(98VHz, 300K,

CeDe) : U = UB{'HPNMR((129.38MHz, 300K, CeDe) : U = HRBNMRL 6
(128.38MHz, 300K, CsDe) : U = 1°F{'H}. NMR (3{6566MHz, 300 K, €D¢) : =
162.68 (s, 3F, €2),71128.39 (M, 2F, €Fs) , 1159 . 18) ,( mi, 1 @3 .FYF4).C( m,

3.4.11 Synthesis obc
CeHsBr - 4-Bromophenylacetylene (26g, 0.146mmol, 1equiv.) was added to

/|_pn @ solution o2 (100mg, 0.146mmol, 1equiv.) in benzene (&L), the

315

AN/ mixture was warmed up to 6C overnight. A colar change from

CoFs-OF 1@ .

066:5’ . Me” bn  orange to deep dewas observed. After cooling down to room
Ph

5¢ temperature, the solvent was completely removed. The remaining oily
residue was triturated witikhexane (2nL). After drying under vacuunicwas isolated as
a light red powder. Yield: 9ing (72%).Elemental anakis calcd. forCasH2sBBrFioP
(Mw = 865.36g-mol?!) C61.07, H2.91; found: (64.45, H3.42. UV-Vis: (diethyl ether,
amax/ N e/ L-nibl t-cm'D): 470 (500)*H NMR (400.13MHz, 300K, CsDe): = 1.19
(s, 3H,Me-TPP), 5.98(d, 1H,%Jpn = 23 Hz, HCCGsH4Br), 6.27 (M, 2HHaromaid, 6.34 (m,

2H, Haromatid 6. 771 6 H8waij, 6.85 (M, BH,Haromatig , 7.0017.08
Haromatia, 733 (m, 2HHaromatia, 751 (S, 1HHaromatia, 758 (S, 1HHar0matia. 13C{1H} NMR
(100.61MHz, 300K, CgDs) a = 10.31, 66. 03, 121. 26,

128.80, 129.07, 1386, 131.46, 131.87, 133.38, 135.00, 135.58, 135.71, 139.05, 148.36,
150.00, 172.24due to the low S/N, not all of th&C signals could beesolved
31p{IH} NMR (161.98MHz, 300K, CsDs) : U = RNMRZ161(98\Hz, 300K,

CeDe) : U = MB{HPNMR((128.38MHz, 300K, CsDe) : U =5s).FMBNMR1 5
(128.38MHz, 300K, CeDg) : U = F{'H}. NMR (376566MHz, 300 K, €Ds): Ui=
1128.09 (m, 2F), 1T159.25 (m, 2 F), 1164.

3.4.12 Synthesis 06

Ph 2 (50 mg, 0.073mmol) was dissolved in benzene (k) and heated
= | to 60°C over two days. The solvent of the deep red reaction mixture
CoFs. pp Was completely evaporated, and the remaining red oily residue was

CeFs PH \Me extracted withn-hexane (X2 mL). After slow evaporation at room
6 temperature and recrystallization frarhexane6 could be isolated as
deep red crystalline solidkield 18 mg, 38%6. Elemental analysis calcd. f@3zeH20BF10P
(Mw = 684.32g-molt) C 63.19 H 2.95 found C63.54, H3.17.UV-Vi s : ( di @& hy I
I N/ L-nibl-cm'Y): 270 (22251), 490 (9017%H NMR (400.13MHz, 300K, CsDe):
U = 1. 6%y=14Hz), 898 (M, 9HHaromaid, 7.11 (M, 2HHaromatid, 7.33 (M, 2H,
Haromatid, 7.54 (M, 3HHaromatid, 8.04 (bd, 1HHaromaid. *C{*H} NMR (100.61MHz, 300K,
ChDg) : U = 125.37, 125. 72, 126..824137.74,282.28 8 ,
146.42, 146.49, 146.6@ue to the low S/N, not all of tH€C signals could be resolved
31P{*H} NMR (161.98MHz, 300K, CsDs¢) : U =3PNMR (161.98ViIHz, 300K,
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CeDe) : U M“B{*H} NMR (128.38MHz, 300K, CeDs) : U = B5SUBNRIR (br

(128.38MHz, 300K, CsDe) : U = BHHMUNMR (876.66MHz, 300K, 6De) : = U
i129.3 (m), 1130.3 (s), 1133 (m), T1144.7
(s), 1T162.7 (s) mzMs=684L14NM®B)., toluene):
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3.6 Supporting Information

The supporting information d@hapter 3can be found on the supplied ¢BDM andon
https://chemistryeurope.onlinelibrary.wiley.com/doi/full/10.1002/chem.20200117% he
supporting information containBlMR and U\tvis spectra, Xray crystallography details
and results of quantum chemical calculations including Cartesian coordinates of all
optimized structures
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Chapter 4

2-(2Npyridyl) -4,6-Diphenylphosphinine as Platform for the Synthesis of
Phosphorus/BoronBased Lewis Pairs

Abstract: Herein, we present the synthesis of novel phosphorusAti@®ed Lewis pairs generated
from 2-(2Npyridyl)-4,6-diphenylphosphinindP,N]. Chaper 3 reportedthat the reaction ofa 1-
methyt2,4,6triphenylphosphcyclohexadienyl anion derived from 2 4ribhenylphosphininevith
(CeF5)2BCl affords a phosphdoranorbornadienavith frustrated Lewis pair like reactivityn this
work, weinvestigatedf the introduction of arauxiliary donoron the phosphinine has an impact on
the coordination chemistryAddition of MeLi to [P,N] and subsequengalt metathesiswith
chloroboranesffords a*-phosphinines containing a P/Biéterocycle Z-BCqFs, 2-BCF3, 2-Bcat
and2-BPh). All of these compounds possess the same structural motif, where the boron moiety is
chelated by the P and N atoriariation of thesubstituents on thehloroborae has little impact on
thereaction outcomelhe mplementation of the more sterically demandwrbutyl group on the

P atomresults inthe formation of a mixture ad P/B/N-heterocycle3-BCsFs and aphosphiranet.
The unusualstructure of4 differs significantly from compound®X (X = BCsFs, BCF3, Becat and
BPh), highlighting how steric hindrance can affect the reaction behavior &f #tem.

pyridyl-phosphinine based
Lewis pair
Ar2 -Cl
Ph i
R =t-Bu
(CeFs)2 -Cl

All reactions and characterizations were performed by J. Leitl. P. Cobpegermed all DFT
calculationsR. Wolf conceivedand supervised the project.
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4.1 Introduction

Early in the last century, Gilbert N. Lewis propelled our understanding of chemical bonding
by defining a new acid base concEpHe stated that acids can be considered as electron
pair acceptors and bases as electtomors. The former are now termeewis acidgLA)

and the lattet.ewis basegLB) . Lewis pairs are formedvia donation of the longair
electrons of the LB into an empty orbital of the LA Fagure1l). When a LB anda LA
cannot form a Lewis pair (generally due to stenastraints) unexpected reactivity occurs.

In 1942, H. C. Brown reported that Lewis pair formation does not occur for combination of
lutidine and BMe.®l However 85 years later Geier and Stephan reported that a related Lewis
pair consisting of lutidine ahthe triarylborane B(gs)s is able to split dihydrogefl. The
observed reactivity can be ascribed to the formation of a frustrated Lewis pair (FLP) in
solution, which is in an equilibrium with the classical LA/LB adduct according to
multinuclear NMR stdies!® The combination of a bulky LA and a bulky LB inhibits the
formation of a doneacceptor or a dative bond. This leads to the formatiom &fL# (b,
Figurel), which has increased reactivity compared to classical LA/LB pairs, allowing the
activation of inert small moleculé®.A similar phenomenon was observed by Wittig and
Benz,who described the formation of zwitterionic alkyne addition products with &&th
BPhs.[l Tochtermann also observed alkene additio a combination of trityl anion and
BPhs.®

classical Lewis pair

R . r R R
LB :
(@) AR + oo PNg ———  SLA—LB,
/ R R' R / \ ’I/R.
R R R'
acceptor donor Lewis pair

frustrated Lewis pair (FLP)
\ LB K
I+ _ LA [ LB.,
(k) LA S / XL \%

LA = Lewis acid
LB = Lewis base

Figure 1. Schematic illustration of classical Lewis pair and frustrated Lewis(paP) formation.

