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1. Introduction

The growing interest in main group chemistsybased on the recent advances in small molecule
activationi? ligand desigror transition metal complexes and homogeneous catél{'sfsnong main
groupelements phosphorus besides carbon is known fstrgegtendency to form homoatomic bonds
According to thediagonal relationshipa vast variety of polyphosphorus framorks can be accessed
resulting fromthe comparatively high bond energy of Psingle bonds (~200)/mol)®! This is
underlinedoy the diversity of thehosphorusllotropesranging from highly reactive white phosphorus
to recently discoveredibrous red phosphord8. The structural diversity of neutrgolyphosphane
derivativesis illustratedby the poneering workinter alia by Baudler and Fritz["® who aside from
H-substituted polyphosphanezploredpolyphosphorus compoundgabilized byorganylsubstituents
facilitating theér synthesis andolation®% More recently, gclic and acyclic anionipolyphosphaitles
have gained considerable interest and display a rich coordination chéthiétryheir potential
application in the synthesis of metal phosphidesadsrrenttopic*® Cationic derivative on the other
side,include Pr-centered cations (n > and onio-substituted polyphosphorugations Important
representatives ofhe latter are N-based andC-based onio-substituted RIl) cations utilizing
pyridiniumyl or imidazoliumyl substituentBenefitting fromthe less reactiviei C bond imidazoliumyl
substituents have experienced widespread use i+dcatPns®l’l Their introduction allows for
adjustment of the donor acceptor properties of the adjacent phosphorumdimesenthe possibility

of precise ligand design for cataly8f!® Simultaneously thermodynaenic stabilization ofhighly
reactive phosphorus species is facilitated and the employment of imidagoButvstituents with
increasedteric volume can enhan&metic stabilizationHowever,polyphosphorus cations stabilized
by imidazoliumyl substituentare scarcadue to the lack of selective and high yielding synthetic

approacheandthustheir coordination chemistry is far underdeveloped.



1.1. NeutralPolyphosphanes
Polyphosphanes are composed of two or nphiesphorustoms bonded to each otlard are accessible
by sveral synthetic methods fori P bond formatiorwhich weredeveloped to address different

structural motifs and reactivities.
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Schemel: Major synthetic approaches fof PP bond formation (-VI).

A well-established strategy torfn PP bondss dehalosilylation orstannylation of halophosphanes
under the release of trimethylsilyl chloride or trimethyltin chlor{@ehemel, ) and especiallyhe
work of Fritz demonstratethe wide applicability of this approach? Halophosphaneare utilized in

salt metathesigeactions withphosphidesunder elimination of the respective group 1 or 2 salts
(Schemel, 11).°2% The respective phosphides can be obtainesitu by the addition ofgroup 1 or2
metak or starting fromrimethylsilyl-substituted phosphanei reaction with organolithium reagents
or alkoxides.An efficient approachfor the formation of symmetrically substituted polyphosphanes
involvesthe catalytic dehydrogenation of secondary phosphanegther main group compouris?!

or transition metal complex¢Schemel, |11).2734 Furthermoreprimary or secondarghosphanes can
be employed indehydrohalogenatiomeactionswith halophosphane¢Schemel, 1V).3238 Such
reactions often requingromotionof a basemostcommorby triethylamine leading tothe formation of
the respective ammonium sdfts® In a very similar reactigramino-substitutecphosphang can react
with primary or secondary phosphar{€shemel, V).2% 38 |n this casethe base is already included in

the educteading tatheformation ofthe correspoding secondary amine&s pyrazolyl substituents are



amenableleaving groups the corresponding pyrazolylphosphanes can similarly be employed in
condensation reactiofi8:*°! Recentlyselective scrambling reactignsr in regard to the phosphorus
carbon analogyP N/Pi P bond metathesis reactiohave gained attentiofBchemel, V1).41 In this
case a diphosphane andmyrazolytsubstituted phosphameth a reactive PN bondgenerate a new

P-P bond by cross exchange abridling partners proceeding with a constant numbé&li Bf andPi P
bonds.Thus, a large variety of different approaches is viable for the synthegislyghosplorus
compoundsbut especially larger frameworks requigeeful adjustment of the reaction conditions and
are thereforehallenging to synthesize
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Scheme2: Synthesis ofso-tetraphosphanes by destannylatibndehalosilylation i ) or salt metathesisl( ); a)i 3 Me3SnCl,
EtO, 3 h, rt, 92.5%; b)3 MesSiCl, n-pentanej 78°Cto rt, 29% c) i 3 LiCl, n-pentanej 78°Cto 1 35°Cto rt, 19.5h, 50%

Branched polyphosphorus compounds comprising tricoordinate phosphorus atoms like
iso-tetraphosphanesare rather scarce and their follayw chemistryrestricted by theirlimited
availability. The first report oran isolatediso-tetraphosphane in 1970 utilized P(Sndg) andthe
chlorgphosphanePhPCl in a 1:3 ratio in a destannylation reaction to build up phenigktituted
derivative 2 in a high yield of 95 % (Scheme2, 1).[*? The product an also be synthesizefilom
P(SiMe); as an alternative to thieighly toxic P(SnMe)s, however with alower yield (76%)4
Likewise, the dehalosilylation reaction BCkL and MeP(SiMg). (3) in a 1:3 ratioyields the silylated
iso-tetraphosphand in 29% yield Gcheme2, 11).431 The exothermic reactions proceed due to the
formation of either theenergetically favorable S1€I or Si Cl bonds.Dehalosilylation displays a
commontool for the formation of PP bonds but is hampered by musitep synthess** of its educts
like 3 and the sophisticated wotlp proceduredike fractionated sublimation in the case bfThe
relatediso-tetraphosphané is accessible bg salt metathesis reaction ¢fCk with three equivalents
Li[P(SiMes)Ph] (Li[ 5]) giving 6 in a moderate yield 0% and LiCl(Scheme2, IIl ).*5! An enriched

product fraction is obtained as crystalline material but #® NMR spectim shows various side



products. Due to the rsing nucleophilicity of phosphides and thewnsequentiallyhighly reactive
nature, strict temperatungrofiles must be followed during theynthesis, resulting in complicated
reaction procedures.

| Ph |

_P< -
SN 2 H-R — :
| | Ph Ph Ph

Scheme3: Aminolysisyielding triphosphand; a)i1 2 HNMe, o-xyleng reflux, 7.5 h, 71%

Catenategholyphosphanedike triphosphand, are accessible bg.g.aminolysis reactionéScheme3s).
Thereaction of aminophosphe 7 with HPPh in boiling o-xylene (bp: 144°Cyieldstriphosplane 8
accompanied witlthe evolutionof gaseous dimethylami&! Such reactions often require elevated
temperatures making them inapplicable for the synthesis of larger, temperaturpdifpt®sphanes
due to thermal decomposition or rearrangement in more temperdéiecgclophosphanes as
described bg.g.Nieckel** Thus,a synthetic protocol based Betersonseportedpyrazolyksubstituted
phosphanewasdeveloped*®+’ Due totheir free lone pajithe pyrazolyl moiety facilitatesondensation
reactions withprimary orsecondary phosphanesnderingpyrazoles asmenable leaving groufdl
This is illustrated by reactierof di- and tripyrazolylphosphanes with variopismary and secondary
phosphanes at room temperatui8el{emes).
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Schemed: Condensatiomeaction of tripyrazolylphosphar®a (9a: R=pyr) and dipyrazolylphosphanés-d (9b: R=Py, 9c:
R=BTz, 9d: R=Ph) withprimary and secondaphosphanes; a)3 Cy:PH, 13 pyrH (11), CHCN, rt, 7d, 95%; b)12a: +2
Cy2PH,12 11, CHsCN, rt, 15 h, 91%12b: +2 Cy.PH, 2 11, CHCN, rt,16 h, 6%; 12c: +2 Cy.PH,72 11, CHsCN, rt,16 h,
93%; c¢) +PhP(H)GH4P(H)Ph13,72 11, CHCN, rt, 5 min, 69%; d)15b: +tBuPH, 12 11, CH:CN, 1 30°C, 16 h, 53%15d:
+tBuPH, 71211, CHsCN,130°C, 16 h, 69%.

The limited availability ofpolyphosphanedike iso-tetraphosphanesiue tolow yielding synthetic
procedures or requirement of demanding reagemisvated the development of a nowinthetic

approachusing tripyrazolylphosphan®a (R= pyr, pyr= 3,5-dimethylpyrazoll-yl) as [R] building



block% The condensatiorreaction with three equivalents f3H at room temperature leads to a
colorless precipitate identified &o-tetraphosphan&0, which can be isolated by filtration 81% yield
(Schemed). When a different stoichiometiiL:2) is applied pyrazolytsubstituted triphosphariga is
obtained. If dipyrazolylphosphanes RP@bh: R=Py, 9c: R=BTz, 9d: R=Ph Py=1-(pyridin-2-yl),
BTz= 1-(benzothiazel-yl), Ph= phenylare employedhsteadreactions with two equivalents ¢8H
give rise totriphosphaned 2b-c, which can be isolateth very good yield$>90%).81 Similary, the
reaction of 1,2bis(phenylphosphanyl)ethaif&3) with 9b yields thecyclic 1,2,3triphosplolanel4in
69% yield While secondary phosphangs/e branched polyphosphangsimary phosphamesuch as
tBuPH: leadin reaction withdipyrazolylphosphanedb,d selectivelyto the respective mixed substituted
tetraphosphetane$5b,d (15b: R=Py, 15d: R=Ph) accompaniedby the expected formation of
1,3-dimethylpyrazole gyrH (11)).4°! The latteris conveniently removed by washing with &EN or
siblimation. All aforementioned reactionmovide access to nov@olyphosphanes in moderate to
excellent yields and employ readily available starting mateAaighlight in this regard is the synthesis
of hexaphosphanks (Scheme5), which isobtainedby the reaction o®a and13.5%

pyr 2 PhP.._ PPN P
4 _P_ _— 2 | + pyr/ \/\P/pyr
PhP” “PPh
9a 16 17

Schemeb: Synthesis of hexaphosphah&from tripyrazolylphosphan®a; a) +513, 711011, CHsCN, rt, 58%

The formation of the HP bondbetween the triphospholane moiefie46is unexpectetut multinuclear
NMR spectroscopy verified a mechanigon its formation whichincludescondensatiomeactionsand
Pi N/P-P bond metathesi§¢hemes).
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Scheme6: Formation of hexaphosphaté via condensation anéi N/Pi P bond metathesis ste@g CHzClz, rt, 15 h



In a first stepacondensatiomeaction ofda with 13in 2:3ratioleads under concomitant release of six
equivalents ofll, to octaphosphanel8 which can beisolated andwas fully characterized
(Schemeb, I11). A PiN/PiP bond metathesis df8 with 9a then leads to 1,2;8iphospholanel9
(Schemeb, I1). Subsequentlyl7 andtwo equivalents of hexaphosphab@ are formed by stepwise
transfer of two triphospholaneyl moieties from octaphosphd®e to two equivalents of
1,2,3triphosgholanel9 by B N/Pi P bond metathes{§chemes, I I). Side producof this last step is
compoundl1?. Similar selective PN/Pi P bond metathesis reactidras recently beenused for the
synthesiof pentaphospolané$! The aforementioned examples of polyphosphane synthigdight
the versatity of the approaclvased orconveniently accessibjgyrazolylphosphanes as;[uilding
block.