Activation of small moleculewiasalsoo b s er v e d fooiginal S :airgoupbased s
intramolecular FLP Me® CsF4B(CsFs)2, which is capable of splitting dihydrogen reversibly
(A, Figure2).[¥ Phosphorus/borebased FLPhave beerspeciallyprominent in thédield.
Intramolecular FLPs are wekthown, such as thethylenebridged (MesP)GHa(B(CsFs)2)

(B, Figure2), while intermolecular FLP systems were also found to splaitier ambient
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conditions such as the combination of bulkgdhorstBusP andMesP with B(CsFs)3 (C,
Figure2).[t014

FF
(CeFs)2 ‘Q Mes; (CFs)y ===~ Mes, (CeFs)3/ R3

FF

A B C
H, H H
I-I\ ) i @ e "
Mes S} ®

(C6Fs)2 GAQ \Mes, (CGF5)2|/\/® 2 [H" (C6F5)3][HPR3]

¢ " H

Figure 2. Examples for dihydrogen activation by different®fiBa s ed FLP &6 s .

The utilization of phosphinines ae Lewis bag moiety in FLPs remainsmostly
unexplored except for one example by Ste@rahceworkerswho reported othe splitting

of Hz with 2,4,6tri-tert-butyl-1,3,5triphosphininé'? To test the potential of phosphinines
in FLP chemistrywe deci de d “phosphininecanidid withtlee chéoroborane
(CsF5)2BCl in order to generate a neutral phosphinoborane with a Lewis basic phosphinine
and a Lewis acidic boron site (8chemel or seeChapter 3. The reaction oD with
(CeFs)2BCl affords the 1-phosphar-boranorbornadieneE, which possesses a direct,
strai ned abodl Aghoughk is coRsid&ed as a classical LA/LB pair, it shows
FLP type reactivity toward triple bonél$l The reaction ofE with nitriles leads to the
formation of insertion products, whereas the reaction witbnplacetylene derivatives
affords phosphabarrelenes (for details Gaapter 3.

2,4,6-triphenylphosphinine based Lewis pair: FLP type reactivity

Ph Ph L CeFs. ,CoFs
N MeLi (CeFs)2 Cl ©\ _Ph
@ | — — ]
Z AN,
Ph Ph Ph” R Ph S
TPP Me Ph" Me™ pp
D E

) nitrile activation
—y alkyne activation

this work: 2-pyridyl-phosphinine-based Lewis pair

Ph Ph L
z MeLi R, Cl
(b) | — () —
Ph o e -
= Me =
[P,N]
1a 2

Schemel. Synthesis of TPPased Lewis paiE (a, Chapter 3 and analogue reaction with(2Npyridyl)-4,6-
diphenylphosphiningP,N] (b); TPP= 2,4,6triphenylphosphinine.
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In this context, wesubsequently sought to investigatee synthesis of different
phosphinobmanesvia the reaction of2-(2Npyridyl)-4,6-diphenylphosphiningP,N] with
chloroboranes (I5cheme2). The introduction of amuxiliary donorgroupin [P,N] should
have an effect othe reactivity toward chloroborare The pyridytphosphinine ligand can
be considered as a bidentate hybrid ligand because it possassasling to the HSAB
concepta A hadamatdi ng N -aaceptingaPdona!'d A tradige of novel
transition metal complexdsavebeensynthesizedlue to thechelate effecof theligand It
was possible to isolate metal complekegaring[P,N] where the metal centecanpossess
both, lowandhigh oxidation states, which was not possible with monodentate phosphinine
complexeshus fart * 5" Additionally, activation of small molecules (GBH, H.0, NHs,
CQy) is possible withP,N] containing complexels? ° " Philse preliminary studies ¢R,N]
show that its reactivitgtands oufrom monodentate phosphinineshich should also be
reflected by the reactivityith chloroboraneg this chapter

Here we describe the synthesis of novel phosphorus/i@eed Lewis pairs generated from

2-( Wjdyl)-4,6-diphenylphosphiningP,N]. Chapter 3reported that the reaction of a 1
methyt2,4,6triphenylphosphacyclohexadienyl anjorderived from 2,4,@riphenyt
phosphininewith (CeFs)2BCI affords a phosphboranorbornadiene with frustrated Lewis

pair like reactivity. In this work, we investigatédhe introduction of an auxiliary donor on

the phosphinine has an impact on the coordination chermAstdytion of MeL.i to[P,N] and
subsequent salt met at h e-phosphinmestcdntaicinyb B/B/M b or an
heterocycle Z-BCeFs, 2-BCF3, 2-Bcat and 2-BPh). All of these compounds possess the
same structural motif, where the boron moiety is chelated by the P and N atoms. Variation
of the substituents on the chlorobordmes little impact on theeaction outcome. The
implementation of the ore sterically demandinggrt-butyl group on the P atom results in

the formation of a mixture of a P/B/heterocycle83-BCsFs and phosphirané. The unusual
structure o#d differs significantly from compoundsX (X = BCeFs, BCF3, Bcat andBPh),
highlighting how steric hindrance can affect the reaction behavior of the P atom.
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4.2 Results and Discussions

Encouraged by the results presentedChapter 3 it was decided to react the'-
phosphacyclohexadienyl aniof-Me with chloroboranes in order to obtain neutral
phosphineborane compoundsa salt eliminationl1-Me is readily accessible by reaction of
2-(2Npyridyl)-4,6-diphenylphosphinine [IP,N]) with MeLi at low temperatures
(Scheme2) 24l Upon addition ofR2BCI (R = CsFs, CsH3(CFs)2, Ph, QCsHa) to a reaction
mixture containindl-Me in diethyl ether (EXO0) a t°C, salB éimination of LiCl occurs
and a color change from deep blue to red Ier CsFs) or purple (forR = CeHz(CR)2, Ph,
02CeH4) can be observed. CompourtiBCsFs, 2-BCFs3, 2-Bcat and2-BPh can be isolated
as red or purple solids in moderate to goc
characterized by single crystatrdy crystallography, NMR and UVis spectroscopy and
elemental analysis.

Ph i
MeL| m RE-Cl
Et,0, -35°C
Et20 RERIL PN
Me = R
[P:N] R = C4F5 (2-BCgF
1-Me 6Fs ( 6Fs) 2.X

CeH3(CF3); (2-BCF3)
02C6H4 (2'Bcat)
CeHs (2-BPh)

Scheme2. Synthesis of phosphacyclohexadienyl anleiMe and subsequent reaction withloroboranes
R2BCI (R = CgFs, CsH3(CFs)2, Ph, QCeH4) leading to the formation &BCsFs (43%), 2-BCF3 (75%),2-Bcat
(18%), and2-BPh(23%), yields aregiven in parentheses.

X-ray quality single crystals afompound=-X (X = BCsFs, BCF3, Bcat and BPh) were

obtained by slow evaporation af a-hexane solution at room temperaturbe solidstate
molecularstructures were determined by singlaystal Xray diffraction. The strctures are

analogous to one another and show the formation of anfermbered heterocycle which

containsfour different types of main group atoms B, CahdP (Figure3). The B atom is

bound directlyto the P atomforming a PB Lewis pair, and it i@dditionallyboundto the

nitrogen atom of the flanking pyridine ringlight variation of the substituents, electronically

or sterically, on the B moiety has little effect on the molecular strudureontrast tog,

compound®-X do not form a norbornadiene architecturie lone pair of electrons on the

N and the P atoms, donate their electron density to the engotytpl of the B atom leading

to aringclosurein2. Thefoldangleo f t he C21 P11 Céndlprgthsindicaeend Ci1 C
t h at >phdsphinire moiety remains anionic (SEable J)). Calculations at the BP86
D3BJ/def2TZVPI®2| ev el of theory c3phoSphacyolohexadieny r e s enc
anion in2-BCeFs (left, Figure4). The HOMO resembles that of the paregtHPM€e anion
(right,Figure4). The di stances of the P1 atom to the n
singl e bolBeseefaBled N The P1TB1 as well as the B
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are in the rangelgsf; sBMBA"BY nden t( Pa Bt
lengthsare elongatedh n d  C Bonddehgthsare shortened compared to the sum of the
covalent adii (1.27A for N=C; for 1.50;  C )&, which is also observed for other
pyridyl-phosphinine&3

Figure 3. Solid state molecular structures of compouBdBCsFs, 2-BCF3, 2-Bcat and2-BPh; displacement
ellipsoids are shown at the 40% probability level; H atoms are omitteafidty; CGsFs-, mesityl and phenyl
groups are transparent for clarity; the crystal2eBCF3z contained two crystallographically independent
molecules with very similar structural parameters, only one of these molecules is shown.

Figure 4. HOMOs of2-BC¢Fs (left) and GHsPMé anion (right)obtained at the BP863BJ/def2TZVP level
of theory; hydrogen atoms @fBCsFs have been omitted for clarity
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Table 1. Selected bond lengths [A] and angles [°ReBCsFs, 2-BCF3, 2-Bcat and2-BPh; the crystal of
2-BCFs contained two crystallographically independent molecules with very similar structural parameters,
the parameters famnly one of the molecules isplayed.

bond lengtis [A] / angleq°]

bond type / angle 2-BCeFs 2-BCF3 2-Bcat 2-BPh
P17 C1 1.8146(13) 1.815(3) 1.8221(17) 1.8192(12)
P17 C2 1.7841(12) 1.786(3) 1.7800(15) 1.7925(12)
c21C3 1.3634(18) 1.377(4) 1.372(2) 1.3704(17)
C371 C4 1.4421(17) 1.437(4) 1.441(2) 1.4391(16)
C471 C5 1.3813(17) 1.374(4) 1.385(2) 1.3834(17)
C571 C6 1.4144(17) 1.405(4) 1.403(2) 1.4079(16)
P17 C6 1.7533(12) 1.757(2) 1.7471(15) 1.7542(11)
P17 B1 2.0112(14) 2.015(3) 2.0295(18) 2.0145(13)
B17T N1 1.5774(16) 1.592(3) 1.581(2) 1.6038(15)
N1T C7 1.3741(16) 1.375(3) 1.3736(19) 1.3759(15)
C67 C7 1.4142(17) 1.414(4) 1.420(2) 1.4173(16)
C21 P17 C 102.86(6) 100.63(12) 102.80(7) 102.41(6)
C271 P17 B 127.14(6) 128.51(12) 132.85(7) 127.24(5)
C17T P17 B 112.33(6) 112.34(13) 107.95(8) 112.63(6)
C67T P17 B 94.64(6) 94.75(12) 94.28(7) 95.17(5)
P1TB1T N 97.58(8) 96.92(15) 96.16(9) 96.61(7)
éo'zd Tangli Lo 29.5331(14) 32.7187(4) 29.8619(7) 27.7328(4)
éot'sd Tangli - 46.549(2) 43.0167(12) 34.4688(6) 43.6465(7)

A similar heterocyclas for2-X is observed for Bertratdds ¢ o nfFfdSchemeal3 which

is formed by reaction of ahpsphino silyl azirine with BESMe via ring-opening of the
azirine and subsequent riotpsureviat h e 7 B d3U Amotheeexample i®oronium
compoundHB(amphos)]Br(G) reported byHill and ceworkers. This compounid readily
accessible through the reaction MfN-dimethyt2-(diphenylphosphino)aniline (amphos)

with Br.HB-SMe; (Scheme B2 A proceduresimilar to the synthesis of2-BCsFs was
employedby van der Viugtwith 2-(diphenylphosphinomethyB-methylpyridine. After
lithiation of the phosphinomethydyridinewith nBuLi, PhBChk was added to forrHl via salt
elimination Gcheme ¥ The values of PiB and PiNsbond
of F, G andH arein asimilar rangeto compound2-X.
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Scheme 3Examples for P/B/Ncontaining fve-membered heterocycles;=RCy.N.

The 3'P{*H} NMR specta of compound®-X show signals which substantiate a direct
interaction of the phosphorus and boron nuclei, due to their broadness and multiplicities. The
31p{IH} NMR spectumof 2-BCsFs displays a broad quartet in high fieldigppm)=7 2 1 . 5

with a coupling constant afa. 1Jps = 80 Hz indicating the presence of a dird®fi B bond
(Figure 5. The shape and broadness of the sigeabkmbleghat of norbornadien&.
CompoundEs hows a broad un(mgd=o-l8wendhe’tPH} MRt at |
spectrum Usually, a 1:1:1:1quartetis expected fom compound containing diret&1 P 7 B
couplingdueto thenuclearspins () of the nucleit'B (I = 3/2)and3'P (I = 1/2). In the case

of compoundE, PT B bond opening and closure even
relaxation have an impact on the line width and multiplicity of the sigidle five
membered heterocyclds GandHs hown 1 n Scheme 3, whi ch al

bonds show similar signals Bin the3'P{*H} NMR spectrum Surprisingly, in the case of

2-BCsFs, the quartet arising frorhd P T Bouplingis visible, however, the intensities are

similar to that of classical quartets. The broadness of the sigmad’t = 300Hz) arises

conceivably from quadrupolar relaxation effects of tHe nucleus The 'B{'H} NMR

spectrumoR-BCsFsd i s pl ays a b(ppmpd 3d@®uiwli ¢th at coupl in

1Jps = 95 Hz, due to thalirectP 7 Bond The*'P{*H} NMR spectra for2-BCFz and2-BPh

showsignalsatti (ppm)=1 2 3 . 8 aintde sanfeehionas2-BCeFs (U (ppm)=T1 2 1).. 5

In contrast ta2-BCeFs, the quartet structuns not resolvedor 2-BCFs and 2-BPh (see

Figureb). Instead, the signal f&BCFs is a broad doublet with a coupling constantaf

1Jps=95Hz and the signal o2-BPh shows as a broad singlet with a line widthcaf

3% =180Hz. The broadness of both signals arggesumablyfrom quadrupolarelaxation

effects ofthe boron atom Smilar to 2-BCeFs, 2-Bcat gives rise to aguartetsignal at

U(ppm)=T1 5 1 with a coupling constant otJes=153Hz in the 3P{*H} spectrum

(Figureb). 2-Bcat showsan almostideal 1:1:1:1 quartet, as expected for the spins of the

nuclei {ide suprd. Compared to the previously mentioned compouids (X = BCsFs,

BCFs andBPh) the signal ishigh field shiftedandt he P1T B coupling i s ve
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Thepronounced higtfield shift by approximately 30 ppm is likely explainedthg electron
donating(+M)/shielding effecof the catechol grougAs shown in Table 2, similar trend is
observed for a range of related diphenyl phosphinoborane compdtmdivIR resonances
of dioxoborole§*® generally are strongly shifted to high field compared to diaryl
substituted phosphinoboran&8 .3 The different electronic environment of tH& nucleus
also affectghe 'B{H} NMR spectra 2-BCsFs, 2-BCF3 and 2-BPh give rise toa broad
si ngl @pm)=a4.0,06 and 2.2while the signal for2-Bcat is a broad doublet at
U (ppm) = 13.3with coupling constant dfles = 160 Hz.