1.2. Coordination Chemistry of Neutral Polyphosphanes

The readily availabl@olyphosphaneéchapter 1.1.knableinvestigations regarding theipordination
chemistry. The iron carbonyl complexza[Fe(CO)], 10/ Fe(CO)] and16Fe(CO)]. canbeobtained
from reactions of the respectiymlyphosphanes withFe(CO)] releasing stoichiometripFe(COj}]
(Figure 1).139:50

(oc)4Fe Ph Ph

pyr PCYZ
P. P
Cy,P™ "PCy, Cy,P”~ \||Dcy2 E P— P j
Fe(CO) Fe(CO
¢ (GO bh PH Fe(CO),
12a[Fe(CO),] 10[Fe(CO),] 16[Fe(CO),l,
—_ o, O_I[omz
CyR’ PCyzN Y Csz PCYz N

N/M M/ Au Au
7\ Cy,P. PCyz /CN: Cy2P. ,F’Cyz

[12b,M,][OTH],
M= Cu,Ag,Au

Figure 1: Selected examplegansition metal complexasith neutralacyclic polyphosphaneas ligands

The use off Fe(CQ)y] facilitates the transfer of gre(CO)]-unit and enables the synthesis of such
carbonyl complexeanderambientconditionswhile the remainingFe(COj}] is conveniently removed
during the workup procedurgFurthermore, deto the softLewisbasic propertiesf phosphorus atoms
according to the HSAB concept, polyphosphanes make excellent ligands for Ag(l) or A(his is
underlined by the coordination chemistryl®b. The coinage metal triflate saf€u(CHsCN)4][OTf]

and [Ag][OTf] yield dinuclearcomplexeq12b,M5][OTf]> (M= Cu, Ag) when reacted with pyridyl
substituted triphosphand 2b.*® The respective gold derivativean then beobtained from



transmetalatiorof [12b,Ag2][OTf]2 with [AuCl(tht)] (tht= tetrahydrothiopheneYhe close distances
between the metal atoms in the Ag(l) and Au(l) complex indicate the presence of argentophilic and
aurophilic interaction82%1 Apart from catenategolyphosphaas, cyclic derivatives display an
interesting coordination chemistfl. Reactions of pentaphosphola2@with group 6 metal carbonyl
compounds afford complexedla-c (a: M= Cr, b: M= Mo, ¢. M= W) under retention of théive

membered ringgcheme?, right) 551

I;’h
Ph Ph
Ar E Ar ) P/ F;
P e b PR a PR
2/5 N l/\lI A N\I N \ ~ FI) /P_Ph —)> | /EM(CO)4
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23 20 21a-c
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................ L P ONAT Ar ! Mo
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___________________________________________

Scheme7: Reaction of pentaphosphola@e with transition metal carbonyls and diketaminate comidacNac)Nix(u-g3-
d3-CsHsMe) 23; a) 21a: +Cr(COW(CHsCN)2, 12 CHCN, toluene, 120°C, 1B, 32%, 21b: +[Mo(COu(nbd)] (hbd=
norbornadiene);nbd, CHCIlz, 40°C, 16h, 78%,21c: +[W(CO)(CHsCN)2], 12 CHCN, toluene, rt, 1&, 68%;b) +1.25
22, —toluene rt, 16h, 54%.

Product of this reactions atiee pentaphospholane complexgk,c (a: M= Cr, b: M= Mo, ¢: M= W)
which comprise @?-coodinated metal tetracarboni.contrast to the reactivity towards group 6 metal
carbonyls the reaction with diketaminate compléfNacNac)Ni}(u-d*-d3-CsHsMe) (22; NacNac=
CH(CMeN(2,6iPr,CsH3))2) leads tofragmentation opentaphospholan20 (Scheme?, left).5 From
the reaction the dinucleas(d*d?-diphosphene compled3 can be isolated showingcés arrangement
of the phenyl substituentSragmentatiomf the phosphorus fraeworkslikewiseoccussin reactions of
cyclophosphanes with smaller ring sizesg. triphosphiranesAlkyl -substituted triphosphiran24a
reacts with an equimolar amount of titanocene compfeto triphosphari,3-diide complex26 under
liberation of G(SiMes), and insertion of the [Gfi] into a P-P bond of24a (Scheme8, top)©” In
contrast, the formation of diphosphene comple&@sd (Ar= Tipp, Dipp, Mes; Tipp=2,4,6iPr:CsH,,
Dipp=2,6-iPr,CsHs, Mes=2,4,6MesCsH>) is observed in the reaction of agtibstituted triphosphiranes
24b-d with 1.33equiv.25 (SchemeB, top). This reaction proceedsa stepwise single electron transfer
steps,as concluded from sophisticated EPR spectroseopl electrochemical investigatigrend a
paramagnetic titanocene phosphinidene species is postulated as possible intermediate efibe@s$e=qu
of titanocene complexes for main group element bond forn¥&tibnings interest to the reactivity
towards dichlorophosphanes. Indeed, triphosphig&bés obtained in a yield of 64% from reaction of

diphosphene compleX23p with stoichiometric amounts of TippPLlThe apprach of using



diphosphene complexes as redox equivalent is especially promising in the synthesis of
heteraesubstituted triphosphiranes which are not accessible by simple reduction of mixtures of the

respective dichlorophosphanes.

tBu N ] ' B

) i:) : Me3Si\ ! ! iPr iPr :

a 0N 1 . — 1

Bu—RTCR) | 25 {oTiCp), | TPPS |

R : Lo . :

o Bu | MesSi o Pro

F',:P_R ] 26 @ ooTooTooTonToes I : Me Me

/ Ar Ar=Tipp Tipp | :

R b) \P\ c) \P\ . i Mes= !

24a-d —— L _Ti(Cp)y —> IID,P—Tlpp : '

a: R= tBu A F Tiog i Me I

. — T r . AIPP e - !

b: R= Tipp 27b-d PP 28b

¢: R= Dipp b: Ar= Tipp
d: R= Mes c: Ar= Dipp
d: Ar= Mes

Scheme8: Synthesis of triphosphah,3-diide complex26 and diphosphene complex2gb-d (Ar= Tipp, Dipp, Mes)and
reaction o27b with TippPCb; a)+ 25, THF, 80°C, 16 h64% b) +4/3 25, CsHs, 80°C, 16 h27b: 56%,27c: 49%,27d: 66%;
c) +TippPCh, 1 (CpkTiClz, CsDe, 50°C, 16 h, 64%.

Theversatilesyntheticuse of cyabphosphaneas building blockss further illustrated by the followp
chemistry of diphosphatetrahedra?® with N-heterocyclic carbeng®NHC) or low vaknt transition
metals(Scheme).[5%:60

PN| a) B AN
ﬁ i -

\N:< tBu
O N—
X 31
P\—P
tBu tBu
N\i/ 9 ) Dipp~ \( ~Dipp
tBu /P-‘-P 1, <—— — B

/ / u /P
P—R B .. ;;P ©
\ Dipp

Bu 33

Schemed: Reacion of diphosphatetrahedrarg9 towardsnickel compoundgCp*Ni(IDipp)], [(d®-toluene)Ni(IDipp] and
NHCsIMe4 (30) and IDipp 82); a) +30, CeHs, rt, 1 h, 69%; b) 32, toluene, rt, 24, 29%; c) tCp*Ni(IDipp)], 1 32, THF, rt,
18 h, 33%; d) +0.5(c-toluene)Ni(IDipp], i toluene, rt, 5 min, 35%.

The highly strained diphosphatetrahedr@28es prone toring opening as observed in reactions with

NHCs5% The eaction of29 with two equivalentsiMe, (30) proceedwia Pi P bond cleavagandgives



thevinyl bridgedP,-compound31in agood yield of 69%lf the reaction is performedith a sterically
more enambered NHC, such as IDipp (32), the formation of inidazoliumylsubstituted
diphosphari-ide 33, comprisng a phosphirane moietis observedA Pi C bond cleavageccursupon
the addition ofan appropriatéransition metaprecursorssuch as the paramagnetic nickel(l) radical
compoundCp*Ni(IDipp)] or the nickel(0) precursor §-toluene)Ni(IDipp)] to a solution oR29. The
reaction of diphosphatetrahedra&@with the paramagnetic nickel(l) radical compoyi@g*Ni(IDipp)]
yields thedinuclear comple84 with a R-chain coordinate totwo [NiCp*] moieties while the reaction
with [(d®-toluene)Ni(IDipp)]leads to formation ofetraphosphetane compl@6.5% In both cases a
formal dimerization of two diphosphatetrahedrameieties is facilitated upon coordination to the
respective metal fragment$he reactions represent interesting exampiesegard to thesynthetic
accessf larger phosphorus scaffoldslowever, they also show thadetailed investigationsn the
reactivity ofpolyphosphanes with low valent transition metal compounds are necessary to derive viable
reaction protocols.

1.3. Polyphosphorus Cations

1.3.1.Ps-centered Polyphosphor@ations(n > 1)

The aforementione®i P bond formationsuch as aminolysis and dehalosilylati@me only rarely
employed for the synthesis pdlyphosphorugations In this regardthe use o&Pi N bond as synthetic
equivalent fora Pi P bond in order to accesdiphosphenphosphoniunsalt 37a[OTf], is pioneering.
Compound37a[OTf] can be obtained from reaction of aminodiphospggwith two equivalents of
HOTf in the presence of PRBh(Schemel0).%Y Protonation of the am substituent allows for
subsequent nucleophilic substitutiony PPh giving 37aOTf] quantitatively The arising
diphosphenphosphoniumis stabilized by the sterically encumbered Mes* substituent (Mes*=
2,4,6tBUsCsHy).

® il
PRR [(OTT R=Bu  p(gy), |

N(iPr), a) ! !

| '= | | !
_b o R=H_ . tBu tBu |
P g J : :
Mes* Mes* Mes* | Mes*= .
36 37a,b[OTH] 38 ' tBu E

a: R=R'=Ph S ;
b: R=Bu, R'=H

SchemelQ: Synthesis of diphosphegphosphoniunsalts37a,b[OTf] (a: Robk FMhO,= furdbherreaatiah of37b[OTH];
37a": a) +2 HOTf, +PPH 1TH2N(iPr)[OTf], CHCl,, 178°C to rt, quantitative; 38 from 37b*: a) +HOTT,
+(tBu)2PH, —H2N(iPr)[OTf], CHClz, i 78°Cto rt, >95%.

When secondary phosphaBu).PH is used akewisbase instead of PPand one equivalent of HOTf
is employed in the reaction wiB6, the diphosphemidosphoniunsalt37b[OTf] is only intermediately

formed andimmediatedeprotonation gives neutral phosphinodiphospH#herhe transferability of



aminolysis reactiondor Pi P bond formatiorin polyphosphorus cationis further underlined by the

synthesis ofcationicfour membered ring compourOTf] and P-cation41* (Schemel1).1"

[OTf]

/M\ ) CyR" PCyz
—_ — a
\I\@ N-P  +xCy,PH ——— 05 F’\—,P

P
ON-N e
/x)\ Y2

x= 3 x= 0.5, 41[0Tf]

39[0Tf], V)\ y’

_I[OTﬂ _ ot

Cyzp P N—PCy,
P PCyz =N

pyr” b

" a0j071 H 42[071]

Schemell: Reaction of39[OTf]s with Cy2PH in differentstoichiometrieof 1:3 and 1:3.5a) i 4 HpyrPCy[OTf] (42[0Tf]),
i 3,5-dimethylpyrazoliuntriflate (43[OTf]), i 11, CH2Cl2, 12 h, 45% b) i 42[OTf], 1 43[OTf], CH2Cl2, 4 h, 40%g) i 42[OTf],
T pyrPCy:44, CH2Cl2, 15 h, no yield reported.