2-BC,F,

2-BCF,

2-Bcat

2-BPh

T T T T T T T T T
15 20 25 -30 35 -40 -45 -50 55  Ppm

Figure 5. 3'P{*H} NMR spectra(161.98MHz, 300K) of compound<®-BCsFs, 2-BCFs3, 2-Bcat and2-BPh
recorded in EDs.

Table 2. 3P{H} and “B{'H} NMR shifts U [ppm] of different phosphinoboranes; p#0.CsH12,
cat= O,C¢Ha, quin= O,C14Hg, Mes= mesityl

compound 31pfiH) UBLiH}
PhPBpin 163.5 +34.0
PhPBcat 166.9 +36.0
PhPBquin 166.1 +37.1
PhPBMes +26.7 +70.9
[PhPBGCsFs)2 10.8 12.2(t, 'Jps = 66 Hz)
PhsPB(CsFs)3 15.2 125
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Since the variation of the electronic and steric propertieshenboron atorrhas little

influence on thenolecular structurehe effect othanging the substituent on the P atom in

the phosphinine moiety with a bigk gr oup was explored* next.
phosphacyclohexadienyl anidértBu was prepared by reactifig,N] with tert-butyl lithium

(Scheme 4). Compound 1-tBu was subsequently reacted witlthloroboranes
{CsH3(CRs)2} 2BCI, PhBCI, (cat)BCl and(CsFs)2BCI in diethyl ether atow temperature
(T=135°Cori1 78 °C, seeSchemet). An immediatecolor change from deep blue to purple

was observedlhemultinucleaNMR datasuggest the formation of P/B/heterocycleS8-X

(X = BCFs3, BPh, Bcat), similar to2-X depicted in Schem2 abovealthough the molecular

structures could not be determined by single crystedyXcrystallography>'P{*H} NMR
investigations of the reaction mixture show thatftirenation of3-X was selective for the

first three chloroboranes, while the formation ehixture of two compound3-BCsFs and

4 was observed witfCeFs)2BCI (vide infrg). For RBCI (R = CeH3(CRs)2, Ph CsFs) broad

signals could be observeat similar chemical shifts¥BCFs: (ppm)=1 4 . 32BPhz:

U(ppm)=1 5 .3BCeFs: U(ppm)=T1 3. 2) and in addition they s
(3-BCF3: 3%2=216Hz; 3-BPh2: 3%2=90Hz; 3-BCsFs: 3¥2=200Hz). Similar to 2-Bcat

(vide suprd, the signal of the catecholborate spe@eBcat differs from the others. The

signal of 3-Bcatis a wellr es ol ved 1: 1 (pam)d1 3Pu &Or twitt hata Uc o
constant ofJpg = 150Hz.

Ph

_ Arg=-Cl (©) Ar = CgHa(CFs), (3-BCFy)
o P U E,0, a5c P OR YY) 0,CeH, (3-Beat)
P CeHs (3-BPh)

m Ar e\A@
Z | {BuLi r
X —>  pp X 3-X

Ph ) Et0, -78°C | | —
tBu =

P> Ph

Ph
1-tBu Ar
[P,N] A !
N (®) ®;
r==Ceks PhtB(-D/ \ 1 X + ,@\ Ph
u —
Et,0, -78 °C A\, ® = Z /}\

3-BC¢Fs 4

1:2 ratio according to 3'P{'H} NMR

Schemed. Synthesis of phosphinobdes3-X and4 via tert-butyl substituted phosphacyclohexadienyl anion
1-tBu.
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5-BCF

R v ”T - J L;\.“,

5-BPh

i

T T T T T T T T T T T
15 10 5 L] -5 -10 -15 -20 =25 =30 =35 ppm

Figure 6. SP{*H} reaction NMR spectra (161.94Hz, 300K) of the reaction of 1-tBu with
{ (CR3)2CsH3} 2BCl, (catechol)BChndPhBCI recorded in €Ds; ° unknown impurity.

3-Bcatand3-BPhwerenot isolated as pure compounds as yet. Howeweatpound3-BCF3
wassynthesized from the reaction btBu with { CsH3(CRs)2} 2BCI and isolated as purple

crystals in 22% vyield. The analytical data BCFs was compared with the methyl

substituted analogu&BCFs. The3'P{*H} signal of 3-BCFs arises as a broad singlet and is

shifted to low field compared @BCFs( {ppm)=1 4 vs2 (ppm)=71 23 . 8, respect i\
Additionally, its signal is less resolved“£=216Hz) compared to the broad doublet of

2-BCF3 (1Jpg = 95Hz). The!'B{!H} spectra are similar for both compounds because they

di spl ay br oa@pm)s0 n§ | eppad)=@8 for @-BCFz and 5-BCF3
respectively. The 1%F{*H} spectrum of2-BCFsdi s pl ays a (ppm)¥itd p.l7et at
which may be the result from @lescencef the °F signals dueo rotation of the aryl

substituents arounttieB 1 @xis For 3-BCF3 the signal arises in the same range but in this

case two singl(ppm)st 6 2. 8 (pam i HB2i. ® atr dhedabts er ved.
thattwo singletsare observed may be attributed to the presence of two chendgslhyct

CeH3(CFs)2 rings, which may suffer from hindered rotatiowmaendi t s B 1. &onbtleen d
comparison of the spectroscopic data, it can be assumed that the molecular sifiBture

BCFs is similar to2-BCFa.

For the reaction ofl-tBu with (CsFs).BCI, 3P{*H} NMR spectroscopy indicated the
presence of two species in the reaction mixturelir2aatio (Figure7). One signal appears

as a broad multiplet at(ppm)=1 3. 2 wi t h &aa.d%i=8080Hzwrlhisl dighal i® f
assigned ta3-BCeFs based on the similar habit and chemical shift with the signals of
2-BCsFs. The signal of the second species arises as a highshéfied sharp singlet at
U(ppm)=T1 8 6 (4,ee Scheme 4)This indicatesthat there are no phosphorus boron
interactions in this compound
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-2.89
-3.49
-25.53
-86.52

T T T T T

=50 =100 =150 =200 =250 ppm

1.05 —
62.91

Figure 7. 3P{*H} NMR spectrum(161.98MHz, 300K) of the reactiormixture of 1-tBu with (CsFs).BCI
recorded in EDs.

Due t03-BCsFs and4 possessing very similar solubility, separatairthese compounds in
acceptable yields has been unsuccessful as of yet. Neverthielgescig/stals ofl suitable

for X-ray diffracion were obtained in a very low yield from slow evaporationmi-hiexane

solution of3-BCeFs and4. The solid state molecular structuredakeveals the formation of

a phosphirane through i nt fFigure®)l e appelara that CT C &
coordination of the P atom to the boron moiety is inhibited to the steric demand of the

tert-butyl substituentinstead, the boron moiety é®@nnected tahe N atom of the pyridyl
substituent ananetaC7 of the phosphinine leading to the formation diva-membered

BNCs heterocycle. Compoundithus carbe described as a concatenation of one 8o

five- and ore threemembered rings. All bond lengths in the phosphiramen g ( P1T C and
bonds)are in the range of single bonds (Jeble 3% The short bond | eng
(1.3419(19R) indicates the presence of a C=C double B&hddistances in the N/B

containing heterocycle aie the range of single bonds (sEable).>’! The formation o#

from 1-tBu is the first instance of synthesiziagphosphirane from a phosphinine.
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Figure 8. Solid state molecular structure of compoufiddisplacement ellipsoids are shown at the 40%
probability level; H atoms are omitted for claritysFe- and phenyigroups are transparent for clarity; the
crystal of 4 contained a second crystallographically independent molecule with very similar structural
parameters, only one of these moleculesss.

Table 3. Selected bond lengths [A] and angles [°]4ofthe crystal of4 contained two crystallographically
independent molecules with very similar structural parametergparameters famly one of the molecules is
displayed.

bond type bondlength [A] bond angle type angle [°]
P11 C1 1.8878(15) C51 P11 CE6 49.09(5)
P11 C5 1.8703(14) N1T1TB11 C7 98.62(10)
P11 C6 1.8713(13) C61 C71B1 103.30(10)
C61 C5 1.5543(18) Ci101C61P 116.70(9)
cC61 C7 1.5365(18) C61 C10T1T N 111.04(11)
C71C8 1.5100(18) P11 C51C9 119.05(10)
cC81 C9 1.3419(19) fold angl e 61.297(2)
- fold angle
C91 C5H 1.485(2) C1071 C6i C71 47.6728(16)
R fold angle
c71B1 1.6634(19) C10i N17 B 16.5605(6)
B17T N1 1.5977(19)
N1T1C10 1.3538(17)
Cl101C6 1.4718(19)
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The formation of two different species in the reactiorl-0Bu (CsFs)2BCl can likely be
attributed to the extra steric encumbrance on the phosphinine moiety. CongB@aks

is formed bychelationof the chloroboraneiatheP and N atormof the pyridytphosphinine
with concomitant salt eliminatiorHowever, the formatiorof 4 is more complex The
a®-phosphacyclohexadienyl anion iatBu can be depicted ithree different resonance
structures I I 1) (Figure9a). It is known for phosphinines that not only the P atom can
donate electron densityia its lone pairof electrons, but also the carbocyclic part of the
hetrocycle can act as nucleophitd. The ortho-C atom inll is nucleophilic and is able to
donate electron density into the emptgnbital of the bororatom(Figure9b). Additionally,

the nitrogen atom of the pgyl substituent coordinatesa its lone pair of electrons. These
two nucleophilic attacks oboronlead to the formation gfhosphiranel with concomitant
elimination of LiCl. Calculations at the BP&BBJ/def2TZVP level of theoryrevealthat
isomer 3-BCsFs is energetically favored ove# by 20.2k ¢ a I"A(R o=l tBu) and
17.0k ¢ a |"A(me Me) respectivelyRigure 9¢). Thus,we posit4 must be thekinetic
product an@-BCsFs the thermodynamic product

(a) Ph  |Li

(b) (c) Ph
Ph
N (©)
19 n Ph @R I X
N — =
| ® Ao\ @
= /‘\ 4 Ar 4
3-C4Fs AE for R =Me: +17.0
Ar = CgFs AE = 0.0 R = tBu: +20.2

Figure 9. (a) resonance structures biBu; (b) proposed mechanism of the formation4of(c) calculated
energies at the BPEB3BJ/def2TZVP level of theory foB-BCsFsand4;gE i n Kl al Amol

4.3 Conclusion

In summary, a range of pyridphosphininebased phosphinobdea anionshave been
synthesized bysalt metathesis ofphosphacyclohexadienyl an®mith chloroboranes
Reactions of the methyubstituted anionl-Me with (CeFs)2BCl, {CsH3(CFs)2}2BCl,
(catechol)BCIl and PBCI leads to the formation @BCeFs, 2-BCF3, 2-Bcatand2-BPhin
moderate to good yields. All of these compounds display the same Lewis pair structure motif
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in the solid state: pyridybhosphinine aniod-Me chelatesvia the lone paiof electrons of

the P and N atom to the boron moiety resulting in arfineeberecdeterocycleln contrast

to the synthesis of the phosphanorbornadienee from a *methyl2,4,6
triphenylphosphacyclohexadienyl anion and chloroborane described in chapter 3 of this
thesis,the flanking pyridyl group if{P,N] provides the phosphinine bidetgaabilities,
which inhibits norbornadiene formation. Altering the substituents on the borane has little
effect on theeaction outcome-dowever, changing the substituent on the P atom to a bulkier
group has aeffect. The reaction dert-butyl-substitute 1-tBu with (CsFs)2BClI results in

the formation of a mixture of products in a 1:2 ratio. AgaiR/B/N-heterocycle3-BCeFs is
formed, but the major species in this reaction is the unprecedented phosphGamgound

4is energetically disfavoured B20.2k ¢ a | "‘Authordspect t@-BCeFs, and thus appears

to be the kinetic product of the reactidrhe reaction ofl-tBu with other chloroboranes
possessindlifferent substituents leads to the formation of P/Biéterocycles3-BCFs,
3-Bcat and 3-BPh. This work showed that the introduction tife substituent on the
phosphinine moietynay have a majompact on thereactivity. The implementation of a
pyridyl-substituent on the phosphinine leads to phosphintddnalate products rather than
norbornadienes. Future waskouldfocus on the reactity of theseheterocycles

S)
Ary—ClI Ph /
(Ar=CeFs) e IN * (o8 Ph
Ph L Ar /@\A P P
r
1-tBu )
m (R = tBu) 3-BC¢F5 inseparable 4
Ph | X
IIQ > steric bulk Ph
R, —Cl
Lt
1o R = ) R = Cato(OF o
R, = catecholate ! B@, X
- t-—Cl By N
(CgF5)p—Cl Ar, - —ClI ca P
l e Ar = CgH3(CF3), Ph,~Cl Ar @\Ar®

3-BCF;
(22% isolated yield)

3-BPh,, 3-Bcat
(detected by 3'P{'"H} NMR)

2-BC¢F5 2-BCF, 2-Bcat 2-BPh
43% 75% 18% 23%

Figure 10. Overview of2-(2Npyridyl)-4,6-diphenylphosphinindased phosphinobdes
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4.4 Experimental Details
4.4.1 General Considerations

All experiments were performed under an atmosphere of dry argon by using standard
glovebox techniques. Diethyl ether amtiexane were purified, dried, and degassed with an
MBraun SPS800 solvent purification system. NMR spectra were recorded on BrukeeAvan
300, Avance 400 and Avance 600 spectrometers aK380d internally referenced to
residual solvent resonances. The assignment dftlamd'*C NMR signals was confirmed

by two-dimensional (COSY, HSQC, and HMBC) experiments. UV/vis spectra were
recordel on a Varian Cary 50 spectrometer. Elemental analyses were determined by the
analytical department of Regensburg UniversityMe and 1-tBu were synthesized
according to a literature procedlf®. (CsHs(3,5-CFs)2):BCl was received from J. C.
Slootweg, and PBCI and(CsFs)2BCIl were and synthesized lay unpublished procedure
from J. C. Slootwe#*? Chlorocatecholborane was purchased from Sigma Aldrich and
used aseceived.

X-ray Crystallography The singlecrystal Xray diffraction data were recorded on an
Agilent Technologies SuperNova and GV1000, TitanS2 diffractometer with @y
radi ati on A). &ither sefnienfpidichl8niltiscan absorption correctiofi or
analytical oneé” were applied to the data. The structures were solved with SHESL Xfid
leastsquare refinements i were caried out with SHELXL“®! The hydrogen atoms were
located in idealized positions and refined isotropically with a riding model.