Onepot reaction ofJanushead typaliphosphorugompound39[OTf] s with 3.5 equivalents of CyPH
leads taheformation ofbicyclic P-cation41*accompanied by releasedi€yclohexylphosphany3,5
dimethyt1H-pyrazolium triflate (42[OTf]), 3,5-dimethylpyrazoliumtriflate (43OTf]) and 11. The
formation of41[OTf] can be understood as a seésubstitutiorand baseénduced reductive coupling
stepswhich proceed via four membered ring compouiiOTf]. The reaction can be performed
stepwise to selectively acce$dOTf] by reaction of39OTf]; with only three equivalents of GyH.
The intermediate formation afQ(OTf] in the synthesis o#11JOTf] is indicated by the reaction of
40[OTf] with 0.5 equiv. Cy,PH providingdJOTf], 42[OTf] anddicyclohexylphosphany8,5-dimethyt
1H-pyrazol(44). Both phosphorus centered catigh® and41* are obtaiablefrom readily available
[P4]-synthonsand comprise a hmsphanide bearing two adjacent phosphonio nesietmmonly
described as triphosphenium bonding motif. The related class of compounds, -théedo
triphosphenium iongepresenbne ofthe mostcomprehensivelgtudiedcompound clagswithin the
phosphorus centerechtions’®?¢3 Recently, thg have gained considerable intergsts zwitterionic
derivative€¥ open possibilities in coordination chemistry. The first examples of triphoaphdons
have beersynthesized bySchmidpetewia reduction of PGl with SnCh in the presence of dppe
(1,2-bis(diphenylphosphin@thane Schemel2).1656¢ | ater, approaches usirfgl; instead of PGlor

employingcyclohexene asalogen scavengéiave beemevelopedas well®7]

PPh, ©) [SnClg]
2PCly+ 2SnCh+ 2 —/ _, thg’P\%th +SnCl,
Ph,P \_J ,
45,[SnClg]

Schemel?2: Synthesis of the first triphospheniwsalt45[SnCk]; a) CHCl2, 20°C, no yield reported.
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The A P bondengths (2.112.13A) of such cations are shortened compared to typidakihglebonds
(2.20A) due tonegativehyperconjugation of electron density of the R#idm irto the R-R anti bonding
orbitals of the BP substituent8® This interaction stbilizes thefrontier orbitalsbut restrics the

coordination chemistrgis similarly thdrontier orbital energys lowered due to the positive chaf¢fe”l

To overcome this deficiency a variety of zwitterionic tripHoamum ionshave beendeveloped
(Schemel3).°7172 The elimination of the possibly coordinating anion and ititeoduction of a

electrar-rich supporting ligandhat weakens the back bonding of the f(m has beernvisioned to
enhance the availability of the lone pairs for coordination chemistry.

S)
[Li(L)2] ®p®
I PBry + @ + ,;uP PPh, 3 Ph,P” “PPh,

o) o)
Ph" "Ph Ph" "Ph
Li[46] 47
L = tmeda
® P
M ,
[ ],_thP PPh, Ph,R™ “PPh,

I 45[Br] + /AN

M[48a,b] 49a,b
a: M= K, R= PPh, a: R= PPh,
b: M= Li, R=tBu b: R= tBu

Schemel3: Synthesis of zwitterionic triphospheniuerivatives47 and49a,b; a) 12 tmeda K%, N, N2, N?-tetramethylethane
1,2-diamine),i LiBr, i CeH10Brz, THF, rt, 10 min 75%; b)49a: i dppe,i KBr, THF, 91%;49b: i dppe,i LiBr, THF, 74%.

Theimplementationifst succeeslby employing bisphosphinoborate ligandibe aldition of PBg and
an excess of cyclohexene to a solution ofi@]i[results inthe formation of zwitterionic specie47
(Schemels, 1). Similarly, cyclopentalienides Mf#8a,b] (a: M= K, R= PPh, b: M= Li, R=1tBu) react
with readily available triphospheniugalt45Br] as P(I}source The saltmetathesis reactismive rise

to zwitterions49a,bin good yields $chemel3, 11 ). The modificationsn the triphosphenium back bone
lead to an increased electron denaityhe P(Hatomand thusmake diverse transition metal complexes
available(Figure 2).
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M(CO), ClAy_AuCl M(CO),  (OC)M—M(CO),

®/ ﬁ\G—) P @ /\P\®. ®/ ﬁ\e—) ®/\ P<®
Ph,P PPh, iPryP PiPr, Ph,P PPh, Phy,R PPh,
N N
PH Ph Ph Ph . .
tBu tBu
47[M(CO),] 50 49b[M(CO),] 49b[M,(CO),]
M= Cr, Mo, W; n=5 M=Cr, Mo, W;n=5 M=Co; n=3
M=Fe; n=4 M=Fe; n=4 M= Mn; n=4

Figure 2: Selected transition metabmplexes of zwitterionic triphosphenium ions.

Consequently, the increased nucleophilicity of Big-atom in47 and49b allows for the synthesis of
1:1-complexes with early transition metal carbordM(CO),] and49b[M(CQO).,] (M= Cr, Mo, W,
n=>5; M=Fe n= 4). Furthermore, both free electron pairs atR(ig-atom are available for coordination
which isillustrated by the isolation of dinuclear compleX8b[Mnx(CO)o and49b[Cox(CO)] and the
iPr-substituted derivativé0 (M= [AuCl]). The coordination of intact triphosphenium zwitterions in
reactionswith gold chloride ancearlytransition metatarbonylss contrasted by the reactivity towards

electron richtransition metatompounds’

Ph, Ph,
a) P\M/P
> tBu PIZP tBu
o P~ P
®Pp.® Ph, Ph;
PhoR PPh, 51a,b

tBu Bu
Ph,P
49b b) OC(Cp)Fe, @

P—PPh,
7/
Ph,P—R

® Fe(cp)cO
PPh,

52

tBu

Schemel4: Reactivity of 49b towards electron richtransition metals[Ni(cod)] and Pd(dba)] and iron complex
[(Cp)Fe(CO}]2; a) 51a: +[Ni(cody], i2 cod, THF, 2 h, 79%51b: +0.5 [Pck(dba}], i1.5 dba, THF, 1 h, 63%; b)
+[(Cp)Fe(CO)2,i 2 CO, THF, 4 d, 71%.

The reaction of two equivalents 48b with [Ni(cod),] (cod= cyclooctadiene) or Odquiv.[Pddba]
(dba= dibenzylideneacetoneives rise to diphosphoniodiphosphene complekés,b (a: M= Ni, b:
M= Pd) (Schemel4) comprising aj?>-coordination of the arising diphosphene malé¥yThe reaction
can be understood as oxidative insertion of the metal center iiit® Bddd of the triphosphenium ion
and dimerization of the P(l) unitShe F P bonds length of the diphosphene moietyla (2.165(2)A)

compares well to known diphosphene complé%t# similar reactivityis observed whed4b reacs
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with [(Cp)Fe(CO)].in a 2:1ratio yielding the binuclear comples2. In this casea similar R P bond
insertion and dimerizatioaccursbut the metal fragments afecoordinated by thehosphorus atoms
of thepresumed diphosphene moi€fje authors explaimestrongly elongate@i P bond (bond length
2.2332(12)A) with the coordination ofwo electrophiles’!

1.3.2.Imidazoliumytsubstituted?olyphosphorus Cations

A versatile approach to access catigrotyphosphorus derivatives is the introduction of imidazoliumyl
substituents, which allovior a precise electronic tuning of the attached phosphorus &t6mh¢)
Thereby they are known to stabilize a variety of different bonding magifg. highly reactive radical
cations(vide infrg). The hereinincludedexamplesare either described asmidazoliumytsubstituted
phosphorus compoundgth singly bondedonio-substituent®r as phosphaalkenes with a P=C double
bond accordingto Haaland Krossingand coworkerg”’® rather thandonoracceptor complexes of
N-heterocyclic carben@HC) ligandsand the respectiyghosphorusnoiety!’® Only one representative
Lewisstructure is given for most of thikescribedcompounds in this work/arious synthetic approaches
for imidazoliumytsubstitutedPi]-compounds have been reportéd®"® The relatedpolyphosphorus
compoundsan either be synthesizatiarting fromP,; and polyphosphorus compounds derived from
Ps-activation while employing ofNHCsas reagentwith predominantly nucleophilic charadf€®? or

by using suilbleimidazoliumytsubstituted Rprecusors which undergo-P bond formationThe
latter strategy is used to synthesize diphosghamliide 54 (Schemelb).!

Dipp ~ |[B(CeFs)d]

b) ;e —<%j

E@H
Dipp 55[B(C6F5)4]
Dipp Dipp Dipp ~|joTH],
' Dipp. o Dipp
2 |@§'/>—@p’9'c| A, N @,P—<%I 19 _ N ,,p—</'§>]
el |@'>\l/ PN [@)—P N
Y. Dipp |
Dipp Dipp Dipp 56[0Tf],
53 54
__________________ Dipp |[c1]
' Dipp
d) _<%j

E@)_ Dlpp

S D|pp 57[Cl]

Y

S

S

i
3

Schemel5: Synthesis and reactivity of diphosphiy2-diide 54; a) +6KCs, i 6 KCI, THF, rt, 21%,; b) +P{C[B(CsFs)4], 10.5
(PhsC)2, THF, rt, 2 h, >99%¢) +2 Fc[OTf],i 2 [Fc], THF, rt, 2 h, 42%; d) +[Hpyridine]Cipyridine,toluene, 16 h, 99.3%.

Reduction of phosphoranids8 with six equivalents opotassium graphite leado the formation of
neutral diphosphaf,2-diide 54 via reductive coupling. Thehortened PC bonds (1.7504(17A)
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indicate significant double bond charactaiaking a description as diphosphabutadiene feasible.
Compound54 can be oxidizedy reaction with thesingle electron oxidant RG[B(CsFs)4] to give
P>-centered radical catioB5*.®4 Two electronoxidation can be executed bdwo equivalents of
ferrocenium triflate [Fc][OTf]yielding diphosphenebis(imidazolium) salt 56[OTf].. Aside from
oxidation reactiongrotonationof diphosphandie 54 is possible The reaction with one equivalent of
pyridinium hydrochloride leads to diphosphiiide imidazolium salt 57[Cl], while a second
protonation does not occli?!

Dipp © Dipp, ot

N O N
[op—5—5—°]
N cc N

pipp 0T KLI[ Dip;o[OTE]npp

N Cl a)
2 [@)—P\ + Fe —_— or
N Cl

\ Dipp  Dipp  |[OTH
Dipp NCo N
58[OTf] [K(L)]59 [@f\?_ P_(F';|_<N]

L= 18-crown-6 Dipp Dipp/

61[OTf]

Schemel6: Reduction ofimidazolium salt58[OTf] with potassiummetalate [K(L)F9 (L= 18-crown6); a) (ratio 60*:61*=
9.9:0.1) T[K(L)]OTf, 1[Cp*Fe’-CioHs)ICl, THF, reflux, 8 h, no yield reported(ratio 60":61*=1:8), 1[K(L)]OTf,
—Cp*Fe(d?-C1oHg)Cl, THF, 7 90°C, 15%, unidentified side produst

In analog to the reduction of phosphoranii, imidazolium sal6§OTf] can bereduced stepwiskey
reaction withpotassiummetalate[K(18-crown-6)]59. If the reaction is performed under refluxing
conditions thehalogen bridged fcation60" is obtained Schemel6).¢ Backed by quantum chemical
calculations the cation can be understood lamwis acid base complexf the dicationicP, moiety
interacting withthebridgingchloride anionlf the reduction is performed 890°C, the formation of the
chloro-substituted P-compound 61JOTf] is observed (Schemel6). Instead via reduction of
imidazoliumytsubstitutedP1]-sources, diphosphahidesare alsaccessibldrom Ps cationsutilizing
NHCs (Schemel7).B7 The [3+2Hragmentation 062]GaCl], with NHC 63 proceeds stepwiséa the
cationic phosphanypicyclo[1.1.0]tetraphosphanienidazolium salt64GaClL] (Schemel7; in grey)
yielding triphosphallyl catio®5" and Dippsubstituted diphosphalride66 both in yields over 8% .7
The former comprises an imidazoliunstibstituted Rchain with a delocalized negative charge, closely
related tahe classical -system of the gallyl anion as suggested by thetical calculationsThe latter
is an overall neutral compound that features a ckdafstituted Pmoiety. Compound6 shows a
shortened PP bond length 02.1327(9) Acompared to the typicaliP single bonds (2.28).1%8] The
Pi Cl bond in the diphosphahride 66 is longer (2.1586(8)A)®% than in related chlorsubstituted
diphosphaneArP(Cl)-P(Q)Ar (Ar= 2,6-dimethoxyphenyl 2.11A).* This indicates alonationof
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electron densityof the ptype lone pairs on the imidazoliumsubstitutedphosphorusatom into the

% -antibonding orbital of the adjacerit® bond.