4.4.2 Synthesis 02-BCsFs

Ph A solution of (GFs)2.BCI (87 mg, 0.23mmol, 1equv.) in diethylether
(3mL) was slowly added to a solution d¥Me (100mg, 0.23mmol,
1 equv.) in diethylether (3mL ) 2b6£C. An immediate color change

- from deep blue to red was observed and a precipitate was formed. The
CGI:5/6\06F5 red suspension was stirred overnight and the solid was separated from
the solution. The red solution was evaporated to dryraess the remaining red oil was
extracted witn-hexane (& 2 mL). The solvent was evaporated to hak volume After
st or ag€C, 2BCesF3 vas isolated as a red solid. Yield 8¢, 43%.Elemental
analysis calcd. foCszsH19BF1oNP (Mw = 685.31g-mol?) C 61.34, H2.79, N2.04; found
C61.65, H2.83, N2.11.UV-Vis: (-h e x a M@ , nNam/ L-nibl t-cm'): 310 (26074),
523 (16519).1H NMR (400.13MHz, 300K, [Dg] T HF) 0.88Ud, 3H,2Jpn=12H2z),
6.3616.39 (m, 1H), 7.0817.19 (m, 4H), 7.
(m, 2H), 7.61 (d,1H, J=5Hz), 7.65 (s, 1H)."*C{*H} NMR (100.61MHz, 300K,
[Dg] THF) : 9(@d,J=50.QHk), 74.5(s), 75.1(s), 106.3(s), 106.9(s), 112.9(s), 118.7
(d,J=10Hz), 124.9(s), 125.1(s), 125.9(s), 126.0(s), 127.4(m), 129.0(s), 129.5(s), 133.4
(s), 138.1(d,J =12Hz), 138.9(d,J = 2 Hz), 142.6(s), 142.7(s), 1434 (s) 148.2 (bs)]150.0
(bs), 161.1(s), 161.4(s);, 27 13C signals are expected faBCeFs, butdue to the low S/N,

not all of the**C signals could be resolvetdP{*H} NMR (161.98MHz, 300K, [Dg]THF):
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U= 1 21 .%s=(1BHL). 3’PNMR (161.98MHz, 300K, [Dg]THF): ti= T 21. 5 (
Jps = 113H2). 1B{H} NMR (128.38MHz, 300K, [Dg]THF): li= 410(bd,Jps = 95 Hz).

118 NMR (128.38MHz, 300K, [Dg]THF): & = 40 (bd, Yps =91 Hz). °F{*H} NMR
(376.66MHz, 300 K, [BITHF): i= 294(bs 2F),i 1314 (m,1F),11563( m, 1F3 , 1
(m, 1F), 1 1630/ 3K)the int&fton of théPMBsignals is higher than
expectediue to the low S/N

4.4.3 Synthesis 02-BCF3

A solution of (GH3(3,5CFs)2)2BCI (106mg, 0.23mmol, lequv.) in
diethyl ether (3nL) was slowly added to a solution bMe (100mg,
0.23mmol, 1equv.) in diethyl ether (3nL )  a C. Ah Bnhediate
color change from deep blue to deep purple was observed. The purple
solution was stirred overnight, filtered and evaporated to dryness. The
remaining purple oil was extracted witikhexane (5nL) and the
solvent was evaporated to hétie volume Af t er s TC®BEFg was iadlated a8 5
purple crystals. Yield 13fng, 75%. Elemental analysis calcd. fo€3oH2sBF1oNP

(Mw = 777.4g-molt) C 60.26, H3.24, N1.80; found (50.25, H3.29, N1.81.UV-Vis: (n-
hexamé, nam/ Lnblcnl): 320 (22030), 558 (14517H NMR (400.13MHz,
300K, [Dg] THF) : U =2J0=1982) (dp. 8361 6. 59 ( mpH),1H) ,
7.2917.32 ( 68(m,eHH ye9(d7AH,381BHz),7.78 (s, 1H), 7.82 (bs, 2H),
8.01 ps, 2H), 8.04I¢gs, 1H) *C{*H} NMR (100.61MHz, 300K, [Dg]THF): Ui = 13.4(d,
J=34Hz), 76.1(s), 76.8(s), 102.9(s), 103.7(s), 114.2(d, J =2 Hz), 119.3(d, J= 10Hz),
121.8(m), 123.2(s), 123.5(s), 124.0(d,J = 11 Hz), 125.8(s), 125.9(s), 126.2(s), 126.4(d,
J=8Hz), 127.4(s), 127.6(d, J = 2 Hz), 129.0(s), 129.2(s), 130.8(s), 131.1(s), 131.5(s),

1318 (dd,J =2 Hz, 32Hz), 132.9(bs), 134.4(bs), 137.5(s), 138.7(d,J = 13 Hz), 139.8(d,
J=1Hz), 142.6(d, J=9Hz), 143.3(d, J= 1 Hz), 161.9(s), 162.1(s); 29 1°C signals are
expected foR-BCsFs, but321°C signals weréound, which may be attributed to impurities
31p{IH} NMR (161.98MHz, 300K, [Dg]THF): i= 1 2 3. BPNMR (1§1.98MHz,
300K, [Dg]THF): G= 1 2 3 .'8B{H} INMR (128.38MHz, 300K, [Dg]THF): i= 06
(bs). 1B NMR (128.38MHz, 300K, [Dg]THF): ti = 0.5 (bs)*F{'H} NMR (376.66MHz,
300K, [Dg]JTHF): 0= 162 .2F). (m, 1

Ar = C6H3(3,5-CF3)2

4.4.4 Synthesis oR-Bcat

Ph A solution of chlorocatechol borane (i, 0.112nmol, lequv.) in
@ diethyl ether (3nL) was slowly added to a solution &Me (50 mg,
PHQ N 0.112mmol, 1equv.) in diethyl ether (3nL ) a 1C. An Bnhediate
Me /\ ) _ color change from deep blue to deep purple was observed. The solution

0 \o ® was stirred overnight and was evaporated to dryness. The remaining
@ purple oil was extracted with-hexane (% 2 mL). The solvent was

evaporated to halthe volume. Ater storage at room temperature,
2-Bcat was isolated as a purple solid. Yield (hg¢, 18%). Sum formula 4gH24BO2P.

Molecular weight: 685.31 g-mél Elemental analysis: 61.34; H2.79; N2.04. Found:
80
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C61.65;H 2.83; N2.11.UV-Vis: (n-h e X a M€ , namk/ L-nibl t.cm'Y): 319 (21051),

556 (13862).1H NMR (400.13MHz, 300K, CeDe) : & = O .2Bw&12Ha),, 3 H,
5.4875.52 (m, 1H), 6508 BL06&7IH)7. G 7.120H,)2H), 6. 8 31
7.2917.33 (m, 2H), 7. 45XMA2);6odall’Hsignalsicbl)dbe 7. 7 6
assigned due to overlapping solvent sigh@l{*H} NMR (100.61MHz, 300K, CsDe): Ui =

9.5 (d, J=30Hz), 74.9(s), 75.6 (s), 104.9(s), 105.6(s), 110.7(s), 111.9(s), 116.6(d,

J=7Hz), 120.2(s), 120.5(s), 123.7(d, J = 9 Hz), 1253 (s) 1254 (s) 125.5(s), 125.6(s),

126.4(s), 128.6(s), 128.9(s), 136.1(s), 137.6(s), 137.7(s), 138.9(d, J = 4 Hz), 139.1(d,

J=7Hz), 143.3(s), 1520 (d,J = 13Hz). 3*P{*H} NMR (161.98MHz, 300K, CsDe): Ui =

151.5 (m). 35lPNMR (161.98MHz, 300K, CeDe¢): U = 1 51 . BB{MHMMR
(128.38MHz, 300K, CeDe): Ui = 13.3 (d,%Jpe = 160Hz). 1'B NMR (128.38MHz, 300K,

CeDe): Ui= 13.1 (m,J = 150Hz).

4.4.5 Synthesis oR-BPh
Ph

A solution of PhBCI (45mg, 0.23mmol, lequv.) in diethyl ether

(3mL) was slowly added to a solution @Me (100mg, 0.23mmol,

Ph™ & N 1lequv.) in diethyl ether (3nL )  a fC. Ain 8nbnediate color change

Z  from deep blue to deep purple was observed. The purple solution was
stirred overnight, filtered an@vaporated to dryness. The remaining

purple oil was extracted with-hexane (6 2 mL). The solvent was evaporated to Hhk

volume.Af t er st 0°C 2-BRh was isolaie@ & a purple solid. Yield 2§, 23%.

Elemental analysis calcd. f@ssH20BNP (Mw =505.41g-molt) C 83.18, H5.78, N2.77;

found: C83.92, H5.60, N2.41.UV-Vis: (n-h e X a g, nama/ L-rdol t.cmib): 322

(61269), 553 (14598)!H NMR (400.13MHz, 300K, [Dg THF) : dd 3H 0.59

2Jpu=11Hz) , 6. 40166430(h, 04HfmM, 4H), 7.07717.11

8H), 7.40177.44 (m, 4H), 7 . ;e additiobad profomwas 5 H) ,

found according to the integration, this may be attributed to an impti@y*H} NMR

(100.61MHz, 300K, [Dg]THF): =133 (d,J=36Hz), 77.7(s), 78.3(s), 105.7(s), 106.3

(s), 113.0(d,J=2Hz), 1181 (d,J = 10Hz), 122.8(d,J = 10 Hz), 125.3(s), 125.7(s), 126.4

(s), 126.7(d, J=7Hz), 127.0(d, J=4Hz), 127.4(d, J=2Hz), 127.9(s), 128.2(d,

J=2Hz), 128.5(d, J = 3Hz), 128.9(d, J = 2 Hz), 133.4(d, J = 7 Hz), 134.5(d, J = 4 Hz),

135.4(s), 138.6(d,J = 1 Hz), 139.2(d,J = 14 Hz), 143.7(d,J = 10 Hz), 144.0(d,J = 1 Hz),

161.4(s), 161.2(s). 3'P{'H} NMR (161.98MHz, 300K, [Dg]THF): ti= T 4b%).3’PNMR

(161.98MHz, 300K, [Dg]THF): ti= 1 2 4 . ¥B{Y}INNMR (128.38MHz, 300K,

[Dg]THF): ti= 2.2 (bs)!'B NMR (128.38MHz, 300K, [Dg]THF): ti= 2.3 (bs).
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4.4.6 Synthesis 08-BCeFs and4

A solution of (GFs)2BCI (35mg, 0.09mmol, lequv.)

was dissolved in diethydther (2mL) was slowly added

to a solution ofl-tBu (40mg, 0.09mmol, lequv.) in

= 4\ diethyl ether (2mL ) &8t°C. An immediate color
N change from deep blue to deep purple was observed. The

e mixture was stirred overnight and was allowed to warm

up to room temperature. The solvent was completely removed and the oily purple residue

was extracted witm-hexane (2nL). Slow evaporation of this solution gave crystalstof

which were suitable for single crystal-rdy crystallography. Due to the very similar

solubilities of3-BCeFs and4, it was not possible to separate and isolate these compounds.

31p{1H} NMR (161.98MHz, 300K, C¢De) : T8.2(bs3-BCeFs) , 1 884.. 5 ( s,

4.4.7 Synthesis 08-BCF3

Ph A solution of (GH3(3,5CFs)2)2BCI (51mg, 0.109mmol, lequv.) in
diethyl ether (3nL) was slowly added to a solution @ftBu (50 mg,
0.109mmol, 1lequv.) in diethyl ether (3nL ) a tC. An 3rBnediate

color change from deep blue to deep purple was observed. The purple
solution was stirred overnight, filtered and was evaporated to dryness. The
remaining purple oil was extracted witlkhexane (X 2mL) and the
solvent was evaporated to h#die volume After storage at room temperat8-@8BCFs was
isolated as purple crystals. Yield 8@, 22%.Elemental analysis calcd. f@u.H31BF12NP

(Mw =819.48g-molt) C 61.56, H3.81, N1.74; found G561.71, H3.99, N1.59. UV-Vis:

(n-h e x amd , nam/L-ntblt-cm'): 310 (9843), 560 (58279H NMR (400.13MHz,

300K, CsDg) : OB6 (d, 9HBuU,%Jpr=15Hz) , 5. 49715.52 (m, 1H),

Ph™ ®
+-Bu” \ —
B\
Ar Ar®

Ar = CGH3(CF3)2

6.56716.59 (m,J=BH), &.@®BI®GI,B8B7LH,m, 1H), 7.051

(m, 2H), 7.48 (bs, 1H), 7.74 (d, 181z 25Hz), 7.87 (bs, 1H), 8.07 (bs, 2H), 8.32 (bs, 2H).
13C{*H} NMR (100.61MHz, 300K, CeDe): ti = 24.1(m), 401 (d, J = 28 Hz), 75.2(s), 75.9
(s), 101.2(s), 101.8(s), 112.8(s), 118.2(d, J = 9 Hz), 120.7(m), 121.2(m), 122.5(s), 122.7
(s), 125.0 (s)125.1(s), 125.2(s), 1254 (s),125.5(s), 125.6(s), 126.5(d, J = 6 Hz), 126.8
(s), 128.3(s), 128.7(s), 130.1 (s), 130.4 (s), 130.7 (931.1(m), 135.1(bs) 138.1(d,
J=2Hz), 1390 (d,J = 12 Hz), 139.5(s), 140.5(d, J = 8 Hz), 142.8(s), 1630 (d,J = 18 H):

30 13C signals are expected f8BCFs, but 33°C signals were found, which may be
attributed to an impurity**P{*H} NMR (161.98MHz, 300K, CsDe): Ui =7 4.2 3P NMR
(161.98MHz, 300K, CsDe): Ui =T 4.2 B{*H} NMR (128.38MHz, 300K, CsDe): Ui = 0.8.
113 NMR (128.38MHz, 300K, CeDs): ti = 1.0. “F{'H} NMR (376.66MHz, 300 KCsDe):
i=1628(s, 6F, B(GH3(CFR)2) ) , 9 (5,6 B(GH3(CFs)2)).

82

7



4.5 References

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

[10]
[11]

[12]

[13]

[14]
[15]
[16]
[17]
[18]
[19]
[20]

[21]
[22]

[23]

[24]
[25]
[26]
[27]
[28]
[29]
[30)
[31]

[32

G. N. Lewis,J. Am.Chem. Socl916 38, 762 785.

G. N.Lewis, Trans. Faraday S0d.923 19, 452 458.

H. C. Brown, H. I. Schlesinger, S. Z. CarddnAm.Chem. Socl942 64,325 329.

S. J. Geier, D. W. Stephah,Am. Chem. So2009 131, 3476 3477.

D. W. Stephan]. Am. Chem. So2015 137, 10018 10032.

D. W. Stephan, G. ErkeAngew.Chem. Int. Ed201Q 49, 46 76.

G. Wittig, E. BenzChem. Ber1959 92, 1999 2013.

W. TochtermannAngew. Chem. Int. EA966 5, 351 371.

G. C Welch, R. R. San Juan, J. D. Masuda, D. W. Ste@@ence006 314, 1124
1126.

G. C. Welch, D. W. Stephad, Am. Chem. So2007, 129, 1880 1881.

P. Spies, G. Erker, G. Kehr, K. Bergander, R. Frohlich, S. Grimme, D. W. Stephan,
Chem.Commun2007, 0, 5072 5074.

L. E. Longobardi, C. A. Russell, M. Green, N. S. Townsend, K. Wang, A. J. Holmes,
S. B. Duckett, J. E. McGrady, D. W. StephanAm.Chem. Soc2014 136, 13453
13457.