Cl\gDiJ[GaCL‘] o Diep o N/Dipp Dlpp\N ~|icacly]
AN a
S0 T I@H ¢ Teprer—<T
\v4 cl P=Dipp c” N N ¢l
P Dipp Ci Dipp  Dipp
62[GaCl,] 66 65[GaCly]
p-P~p-DiPp : N :
\@Y AV i O > e
1 N 1
DI . Cl \ X
¢l pp ; Dipp !
64[GaCl,]

Schemel7: [3+2]-fragmentation 062[GaCl]s with NHC 63 via 64[GaClk]; a) CsHsF, 140°C, 5 min,i 40°Ctort, 3 h,66 87%,
65[GaClj] 89%.

The weak R-Cl bond promps the reaction of66 with chloride abstracting reagents.g. GaCk

(Schemel8). The cationic diphospher@7* is obtainedin good yield of 76% by thaddition ofthe

Lewisacid GaCk to solutions of the respective diphospHaite 66.5% The cation exhibi aPi P bond
length of 2.038(1Q (67*) that compares well to typicaiphosphene$2.0 A)."* The diphosphene
moiety is stabilized byhe high steric demand of the Digpbstituent

Dipp  |[GaCly] Dipp ~ JiGacly]
Cl | Cl
a) N c)
o el e
Cl N\ P—Dipp Cl N P—Dipp
Dipp Dlpp PMe3
67[GaCly] 68[GaCl,]
66 —
L - o

b) N /Me
L7 » jI@))—P
cl N P Dipp
D|pp CI

69[OT{]

Schemel8: Reaction ofliphospharil-ide 66 with MeOTf and GaGlandsynthesis of phosphane add68{GaCl]; a) CeHe,
rt, 76% b) +MeOTf, GHs, 77% c) +PMes, 0-CsHal, rt, 96 %.

Accessing the relatediphosphene imidazoliumalt67[OTf] via reaction of diphosphattide 66 with
MeOTf by liberating MeCl is not feasible and instegigdes rise to diphosphanamidazolium salt
69OTf] (Schemel8). The higher nucleophilicity and the sterically less crowded environment of the

di-coordinatephosphorusatom results in the highlgtereoselectivanethylation. The significaniy
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polarizzd P=P double bond in cationic diphosphe®@" enables the nucleophilic attack efg.
phosplanes. The reactioof 67[GaCli] with a stachiometricamount ofPMe; leads taheformation of
phosphane addud8" which featuresa rare example of a phosphane environment bridging a
phosphanide and a phosphonium moiéBchemel8). Closely related midazoliumytsubstituted
polyphosphorus cationsan alsobe synthesizedy using phosphanid@0 as [R]-building block
(Schemel9).

Dipp  Dipp  [iCl

-y, [@/>— _Q:@]

.
Dipp Dipp Dipp Dipp R Dipp _I[G8C|4]2
N o 71[Cl] .
o5, — e [ p—<]
N H
Dipp Dipp DIPP R Dipp
70 N 73a,b[GaCly],
b) © a:R=Ph
[@/>_ A ] b: R= NMe
N PR - R=NMe,
Dipp Cl Dipp _I[GaCI4]
72a-c " N
a: R= Ph — E@)—P\\
b: R= NMe, N P=N(iPr),
c: R= N(iPr), Dipp
74c[GaCly]

Schemel9: Synthesis of triphosphallyl cationl* and peparation of diphosphalrides 72ai ¢ and subsequerthloride
abstraction yielding diphospheiraidazoliumsalt 74c[GaCly] or tetraphosphetanieis(imidazolium)salts74a,b[GaCl]z; a)
+0.5 PC4, +DABCO (1,4-diazabicyclo[2.2.2]octanei [HDABCO]CI (DABCO= (1,4-diazabicyclo[2.2.2]octang) THF, 1 h,
64%; c)+RPCk(R= Ph, NMe, N(iPr)), +DABCO, THF, rt, 2 h,-[HDABCOICI, 72a: 36%,72b: 85%,72c: 69%);c) +GaCt,
THF, rt,73a*; yield not determined73b?*: 70%;d) +GaCk, DME, rt, yield not determined

Triphosphallyl cation71" is accessible by a synthesis starting from imidazoliusojstituted
phosphanide70. The reaction of70 with PCk in a 2:1 ratio in the presence ofDABCO
(1,4-diazabicyclo[2.2.2]octane) gives rise #@[CI].*¥ An analoguebase induced coupling @D with
dichlorophosphanes RPCI(R= Ph, NMe, N(iPr)) in a 1:1 ratio allows for isolation of
diphosphari-ides72a-c (a: R= Phb: R= NMe, c: R=N(iPr),).°? Treatment of the diphosphdrides
with GaCkgivesdiphosphen@amidazoliumsalt74c[GaCly] andtetraphosphetar@s(imidazolium)salts
73a,b[GaCly],, respectively This observation is rationalized by the different steric demand of the
substituents at the former chlesabstitutedohosphorugtom. Thesterically less encumbergihenyl
or NMe; substituentenables subsequenf2+2] cycloadditionreactions from thein situ formed
diphosphenes.Bulky substituents are thus needed to investigate the falfpwchemistry of

diphosphenes.
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P=R : Mes
75 TerMes o) TereR oy TerMe AuCl | 5
* « PR —/= o PR | TerVes= :
.e Mes Mes 1 |
\N/\N/ N’\< Ter N’®\< Ter : :
_ ~EN— SEN— i Mes :
3°H 76 77 e

Scheme20: Synthesis of diphosphéaliide 76 and subsequent coordination[@uCl] giving complex77; a) THF, rt, 5 min,
52%; b) fAuCIl(SMey)], i SMe, 1 78°Cto rt, 100 min, 50%.

The high steric demand of the T&groups(TerMe= 2,6-(Mes)CsHs) in 75 stabilizesthe diphosphene
moiety and restricts nucleophilic attack to small nucleop8ebeme20). Adduct formation wittNHC

30 gives rise to diphosphatide 76. However, vaable temperature NMR studies suggestt tthe
reaction is reversiblérhisis proven bythe reactivity with Lewisacids which uponthe addition to the
reaction mixturgagain liberateliphosphen@5.°® The electron rich diphosphdnide can be useds a
potent ligand for transition metal compoundfie 1:1 reaction o¥6 with [AuCl-(SMe)] in THF
smoothly gives gold complekr. No equilibrium ador 76is observed for the gold compledicating
the very strong bonding of tHeewisbase®! The authorssuggest that the coordination of f#euCl]
enhances thelectrophilicityof the dicoordinatephosphorustom which leads to a better bonding with
the NHC. A different synthetic approach to imidazoliursdbstituted diphosphene complexes is
represented b the followup chemistry oftetraphosphtane tetrakis(imidazolium)salt 80(OTf]4
(Scheme2l).

iPrLGg _|[0Tﬂ4 ® ErgiF’_rI[OTﬂ?’
iPr, R—p”
Lo~p— \"P
@ (o] g - ® R @ b, SR\ g
4 PLc—PCl, +479 ——— P —p_ P-L —— ) \ PP.\LC,-pr
P/,
78[OT{] fF’fL? Y
A \ 80[OTfl, 84[0Tf],
. ’Pr|_62= \@\ .
5 ZLN\ ! c) d)j
; Pro [OTfls
: o ML), [OTfl Cl C ]
- _SiMegy! n ® @
: //\N ! | Pr ,AU\ L~Pr
| : 2 o P=P @ c~p” p-lc
' _N_~ ' Pr s L .Pr \ /
i MesSi” - ¢ ¢ ®PR @
; 79 ' P/ [_<iPr
---------------------- 86a-c[OTf], c c
a: M(L),= Fe(CO),, 87[0Tf];

b: M(L),= Pd(PPhj),,
c: M(L),= Pt(PPh3),

Scheme21: Synthesis and followp chemistry of tetracatioB0**; a)7 8 Me&sSiCl, T 4 pyrazine, GHsF, rt, 12 h, 86%; b}79,
2 MesSiCl, ipyrazine, i"PLc-P-LJPTOTH] (LJP= 1,3-diisopropyt4,5-dimethytimidazoliunyl), 1FLc-SiMes[OTH]
(82[OTH]), PLc-P-LAP[OTH] (85[OTH]), CHiCN, 8 h, rt, 61%:; cB6a*: +2 [FeCO)],~[Fe(CO}], CHeCN/THF, 12 h, 98%;
86b2*: +2 [Pd(PPh)], 14 PPh CHsCN/THF, 12 h, 93%86¢%* +2 [Pt(PPh)4], 14 PPh, CHsCN/THF, 12 h, 88%d)
+AuClI(tht), +nBusN[CI], T nBusN[OTf], THF/CHsCN, 70% determined b§P NMR spectroscopy.
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Reaction of dichlorophosphaneimidazolium salt 78[OTf] with 1,4-bis(trimethylsilyl)1,4-
dihydropyrazing79) leads taheformation of tetraphosphetatetracatior80**.[°>! A stepwise reaction
is proposedin which first two equivalentof 78[OTf] react with 79 giving rise to anintermediate
species [PLc-P(CIi P(CI}-LcP7?* (81%, LcP= 1,3-diisopropyt4,5-dimethytimidazoliunyl). Then
subsequent reaction with another equival@gt ultimately leads to 80[OTf]4. Aside from the
tetraphosphetangetrakis(imidazolium)salt 80{OTf]4, the formation of therelated triphosphirane
tris(imidazolium)salt (FLc-P)[OTf]s (83[OTf]s) is observed The latteris presumed to be the kinetic
product as rearrangementof (PLc-P)[OTf]s (830Tf]s) into the thermodynamically favored
tetraphosphetane cati®@** occurs over the course of 24 h in £HN. The RB-ring moiety in80[OTf] 4

is predominantly electrophilic due to the influence of timo-substituentswhich is confirmed by
theoretical calculationsFurther reacting8JOTf] with 79 in a 2:2 ratio provides access to
imidazoliumyksubstituted Rtrication 843 underconcomitant elease of”Lc-SiMes[OTf] (82[0Tf])
and P(l) species PLc-P-LcPTOTH] (85[0OTf]). The product compri#s a Cs-symmetric
heptaphosphanortricyclane cages the coordination chemistry @olyphosphanes and especiatly
suchpolyphosphorus cations igrely investigatedthe reactivity of electrophilic compounds with low
valent transition metal is of great intere&t[2+2] fragmentationis observed whetransition metal
compound$Fe(CO)], [Pd(PPh)4], [Pt(PPh).] react with8QJOTf]4in al:2ratioyielding diphosphene
complexes6a-c[OTf]2 (a: M(L) = Fe(CO), b: M(L) = Pd(PPB)2, c: M(L) = Pt(PPB).). This reactivity
is facilitated by the electron withdrawing effect of the cationic imidazoliwsulgktituent ani likewise
observed in reactions @FsC-P) or (FsCes-P).’%°"1 The resulting diphosphene moietitssaturean
increased -accepting ability with a low lying LUMO stablefor complexation of low valent metals.
Transition metals with weak back bonding ability such as gold(l) show a different readtign
80[OTf]4 reactswith [AuCI(tht)] in the presence of a chloride anion soyr@eeductive insertion into a
Pi P bond is observed giving rise to comp8#OTf]s. The complex comprises a €hain chelating the

oxidized Au(lll) atom which is additionally coordinated ot chloride ligands.
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2. Objectives

The objective of this work is to gain access to imidazoliuswdstituted,-phosphorus compoundty
utilizing dehalosilylation and condensatioeactions(Figure 3) and to subsequentlyexplore the

coordination chemistry of such compounds.

SYNTHESIS OF
P.-PHOSPHORUS COMPOUNDS

Dipp
R= aryl, alkyl

© Dipp

DEHALOSILYLATION
CONDENSATION
CONDENSATION

Figure 3: Easily accessible compouB8/OTf] (R= aryl, alkyl)and already\ailable imidazoliumyisubstituted Rcompounds
78OTf] and66 andtheenvisioned synthesis of larger framewo¢AsE) via dehalosilylatiorandcondensatio.

The aforementionedlichlorophosphanémidazolium cation78" and diphosphat-ide 68 are readily
availablevia high yielding synthetic rout&$°land are therefore ideal starting materials for the lupld
of larger R-phosphorus compounds analogy to the synthesis of8", chlorophosphananidazolium
cation88' (R= aryl, alkyl)may be synthesized and used a$-fRiilding block.Theresultingcompound
88" is envisioned to bemployed in dehalosilylation reactions with silylated phosphamegeld
catenated polyphosphorus compoumiphosphane cations of typerepresent a possible target as well
as the unprecedentesib-tetraphosphane cations of typeThe starting materiaR8*, 78" and66 can be
converted to pyrazolyl substituted compounds which enable condensation reactions with primary or
secondary phosphas. This way, the asymmetrically substitute-compounds of typ&€ may be
accessible. Similarlthe novePs-compound® andE canbe targetedVith a variety ofimidazoliumyt
substitutedpolyphosphorugsompoundsn hand the goalis thento investigate their reactivity towards

transition metal compoundbigure 4).
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FRAGMENTATION COORDINATION [M]

R2P\ ;
H P—[M + RyPX RoP-. PR3
jl’rL@)/ [ ] 2 +[M]X R2P pg"" E,@ F
¢ or P +M] L™
+Na[M] Pr
RoR —— C M
H o P~M +Na[PR;] D |- M
FILE z RP. PRy o
M ; I®IP[
COINAGE METAL METAL - Lc
COMPOUNDS __ CARBONYLS 2 METALATES
- M[OTf] §IMCO)l 1 RyP,  Naz[Fe(CO)l
| M= Cu,Ag,Au ! M=Cr,Mo,W © P~ IMI-PR; ' Na[Fe(CO);NO]
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Figure 4 Possible reactions froimidazoliumytsubstitutedP,-phosphorus compoun@semplified foratriphosphane cation
of type D with varioustransition metal compoundsod= cyclooctadienghcluding fragmentationcoordinationor insertion
in P P bonds.

The synthesizetinidazoliumylsubstituted®,-phosphorus compounds are investigated regarding their
coordination chemistry with coinage metal compounds, metal carbonyls and metalates. Thereby, the
formation of complexese.g. F and G, with different coordination modes under retention of the
polyphosphorus framewoik expected Figure 4, right). The employment of electron rich precursors

of late tramition metals thah r e abl e t o st abi {backbendinghwih catibncr g e
ligands are of special interest. In further reactioasgransformation of thpolyphosphorus framework

is anticipatedIn particular strong nucleophiles like halogigles or metalates are expected to lead to
P-P bond cleavageeactionsyielding phosphanide complexed typeH (Figure 4, left). Comparable
phosphanide complexed typel may be the result from oxidative insertion of metals irit® Bonds

of the employed polyphosphorus catigRggure 4, bottom).This approactoffers the opportunity for

the targeted synthesisf novel transition metal phosphides with defined structurdse resulting
complexesmay also shownteresting followup chemistry e.g. dimerization oraggregationwhich

would give rise to largeso far inaccessiblB,-phosphorus compouad
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3. Synthesis of Cationic Diphospha@&* andiso-Tetraphosphane
913*

The synthesis oBJOTf] followed the established protocol usin§Lc-SiMes[OTf] (82[0Tf]) as
fionios ubstituent 0 Tha cosdersatian @2[@TH with BWPCL in CsHsF at elevated
temperature (70°C) ¢eto the formation of chlorophosphanemidazolium salt 89[OTf] under
concomitant release of M®ICl (Scheme22).
cy [OT
IPI'L?_SIMe_BI [OTﬂ i» iPrL?_ P/

\
Cl

82[0Tf] - /PF\NJ<§/ 89[OTf]

iPrLc _ 72::[\1

\

iPr

Scheme22: Access to chlorophosphameidazoliumsalt89[OTf] ; a)+ CyPCh, i MesSiCl, CsHsF, 70°C, 3d, 74%.

CompoundB9[OTf] wasisolated by precipitation from¢ElsF and subsequent filtration as analytically
pure, colorless salt in good yield (74%). THB{*H} NMR spectrum of89[OTf] showed a broad
resonance ati(P)=55.6ppm, which is significantly high field shifted compared tize respective
dichlorophosphangi(P)=195ppm)(Figure 6).° Upon cooling to 26K the broad resonance resalve
into two singlet resamnceqU(P)=51.9 ppm[(P)=54.5 ppmintegral ratio 2:1indicating the presence
of two stereoisomerd his is attributed to thisindered rotatio#® of theiPr-groups at the imidazoliumyl

substituenthatcan adopt two different configuratioriSigure 5).

Me Me
P@LG-C)I'PF P&Legipr
H Me Me H
syn trans

Figure 5: Possible configurations dPr-groups at the imidazoliumyl substituent.

For substances withosterically demanding substituent at the phosphorus ,dtwmwotation of the
iPr-substituentis unrestricted This is underlined by the structural data &mveral™Lc-PR[OT]
derivatives which showynandtransorientations of théPr-groupsin the solid stat€®19Y However, if
substituerdwith great steric blk areintroduced to the phosphorus atdess steric repulsion is expected
for the syn configuration in which both methygroups are orientateglyn in regard to the bulky
imidazoliumyl substituentThis conformation is exemplary observed in the molecstilarctures of
cations80*, 84%, 86a-c>* and 87°* [ As cation89" comprises a large cycleRyl substituentit is
assumed thahe synconfigurationbecomes energetically favorablEhus both conformations of the
iPr-substituentre feasible angresumablyshow comparablgfz° values. Te hinderedrotationof the
iPr-substituentaround theCi N bondthenresults inthe observation of two different conformers. The

two isomes may be assigned to tlsgnsynand thesyntrans conformer as it can be assumed that the
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transtransconformer is energetically unfavorable due to steric reputstbneenmethylgroup and the
cyclohexyl substituent. This assumption is supported by the molecular strucd3tevbich shows the
synsynisomer Figure 6). Therefore, thesynsynconformer is presumed to be energetically favorable

andis assigned to th#P{} NMR resonance with a chemical shift of 51.9 ppm and integral rafo of

300 K A

syn,syn-89*

\ /{ Cl C12 /\

/\/
/”\

P1

syn,trans-89*

Figure 6: 3!P{*H} NMR spectraof 89[OTf] in CD2Cl2 at 300K (top) and 26K (bottom) andmolecular structure of cation
89*in 89[OTf]; hydrogen atoms, solvate molecules, and anions are omitted for clarity and ellipsoidaa&®%eprobability;
selected bond lengths Aand angles (°):I”C1 1.841(4), PCI 2.0770(13), PC12 1.832(4), CP-Cl 99.76(12).

The molecular structuref 89" is depicted inFigure 6 and shows the expected pyramidal bonding
environment at thephosphorusatom The PiCl bond lengthof 2.0770(13Q is typical for
chlorophospane$PCk: 2.09A).®l The QP bond length of the imidazoliumyl substituent {€1
1.841(4)A) compares well to thei® bond of the cyclohexyl substituent (P2 1.832(4)A) which
justifies the description asi® single bond.As 1,4bis(trimethylsilyl)}1,4-dihydropyrazine(79)
previously proved to be a sablereagent for the reductive PP bond formation of
chlorophosphané®;1°?the synthesis aliphosphan®isimidazolium)salt90OTf]. is envisioned

Cy_|[om &y L%FTI[OTﬂz
IPrL _P a) 1/2 \P_P/
\ - S ® N
Cl | IPrLC Cy
8O[OTA | T 90[0T],

79 K/N\Sil\/leg

Scheme23: Synthesis of diphosphatés(imidazolium)salt90[OTf]2; b) +0.579, 1 2 MesSiCl, i pyrazine,CeHsF, rt, 16 h,
63%

The 2:1 reaction itCsHsF of 89[OTf] with 79 led to ayellow precipitate in the course of h6 After
filtration of the precipitateand subsequent drying vacuq the diphosphanebis(imidazolium) salt
90[OTf], was isolated ina good yieldof 63% (Scheme23). Suitablecrystals for Xray diffraction
analysiswere obtained by diffusion of ED into a saturated GEN solution at—-30°C. Compound
90[OTf] crystallizes in the monoclinic space group/B2vith half a molecule in the asymmetric unit
and possessés symmetry(Figure 7). The RP bond length of 2.2315(14) is well in range of PP
single bonds and corresponds to relatsgldiphosphane Gfi PCy: (2.21A).1%%1 The C1i P1 bond
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lengths 0f1.837(3) A compares well to @ single bonds in related imidazoliunsdbstituted
phosphanes (1.85 A

340 K AN | meso,trans 902

|

|

|

I meso,gauche 90%*

! rac,gauche I/ 90%*
270K ! “ ||

U=
I > 4 -
— ‘ T N -y
45 -50 \ 8
___________________________ ¢ :‘__r
250 K NNt / \
S .40 -50 - 60 70 \

Figure 7: Variable temperatur@P{H} NMR spectra oB0[OTf]2in CDsCN from 250K to 340K (theinset showthe zoom
in of the experimentalpectra at 250 Kind molecular structure of cati®f?* in 90{OTf]2R CH:Clz; hydrogen atoms, solvate
molecules, and anions are omitted for clarity and ellipsoids areS@eprobability; selected bond lengthsiimnd angleg°):
P1i C1 1.837(3), PilP1 2.2315(17), FC2 1.833(4), CP1-P1 99.37(13).