J. Leitl, A. R. Jupp, E. R. M. Habraken, V. Streitferdt, P. Coburger, D. J. Scott, R.
M. Gschwind, C. Mduller, J. C. Slootweg, R. Wolthem. Eur. J.202Q 26,
77881.7800

A. Loibl, W. Oschmann, M. Vogler, E. A. Pidko, M. Weber, J. Wiecko, C. Miller,
Dalton Trans201847, 935571 9366 .

L. E. E. Broeckx, M. Lutz, D. VogtC. Muller, Chem.Commun 2011, 47, 2003
2005

C. Miller,L. E. E. Broeckx, I. de Krond. J. M. Wemers Eur. J. Inorg. Chem2013
187 202

I. de Krom,L. E. E. Broeckx, M. LufZC. Muller, Chem. Eur. J2013 19, 3676
3684

L. E. E. Broeckx, S. GlUvef, J. L. Heutz, M. Lutz, D. VogC. Mller, Chem. Eur.
J.2013 19, 1308713098

L. E. E. Broeckx, W. Delaunag;. Latouche, M. Lutz, A. Boucekkine, M. Hissler,
C. Mdller,Inorg. Chem, 2013 52, 10738 10740.

A. CamposCarrasco, L. E. E. Broeckx, J. J. M. Weemé&rsA. Pidko, M. Lutz, A.

M. MasdeuBult6, D. Vogt, C Mdiller, Chem. Eur. J2011, 17, 2510 2517

l. deKrom, E. A. Pidko, M. LutzC. Muller, Chem. Eur. J2013 19, 7523 7531

L. E. E. Broeckx, A. Bucci,C. Zuccaccia, M. Lutz, A. Macchjo@i. Mdler,
Organometallic2015 34, 2943 2952.

J. Leitl, M. Marquardt, P. Coburger, D. J. Scott, V. Streitferdt, R. M. Gschwind, C.
Miller, R. Wolf, Angew.Chem. Int. Ed2019 58, 15407 15411.

G. Markl, F. Lieb, A. MerzAngew. Chem. Int. Eé&ngl. 1967, 6, 87 88.

S. Grimme, J. Antony, S. Ehrlich, H. Krieg}, Chem. Phy201Q 132, 154104.

F. Weigend, R. Ahlrich2hys.Chem. Chem. Phy2005 7, 32971 3305.

J. P. PerdewRhys. Rev. B986 33, 8822 8824.

A. D. Becke Phys.Rev. A1988 38, 3098 3100.

S. Grimme, S. Ehrlich, L. Goeright, Comput. Chen2011, 32, 1456 1465.

P. Pyykko, M. AtsumiChem. Eur. J2009 15, 186 197.

V. Piquet, A. Baceiredo, H. Gornitzka, F. Dahan, G. Bertr@m. Eur. J1997,

3, 1757 1764.

A. F. Hill, 3. S. WardDalton Trans2017, 46, 7291 7308.

83



[33]
[34]
[35]

[36]

[37]
[38]

[39)
[40]
[41]
[42]

[43]

[44]
[45]
[46]
[47]
[48]

M. Deuvillard, C. A. Lamsfus, V. Vreeken, L. Maron, J. |. van der VIigjton
Trans.2016 45, 10989 10998.

E. N. Daley, C. M. Vogels, S. J. Geier, A. Decken, S. Doherty, S. A. Westcott,
Angew.Chem. Int. EdJ2015 54, 2121 2125.

J. H. W. LaFortuneA. Trofimova, H. CummingsS. A. Westcott, D. W. Stephan,
Chem.Eur. J.2019 25, 12521 12525

D. C. Pestana, P. P. PowérAm.Chem. Socl991, 113 8426 8437.

S. J. Geier, T. M. Gilbert, D. W. Stephanorg. Chem2011, 50, 336 344.

H. Jacobsen, H. Berke, S. Doring, G. Kehr, G. Erker, R. Frohlich, O. Meyer,
Organometallicsl999 18, 1724 1735.

P. Pyykkd, M. AtsumiChem. Eur. J2009 15, 12770 12779.

N. MézaillesP. L. Floch Curr. Org. Chem2006 10, 371 2 5.

D. J. Parks, W. E. Piers, G. P. A. Y&rganometallicsl998 17, 25, 5492 5503.

K. Samigullin, M. Bolte, H. W. Lerner, M. Wagnd&drganometallic2014 33, 13
3564 3569.

a) SCALE3ABS, CrysAlisPro, Aglient Technologies Inc., Oxford, @812 b) G.
M. Sheldrick, SADABS, Bruker AXS, Madison, US2007.

R. C. Clark, J. S. Reid\cta Crystallogr. Sect. A995 51, 887 897.

G. M. Sheldrick ActaCrystallogr. A2008 64, 112 122.

G. M. Sheldrick Acta Crystallogr. Sect. C Struct. Che®@15 71, 3 8.

F. NeeseWIREs Comput. Mol. S@018 8, 1327.

F. NeeseWiley InterdiscipRev. Comput. Mol. S&012 2, 73 78.

84



4.6 Supporting Information

4.6.1 NMR Spectra
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Figure S1. *H NMR spectrum (400.13 MHz, 340, ds-THF) of 2-BCsFs; * dg-THF;impurities.
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Figure S2. ®C{*H} NMR spectrum (100.61 MHz, 300 Kg-OHF) of 2-BCeFs; * ds-THF.
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Figure S3. 3'P{*H} NMR spectrum (161.98 MHz, 300 Kg-OHF) of 2-BCsFs.
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Figure $4. 3P NMR spectrum (161.981Hz, 300K, ds-THF) of 2-BCe¢Fs.
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Figure S5. 1'B{*H} NMR spectrum (128.38MHz, 30K, ds-THF) of 2-BCsFs.
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Figure $6. !B NMR spectrum (128.38MHz, 30Q, ds-THF) of 2-BCsFs.
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Figure S7. 1%F{*H} NMR spectrum (376.50 MHz, 300 Kg-dHF) of 2-BC¢Fs; °impurities.
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Figure S8. 'H NMR spectrum (400.13 MHz, 300, ds-THF) of 2-BCFs3; * dg-THF;°impurities.
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Figure S10. 3'P{*H} NMR spectrum (161.98 MHz, 300 Kg-OHF) of 2-BCFa.
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Figure S11. 3P NMR spectrum (161.981Hz, 300K, dg-THF) of 2-BCFa.
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Figure S12. 1'B{*H} NMR spectrum (128.38MHz, 300, ds-THF) of 2-BCFa.
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Figure S14. 1%F{*H} NMR spectrum (376.50 MHz, 300 KgdHF) of 2-BCFs.
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Figure S18. 3'P NMR spectrum (161.981Hz, 300K, CsD¢) of 2-Bcat; °impurity.
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Figure S19. 1'B{*H} NMR spectrum (128.38MHz, 30Q, C¢Dg) of 2-Bcat.
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Figure S20. 1'B NMR spectrum (128.38MHz, 300, C¢Ds) of 2-Bcat.
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Figure S21. 'H NMR spectrum (400.181Hz, 300K, ds-THF) of 2-BPh; * dg-THF; °impurities; #n-hexane.
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Figure S22. 3C{*H} NMR spectrum (100.61 MHz, 300 Kg-THF) of 2-BPh; * ds-THF.
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Figure S23. 3'P{*H} NMR spectrum (161.98 MHA00 K, d-THF) of 2-BPh.

-24.43

o ——————— ———

T T T T T T T T T T T T T
300 250 200 150 100 50 0 =50 =100 -150 =200 =250 ppm

Figure S24. 3'P NMR spectrum (161.98Hz, 300K, ds-THF) of 2-BPh.
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Figure S25. 1'B{*H} NMR spectrum (128.38MHz, 300, ds-THF) of 2-BPh.

Figure S26. 'B NMR spectrum (128.38MHz, 3K, ds-THF) of 2-BPh.
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