At ambient temperature tR#{*H} NMR spectrum @verise totwo broad resonansgli(P)=—48.0 ppm

and U(P)= -44.3 ppm) which are high-field shifted compared to the related neutral diphosphane
(e.g.Cy2Pi PCy: U(P)=121.0ppm).2% To further elucidate the dynamic behavior of the cation in
soluion variable temperature NMR studies were perforffrégure 7). At 340 K the spectrum shaa

two separate broad peaksidb.8 ppm and 42.6 ppm.Upon cooling to 25K the broad resonances
resolvel into two singlet resonancedP)=149.8ppm U(P)=145.3ppm integral ratio 10:1and an AB
spin system [(Pa)= -48.5ppm U(Ps)=146.3ppm, 1J(Pa,Ps)= 1140Hz, integral ratio 3. This is

attributed to the presence of rotational isongErgure 8).

meso rotamers

®

‘ .o ‘ Cy @ L iPr
IPI'LG-g Cy lPrL@g Cy /PrLC Cy
Cy L@():I'Pr IPrLG-(D: X . Cy
trans gauche / gauche Il
racemic rotamers
( @ N\
T @, L. Cy o,
Cy L@():lPr Cy L@g/Pr Cy LeglPr
Cy L@C):iPr . Cy iPrLC .
trans gauche | gauche Il

Figure 8: Possiblemescandrac rotamers for diphosphargé?*.
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For unsymmetrically substituted diphosphanes six rotamers are feasible resulting fracemtieand
mesadiastereomersgure 8).11%1 As the inversion barrier at the phosphorus atonsiglly larger than
the energy barrier for rotation around thePPbond*°! inversionis not observed on NMRme scale
unless theemperature is above 100 .B€1 For the comparablediphosphane MeBi PMes, a trans
orientation otthe lone pairs of the phosphorus atoms in the ground state was otb¥€rVad.analogue
mesatrans rotamer of90?* is found in the molecular structuaddis consequenthassigned to the
resonance with highest intensity in tF®{} NMR spectrum (U(P)=-49.8ppm). This mesgrans
rotamer is presumed to energetically favorable due tarkiperiplanararrangement of thsterically
demanding imidazoliumyl substituents. Furthermore, electron withdrawing effect of dhie-
substituents may favorteans arrangement of the lone paies previously reported for diphosphanes
with electron withdrawing substituents.g 7 F or i CR.11% The variable temperature NMR spectra
showed dynamic exchange of thenesgirans rotamer which should consequently lead do
correspondingnesggaucherotamer. Due to the steric interactions of the imidazoliumyl substituents
the mesggaucherotamers are presumed to be energetically unfavorablaraadsigned to the singlet
resonance at45.3 ppm with the lowest occurrenc&clipsedrotamerswith lone pairs in gauche
conformationare typically observed falkyl-substituted diphosphage.g.for the relatedCy,Pi PCy,

or for the tBu-substiuted tBu.Pi PtBu..*%:1% Thus, the presencef a related staggered rotamer for
cation90** can be reamed.For the racemic diphosphartee racemiggauche llrotameris presumed
to bethe most energetically favorable arrangemeume to the sterically demanding imidazoliumyl
substituent which adopts an antiperiplanar arrangement. The observed AB spin system
(U(Pa)= -48.5,ppm, U(Ps)= —46.3ppm 1J(Pa,Ps)= 1 140Hz) presupposethe presence of chemically
unequalbhosphorustoms andnightthereforebe assigned to theacemicgauchell conformer.

@ |[OTfl3
Cy LCIPI’
oT
o SV o a)

. o @ P___P
/PrLC_P\ — 7 . 1/3 IPI’LC/ ? \Cy
Cl _PL®,
Cy LCIF’r
89[OTH] 91[0Tf];

Scheme24: Synthesis ofso-tetraphosphantis(imidazolium)salt91OTf] 3; &) + 0.5 P(SiMe)s, CeHsF, rt, 3 d, 4% based on
850TH].

The smooth and high yielding synthesis of chlorophosplraigazolium salt 84OTf] enablal the
synthesis of larger catenategd®mpounds. A datethe access tiso-tetraphosphanes is restricted to
neutral derivative, the synthesis of a cationicompoundwas envisioned. Thisvas achieved by
following S ¢ h u m appmact®f employng P(SiMe&):;*? The dehalosilylation reaction 89OTf]
with an excess of P(SiMR in C¢HsF led to the formation ofa colorless precipitate over the course of
3 days which after filtratn was identified as the desireido-tetraphosphanéris(imidazolium) salt
91[OTf]3(76%; Scheme24).
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Figure 9: Variable temperatur#P{*H} NMR spectra 091[OTf]sin CDsCN from 240K to 340K (theinset showthe zoom
in of the experimentalpectra at 240 Kand nolecular structure of caticd®13* in 91]OTf]a&R CHCN; hydrogen atoms, solvate

molecules, and anions are omitted for clarity and ellipsoids are set at 50% probability; selected bond gt sigles(°):
P1i C1 1.827(5), PilP2 2.2346(12), RIC2 1.859(5), PP2P1 102.64(6)

In the®P{*H} NMR spectruman AX s spin systemU(Pa)=187.4ppm U(Px)= —57.7 ppm, 2J(Pa,Px)=
1271Hz) wasobserved fo©1OTf]; which in compaisonto the neutralso-tetraphosphane (Gy)P
10 (AX 3 spin system:{(Pa)= —108.9ppm, U(Px)= —5.2 ppnt 1J(Pa,Px)= —361.9Hz) showedhigh field
shifted resonances for the outer phosphorus atop)sgfd asmallertJ(Pa,Px) coupling constarit?
Furthermorethe additional broad resonancisthe room temperaturepectrumof 91 OTf]; indicake
the presence adnother isome(Figure 9). To further elucidate the dynamic behaviortlé cation in
solution variable temperature NMR studies were performégon coolingthe sample to 24K, a
secondAX s spin systemi(Pa)= —84.0ppm, U(Px)=T141.5ppm, 1J(Pa,Px)= 1 296 Hz) with an integral
ratio of 1:10 in comparisoro the first spin systemwvas resolved which is assigned to @onformer

presumable resulting from rotation around ti® Bond(Figure 10).

|
:
|
C | &
. y ! .
] F<)9 @? P l PO PeprPg
i iPr !
Cy L™ e . ' -PL®;
oo ¢ © o : Cy C
:
|
trans gauche : M-enantiomer P-enantiomer

Figure 10: Possible conformations of thé& P bond in91OTf] 3 (left) and the enantiomers resulting from the azfafality
(right).

Suitablecrystals for Xray diffraction analysesvere obtained by diffusion of ED into a saturated

CH3CN solution ai 30°C. The molecular structure ®f*is depicted irfFigure 9 showing the expected
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pyramidal geometry of the centpahosphorusaatom. Compoun®1[OTf]; crystallizes in the trigonal
space group R3c with a third of a molecule in the asymmetric unit and possesgesnetry. The PP
bond length of 2.2346(13) is elongated compared tioe neutraliso-tetraphosphané with P-P bond
lengths rangingrom 2.181(6) A to 2.227(7A.43 The C1i P1bond lengths 01.827(5) A is maginally
shorter compared thve Ci P single bonds in related imidazoliursdbstituted phosphanes (1.85'%).
Due to the presence tfo different substituents at the outer phosphorus atoms, the cation shows axial
chirality and bothP/M-enantiomers are present in the unit d@ligure 10).MY In the molecular
structure the all trans conformer with an antiperiplanar conformation of the lone pairs at the
phosphorus atoms present whichsitherefore assigned to th& s spin systenwith the highest integral
ratio. As the second AXspin systenpresuppose€s symmetry it is presumed to be induced by tik
gaucheconformer. This is assumption is supported by literature reports on the'l{RyelPx) coupling
constantof the gaucheconformation of lone pair§i 296Hz) compared to thérans conformation
(-271Hz) in relatedso-tetraphosphané&? The stability of thell gaucheconformation is furthermore
underlined by the solid state structure of comparable mixed substiotedraphosphané.3!
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Figure 11: 3'PP EXSY NMR spectrum 091[OTf]zin CDsCN at 300K (mixing time 1s).

However, an additional doublet resonancé(B)=127.5 ppm ¢J(P,P)=i 583Hz) wasobserved in the
31p{IH} NMR spectrumat 240 K. The abundance of more correlating resonandés fee assumption
that their observation is eliminated by overlapping with other resonances. Due to the preseralé of the

gaucheand all trans isomersand their exchange processésis feasible to assign the additional
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resonances to atrans,trans,gaahe or trans,gauck,gauche conformer as they are the logical
intermediate structureS§imilar observationsire reportedor the iso-tetraphosphane (H#Bu))sP 2
The exchange procebstween the presumed rotamesproven by?1P1P EXSY NMR experiments
(Figure 11). The cross peaks indicageslow exchange not only between tilkgaucheandall trans

rotamers but also theessumedhird unidentifiedrotamer.

4. Metal Mediated Fragmentation Reactiai®0OTf], and
91JOTH]3

The highly yielding synthesis of the notcations90** and91%* prompted the investigation of their
coordination chemistry The reaction of diphosphaneis(imidazolium) salt 90/OTf]. with two
equivalentdPd(PPh)4] at 80°Cyielded two different products92OTf], and 93OTf]. (Scheme25).
Compound®2[OTf]. is formedvia an oxidative insertion of two palladium atoms into thi® Bond of
the diphosphane with concomitant release of six equivalents gf PiRhresulting complekears two
palladium atoms in the oxidation state +l including a Pd rmmetdhl bondbridged by phodpanide
ligandsand shows a well explored bonding méfif.**"1 Optimization of the reaction conditions allowed
to selectively synthesiZ@2lOTf], by heating the reaction mixture in toluesite120°C for4 days The
compoundvasisolated by iitration as dark brown sial in 30% yield.

PPhy @'_l[OTf]z
a) Cy~_.Pd.__Lc™"

. PO P
Pree” Pd “Cy
cy L@é,p_rl[OTf]z PPh
P—F 92[0Tf,
iPr®/ N —
Lc Cy
90[OTfl, P2 pph. O
b R
LD, Cy—PTP-Cy
Pd. ®,
PhsP’ ‘|_@C'F’r
93[0Tf],

Scheme25: Synthesis opalladiumcomplexes92[OTf]2 and93[OTf] 2; @) +2 [Pd(PPb)4], 1 6 PPh, toluene 120°C,4 d, 30%;
b) +2 [Pd(PPB)4], 16 PPh, 0-CsHalF2, 40°C, 14d, 54%.

In the 3P{*H} NMR spectra the compleR2OTf], showed two AxX, spin systemsocfs 92%*: U(Pa)=
26.5ppm, U(Px)= 141.8ppm, 2J(Pa,Px)= 37Hz; trans 92*": U(Pa)= 25.3ppm, U(Px)= 132.8ppm,
2J(Pa,Px)= 38Hz; integral ratio 9:1 which wereattributed tahetwo stereoisomers resulting from the

respectiveeis andtransconfigurations Figure 12), whichareknown from comparable zinc amidé$!
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Figure 12: Diastereomers of complex88[OTf]2 (top) and93[OTf]2 (bottom).

The R resonances show the typical chemical shift ofsfiBandsbound tgpalladiumas in the precursor
[PA(PPh)4] (T(P)= 29.8 ppn).**° The R resonances of thehosphanide moietieme low field shifted
compared tdoridging phosphanide (€-PCys: U(P)= 238.0ppm e-PPh: U(P)x 174.6 ppm) which is

attributed to the influence of the imidazoliumyl substitu&rit?? Analogue coupling constants for the

2J(P,P) of around 40 Hz values are reportedétatedcomplexedt!’ 120

frans 92% trans 92%*
| o3
is 922+ * * Cis 922
cis 922 cis 92%
\ trans 92% Jﬂ/\trans 922
T T T T T T T T T T T T T T T T T T T T T T
140 120 100 60 40 20

Figure 13: 3P NMR spectra ofhe reaction mixture &d0[OTf]2 and 2equiv.[Pd(PPh)4] stirred for 2h at 80°C ino-CsHaF2
in a microwave (CBCN, 300K, CsDs capillary, top and of the produ@2[OTf]z isolated from the synthesis in toluene after

for 4d at 120°Q(CHsCN, 300K, CsDs capillary,bottom).

Interestinglythe isolated produgbbtained fromlte selective synthesis ®2[OTf], at120°Cin toluene

rendersthe trans isomer withhigh field shifted resonancessthe major isomer (10/9(Qs showa in
Figure 13. But if the synthesis 092[OTf] the is performed at 80°C mCsH4F>, the cis isomerwith

resonancesvith lower chemical shif(79/21)is predominantly observeakide from the formation of

93[OTf]2 (Figure 13). As 92[OTf]. directly precipitatd from the reaction mixture in toluend is

assumed that treontraryisomer distribution is mainly due to the different solubility of @&& isomers.

Therespectivecis isomercomprises twomidazoliumyl substituents with similar orientation and thus
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may exhibit a larger dipol moment which leaddess solubility in nonpolar solventEherefore, the
major isomer withhigh field shifted resonancds attributed to theis configuration.The 3P NMR
spectrumof the reaction mixture d®@Q(OTf], with [Pd(RPhs)4] (Figure 13) furthermore reveald the
presence of a side produathich was identified as rare dinucleasz(d%d?)-diphosphene complex
93[0OTf]2 (Schemel3). The complex is a structural isomer @[OTf], and results from an oxidative
insertion in the PC bond of the imidazoliumyl substituent instead of the Bondof the diphosphane
Similar reactivity was first reported in reactions of cyclopropenisubstituted phosphanes with
palladium precursoré?! A selective synthesis 8OTf].wasachieved by stirring the reaction mixture
of 90OTf], with 2 equiv. of [Pd(PPh)4] at 40°C for 14 days in-CsHsF.. In the3P NMR spectrum
compound93OTf], showed broad resonancefi(P.)= 111.7ppm U(Px)= 18.2ppm). At higher
temperature$340 K) an AA'XX" spin systenwasrevealed which wasiteratively fitted (Figure 14,
Table 7). Details on the coupling constants are included in the experimental deitda!snfra).
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Figure 14: 3'P{'H} NMR spectra of93[OTf]. measured in mixture af-CsHsF> and toluened® at 340K displaying the
experimental (upward) and fitted spectr(downward) The NMRparameteraregiven inTable 7 andthemolecular structure

of cation 932* in 93[0Tf] 2R 0-CsH4F2AELO is shown on the rightthe inset show the detailed coordination environmént
hydrogen atoms, solvate molecules, and anions are omitted for clarity and ellipsoids are set at 50% probability; sdlected bon
lengths inA and angles (°)P1i P1 2.1160(12), R2Pd 2.3213(6), CilPd 2.061(2), PicPd 3.8007(8), RPd-P1 53.54(4), P

Pd-P plane fold angle 129.95(4).

vy

The resonance of the diphosphene moiati?)=111.7 ppn) is shifted to lower field compared to the
relaed molybdenum complelCp)Mox(COu(PPh}] (U(P)= 194 ppm)1*?2 and the largeJ(Pa,Pa’)
coupling constanof i 489.4Hz is typical for diphosphene complexXé¥.n the®P NMR spectrum a
minor isomer is observedut iteration of its spin systeisieliminated due to the overlappinith other
resonancesHowever, the major isomer with the iterat®d " XX" spin systentan be assigned to the
transconfiguration as in case of theisisomer an BXX" spin system is expecteflitablecrystalsfor
X-ray analyss wereobtained by slow diffusion of ED into a saturated-CsH.F, solutionof 93OTf]

ati 30°C (Figure 14). Compound®3OTf]. crystallizes in the orthorhombic space group 12a with a half

29



molecule in the asymmetric unit. The molecular structure shioatsansisomer(Figure 13) with C;
symmety. A central cis-substituted diphosphenis coordinated by two palladium atoms in a
d?-coordination mode. Thei P bond length of 2.1160(18) is in the expected range for diphosphene
complexe&4 andcompares well to the related nickel derivatigiacNac)Ni}(PPH,] (23: Pi P bond
length2.125(3)A).5% The three membered-Pd-P rings show a plane fold angle of 129.95(@)t
compound®3OTIf], can therefore bdescribedas butterfly type like structurseeinset inFigure 14).
The palladium atoms are additionally coordinated bhWBIC and a PPhligand. The PdC bond of
2.061(2)A compares well to knowhHC palladium complexe&? The Pd Pd distance of 3.8007(%)

is significantly larger than the sum of the Van der Waals radii )28" excluding an interaction
between the metal centeiBhe preferred oxidative insertion of the palladium into tfi€® ®ondsof
90**, as opposedo the conpetingreaction with the PP bond represents an unusual reactivity of
polyphosphorus catioBC?* with low valent transition metals and mighiake furtherinvestigations

usingquantum chemical callations necessary.
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Scheme26: Synthesis of complexe3A[OTf]2 and 95[0Tf]2; & +0.5 PClz(allyl)2, 189OTf], CHsCN, rt, 30 min, 59%h)
+0.5RheClz(cody, 1 89[OTf], CH3CN, rt, 30 min, 60%

The high yielding and convenient synthesi iso-tetraphosphandris(iimidazolium) salt 91/OTf] 3
enabled similar investigations on the reactivity towards transition metal compdureseaction of
91[OTf]swith [Pd(PPh)4] showedno conversion even at elevated temperature of 60fi€reforethe
palladium precursovaschangedo [Pa:.Clx(allyl)2]. The initially colorless reaction mixture 81[OTf] 3
with 0.5 equivalents dPd.Clx(allyl),] turnedorange within 5 minutes arft® NMR investigation gve
rise to two newly formed #X spin systems dfs isomer: U(Pa)= 161.3ppm, U(Px)= 116.1ppm,
1J(Pa,Px)= =323 Hz; transisomer:U(Pa)=157.6ppm, U(Px)= T 25.1ppm, 1J(Pa,Px)=1321Hz) showing
effects of higher ord&f-*>*?%land a broad singlet resonancéi(®)= 55.6ppm The latter isassigned to
chlorophosphaninidazoliumsalt89OTf] indicating that the resulting palladium complefOTf] is
formedvia a chloride inducedifP bond cleavage reacti¢8cheme26). After removing all volatilesn
vacuq 89[OTf] was separated by washing with toluene and the palladium congzlEXTf], was
obtained analytically pure as orange solid in moderate yield (5B86)complex comprisesaP!,P?
coordinated Pd(allylyroup.The two AX spin systems d84[OTf]. in the®P NMR spectrum indicate
the presence of two diastereomératio 44:56) which originate from the respectias and trans

configurationf the cyclohexyl and imidazoliumyl substitue(fsgure 15).
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Figure 15: 31P{1H} NMR spectrunof 94[OTf]. in CD2Cl. at 300K.

As thecisisomerbears two cationic substituents in the same hemisphere of the molecule, a deshielding
of the R atom can be assumed due to the greater charge separation and dipole momethe AbXis

spin systemwith the lower field shifted £resonancgU(Px)= 116.1ppm) is assigned to theis
diastereomer. Both isomerseqresent in solution and show an integral ratio of 56:44 if*h&IMR
spectrum.The susceptibility ofso-tetraphosphangis(imidazolium) salt 91JOTf]; towards chloride
nucleophiles prompted further investigations regaydie reactivity towardsther transition metal
chlorides.The reaction ofiso-tetraphosphantis(imidazolium)salt 91JOTf]; with 0.5 equivalents of
[RhClcod] led to the formation of chlorophosphanmidazoliumsalt89OTf] and rhodium complex
950Tf], whichwasobtained aa brown powder in 60% yield after wotlp (Scheme26). In the course

of the reactionthe labike cod (cyclooctadiene) ligand is replaced by acetonitrile.
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Figure 16: 3*P{*H} NMR monitoring of 95[OTf]2in CDsCN at rtand after 30 min at 60°C
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3P{1H} NMR spectrumof freshly synthesize85[OTf]. shows a single &Y spin system ¥= 1%Rh;
U(Pa)= -57.0ppm U(Px)= 14.3ppm, J(Pa,Px)= 1128Hz, 1J(Pa,Rh)=1254Hz) which comprises a
coupling of the®'P atoms with thé®*Rh atom Analogue to compoun@4[OTf],, this spin system is
assigned to theis diastereomer. Asecond AXY spin system(U(Pa)= 158.8ppm U(Px)= 5.5ppm
1J(Pa,Px)=T142Hz, 2J(Pa,Rh)=7267Hz), which results from an isomerization procesgolves over
time (Figure 16). This indicates that theis-95%* is the kinetic product which isitially formed during
the reaction 091 OTf] s with RhCl>coch.

Figure 17: Molecular structures of cation@4?* in 94[{OTf]28-CeHaF2A.5ELO and 952 in 95[0OTf] 2A-CsHaF2AHsCN;
hydrogen atoms, solvate molecules, and anions are omitted for clarity and ellipsoids are set at 50% probability; sdlected bon
lengths inA and angles (°)942*: P1i P2 2.1527(13), AP3 2.1544(13), Q1P1 1.857(4), C2Pd 2.189(4), Cadd 2.169(6),

C3hi Pd 2.169(12), O4d 2.182(5), PP2P3 85.40(5), PPd-P3 74.47(3)95%: P1i P2 2.1535(7), A3 2.1495(7), QIP1

1.867(2), NIRh 2.0782(17), N2Rh 2.0774(19), RP2P3 80.22(3), PRh-P3 76.47(2)

Suitablecrystals for Xray diffraction analysisvereobtained by diffusion ofi-pentane into a saturated
0-CeH4F/THF (v/v= 1:1) solutiorof 94[OTf], and of an EX/toluene (v/v=21) mixture into a saturated
0-CeH4F2/CH3CN (v/iv= 1:1) solutionof 95[OTf], ati 30°C. The molecular structures of battionsare
depicted in Figure 17 showing a chelat o-P},P®* complex of the imidazoliumysubstituted
triphosphar2-ide moiety with the respective metal center. Both molecular structures represent the
respectiveisisomersThe A P bond lengths range from 2.1495f7)0 2.1544(13Q and are shortened
compared to typicalifP single bonds (22248 which maybe reasoned hyegativenyperconjugation
of electron density from the-fype lone pair at the P&om intoantibonding PRorbitalsas similarly
observed in triphosphenium catidf® Consistently, the 1 bonds (1.857(4} and 1.867(2R) are
elongated compared @1OTf]s. The four membered metallacycle comprises an aciRé?Rangle
(94%*: 85.40(5)°;95%*: 80.22(3)°) and is nearly planargpe fold angle94?*: 7.77(6)°;95%": 6.18(4)°).
The acute angle around P2 and the resulting ring tfaimight explain the low field shift of thexP
resonancesc{s-94%": U(Px)= —-16.1ppm trans-94%*: U(Px)= T25.1ppm cis-95%: U(Px)= 14.3ppm,
trans95%": U(Px)= 5.5ppm) in comparison with theesonanceof the phospanice atom in the
structurally related chromiume-P*,P3-triphosphar2-ide complex [Li(EtO)][P(tBuP)2Cr(CO)]
(G(P)=-31 ppm*2" and especially othgrolyphosphanide complexé&g. Simultaneously, the low field

shift might be rationalized bgipol-dipol-interactiors of thephosphorustom with the metaindicated
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by the metal phosphorus distance of 3.3956/L0) 942* and 3.3998(6R in 95** being well inside the
sum of thevan der Waal radii dP-Pd(3.91A) andP-Rh(3.86A).1124128presumablydue to the different
overall charge and the influence of the imidazoliumyl substifuén® B resonancegcis-94%":
U(Pa)= —61.3ppm, trans94%: U(Pa)= 157.6ppm cis-95%": U(Pa)=57.0ppm trans-95*": U(Pa)=
58.8ppm) are strongly high field shifted compared t¢Li(Et20).][P({tBu.P)Cr(CO)]
(i(P)=30 ppm).t#"

@,‘pr_l [OTﬂZ
Le gy |_@,-Pr_| [OTf],
C

Cy_P\ .\ 7
a P< b
95[0Tf], AN | _"Rh(PPh3), b, P\(@/Rh\pph3
o &P ipr @ P
L) gy
Cy Cy
96[OTf], 97[0Tf]2

Scheme27: Synthesis of complex@6[OTf]2 and97[OTf]2; a)+2 PPR, i 2 CHCN, 0-CsHaF2, i 30°C, 30 min, 60%) —PPF,
0-CeHaF2, 60°C, 60min, 55%based o®5[0Tf]>.

The labile acetonitrile ligands at the rhodium aior@5[OTf], areeasily replaced by other ligands. The
reaction of95[OTf]. with 2 equivalents PPhat 1 30°C led under concomitant release of €IN to
complex96[OTf], in which a d?-coordination ofan imidazoliumylsubstitutedohosphorustom and
the phosphanideis establishedScheme27). The 3P NMR spectrum of96[OTf]. showed two
AMNXYZ spin systemgZ=1Rh;trans96%*: U(Pa)=1151.3ppm,U(Pv)=139.0ppm,U(Py)=13.3ppm,
U(Px)= 29.6ppmU(Py)= 37.7 ppm;cis 96?*: U(Pa)=T136.6ppm,U(Pu)=148.0ppm,U(Py)=119.1ppm,
U(Px)=29.6ppm(Py)= 29.6 ppm) with an integral ratio of 1:2. The spin systems stem thermis and
transisomersand in analogy to the complex@4OTf], and95[OTf] a high field shift of the resonance
of the phosphanide atom is assumed fotfuesisomer. The chemical shéfof the phosphanide atoms
(trans isomer: U(Pa)= 1151.3ppm, cis isomer: U(Pa)= 7 136.6ppm) compare well to the respective
resonances in latedtriphosphar2-ide complexe§?? The R; and R resonances are assigned to the
imidazoliumytsubstitutedbhosphorustoms and show the expected high field shift compared to related
tBu-substitutedriphosphar2-ide complexe&?°! Full iteration of the spin systems wa®wever not
successfutueto the strong overlap ofhree differentt!P resonances. Even at lower tengpere of
240K, these resonances are not fully separdedides, the compound praMe be irstablein solution

at room temperature which hampt a full NMR characterization v{de infrg. However,
suitablecrystals for Xray diffraction analysisvere obtainedby diffusion ofn-hexane into a saturated
THF solutionof 96(OTf]. at room temperature. The molecular structureaifon 96°* confirms the
modified d?-coordination ofP1 and Pdnstead of thes-P,P® coordinationof the triphosphar2-ide
moietyin 95** (Figure 18).
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Figure 18: Molecular structures of catid®6?* in 96[OTf].AHF; hydrogen atomssolvate molecules, and anions are omitted
for clarity and ellipsoids are set at 50% probability; selected bond lengkharid angles (°}962*: P1i P2 2.1597(10), AP3
2.2184(10), CllP1 1.847(3), C2P3 1.873(3)P1i Rh 2.2995(7)P2i Rh 2.4123(7)P4 Rh 23149(7), PERh 2.2797(7), P1
P2-P3 93.22(4)

The side on boun@®1i P2 bond is shortened (2.1597(18) andthe bond lengtttompares well to
diphosphene complex&4. The P2P3 bond is elongated (2.2184(#) compared to the respective
bond in95[OTf]. but well in the range of iIfP single bond&® Similar structural features ak@mown
from the intensively studied neutral triphosptaile complexes byPikies et al.['?%13% The three
membered metallacycle shows unequal mgfaisphorus bonds betweeniRh 2.2995(7) A and
P2-Rh 2.4123(7)A while the bonds lengths to the Bfigandsshow less deviatiorPd Rh 2.3149(7)
A, PGRh 2.2797(7)A). The dihedral angle PR1-P3-C29 of 153.62)° indicates thatthe trans
substituents at the P=P bond are bend away from the metal and dieviafanarity. This effect is
known for relatedhediphosphene complex88b[OTf]. (1484°) and86dOTf]»(1471°)® but is more
pronounced obseable in Pikiesd triphosphar2-ide complexes (135.378% The rhodium atom
exhibits a distorted planar coordination sphere fRiP2/RRP4P5 plane twist angle: 24.83(4)fhich
may be a result from the sterically demanding PRiands However, the rhodium atom might be
considered as @ metal center which would render the ligands closely related to
phosphino(diphosphenium) catid®¥$! In this regard, the shaming of the PIIRh may be explained by
electrostatic interaction of the diphosphenium moiety bearing a positive charge paditily negative

chargedmetal atom.
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Figure 19: Variable temperatur@P{*H} NMR monitoringof 96[OTf]2 (black) ino-CsD4Clo; evolving resonances 67[OTf]2
in red.

In the course of variable temperature NMR investigatior86[@Tf],, an irreversible loss of one PPh
ligand even at room temperatusas observedquickly leading to full conversioto 97[OTf], above
60°C (Figure 19). The directed synthesis of compl&x¥[OTf]. succeedd by heating ao-CsHaF
solution of96[OTf], to 60°C in a microwave. The resulting comp&%OTf]. wasisolated as brown
powder in 55% vyield (based @b[OTf],) by repeated washing with &£ and subsequent filtration
(Scheme27). The complex formsia an intramolecular oxidative insertion reaction of the rhodium atom
into the G-P bond of an imidazoliumyl substituent. Hence, the ligmag be considered a$-bound
triphosphar2-id-1-yl ligand As an intramolecular reaction isot observed for95[0OTf],, which
comprisesCH:CN ligands but is enhanced by the introduction of BFhcan be assumed thete
increased donor ability of PPim comparison to CKCN increagsthe electron density on the metal
atom andherebyfacilities the oxidative insertion.
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Figure 20: Left: 31P{H} NMR spectrum 0B87[0OTf]2 (CD:Clz, 300K); insets show the zoom in of the experimental (upwards)
and theiteratively fitted (downwards) AMXYZ spin systemith parameters given iiable 8; right: molecular structure of
complex972* in 97[0Tf]28 CHClz; hydrogen atoms, sate molecules, and anions are omitted for clarity and ellipsoids are
set at 50% probability; selected bond lengthd iand angles (°1i P2 2.1635(9), P23 2.1386(9), Q1P1 1.839(3), C43

Rh 2.049(3), RhP4 2.3702(7), RP2-P3 85.98(3).

In the *’P{*H} NM R spectrum 97[OTf]. showedfour resonance®f which two are broadened and
overlap(t(Px)= 72.8ppm, U(Pv)= 73.5ppm). By iteration the spectrumvasfitted to an AMXYZ spin
system(Z= Rh) which shovs coupling of thephosphorusatoms with themetal center(Figure 20,
detailed information are given the experimental section Trable 8). The broadened resonances of the
P3(U(Px)= 72.8ppm)and P2 atoml(Py)= 73.5ppm) are high field shifted compared $6[OTf].and
showa largetJ(Px,Pv) coupling constant o£416Hz. For the imidazoliumybubstituted P atom (R),

a resonance with a chemical shift-gf4.7ppmis observed showing a lar§#Pa,Py) coupling constant
of 1356 Hz. The large coupling constantsay indicate the presence of a partial double bond character.
The PPhligandshows a resonance witlthemical shift of i(Pv)=19.0 ppm which is low field shifted

in comparison towilkinsonscatalyst[RhCI(PPR)] (l(P)= 46.3 ppm,U(P)= 48.3 ppm)*11%2 The
1J(P,Rh)coupling constants of the resonances corresponding to P1,P2 and P3 are negative and range
from 133.2 Hz toi 65.2 Hz. The PRhresonancehowever exhibits a large positive coupling constant
of YJ(Pw,Rh)= 155.8 Hz which compares well Wilkinsonscatalyst(*J(P,Rh} 160 Hz)1%2 Further
insights are provided by the molecular structdfgre 20). Suitablecrystals for Xray diffraction
analysiswereobtained by diffusion ofi-pentane into a saturated solutior®8fOTf]. in CH,Cl,/CsHsF
(v/v= 1:1) ati30°C. The molecular structure shows dicoordinated rhodium atom additionally
coordinated by a PRHigand anda NHC. The NHC ligand is trans located in relation to the
imidazoliumyksubstituted phosphorus atoifhe P1-P2 bond lengthof 2.1635(9)A and theP2-P3
bond lengthof 2.1386(9)A are shortened comparedth® respective bonds B6[OTf].. Furthermore,
the RP-P angle of 85.98(3)° is me acute than ir®6[OTf]. but compares well tahe reported
imidazoliumytsubstituted triphosphallyl caticdb* (P-P-P 87.2(4)°f¢" Hence, in contrast to the only
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reported phosphindiphosphene complex [W(C&Mes*).Ps(H)W(CO)],*%3 compound97[0Tf],
might rather be viewed as triphosphaltyimplex.The C1i P1 bond lengths ofl.839(3)A compares
well to O P single bonds in relatethidazoliumytsubstituted phosphanes (1.85/%)The RFi P bond
distances increase fromif&h 2.3291(7A over P2 Rh2.3900(7)A to P3-Rh 2.4567(7A. In analogy
to 96[OTf],, the short PRh bond length might result from electrostatic interaction. ThehHCbond
length @.049(3) A of theNHC ligand compares well to the respective metal carbon boBg@if]

which was ikewise obtained from oxidative insertion.
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Scheme28: Synthesis of gold compled8[OTf]2; a) +[AuCI(PPh)], 1 89[OTf], CHsCN, i 30°C, 30min, 88%

Inspired by chloride induced-f® bond cleavage reactions, subsequdatly C | A WaBdmployedas
transition metal precursor SCheme28). As expected, the reaction ofsotetraphosphane
tris(imidazolium) salt 91JOTf]s with one equivalent[AuCI(PPh)] led to the formation of
chlorophosphanémidazolium salt 89/OTf]. Removal ofall volatiles and repeated washing the
obtained residuwith toluene afforédgold complexd8[OTf].as analytically pure, colorless powder in

very good yield of 88%.
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Figure 21: 3'P{*H} NMR specta of 98[OTf].in CDsCN at 340 K (top), 300K (middle) and240 K (bottom)

At room temperature thé'P NMR spectrum of8[OTf]. showed broad signals making variable

temperature NMR necessaf¥figure 21). At 340 K coalescence of two resonances of the Au
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coordinatedphosphorusatom was observed but the resonancek the imidazoliumysubstituted
phosphorusatomsremain broadened®nly at 190K four spin systems of four different isomevsre
fully resolved(Figure 23). Detailed parameters are summarizethim experimental sectigifable 9;

vide infra).
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Figure 22: Possiblemescandrac rotamersof cation98%*.

Due to the chiraphosphorusatoms fourdifferent configurational isomersamely twomesoisomers
(threo,threoand erythro,erythy and tworac isomers €rythrothreo and thregerythg, are possible
(Figure 22). As the molecule comprises a mirror platies rac isomers become enantiomers which
cannot be separately detected by NMR spectroscopy. It is assumeatdahapariplanarorientation of

the imidazoliumysubstituentand the phosphanglubstituentas seen il andV, leadsto less steric
repulsion The Au(PPB) moiety is believed to be less sterically demanding due to the ideally linear
coordination Furthermore @aucheconformatiorof the lone pairs at the phosphorus atoms is generally
favorable as described by tgaucheeffect!***! As this orientationcan only be realized in trerythro
conformation, it is expected that theythro,erythanesdasomer and theac isomer are favored over the
threo,threo meso isomer as previously reported for related unsymmetrically substituted
triphosphanel3%1%¢1 The observation of four spin systems in tHe{*H} NMR spectrum at 190 K is
then only plausible if rotamers are consideidte symmetrid/,V-mesarotamershows an AMX spin

systemwith resonancewith a chemical shift of 78.9 ppm(Pa), 1 20.4 ppm(Puv) and 45.6 ppn{Px).
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The latter can be assigned to the PRiand. A large 1J(Pa,Pv) coupling constant of 240 Hz is
observed, while th&)(P,P)coupling over the gold atom is small34.9Hz). An AMNX spin system
with resonances with comparable chemical shift§Ps)= 779.2 ppm, UPv)= 121.6 ppm
U(Pn)=—21.3ppm,U(Px)=45.4 ppm) is assigned to the relatédV -mesdsomer BothobservedJ(P,P)
couplings constant&J(Pa,Pv)=1244.3 Hz,2J(Pa,Py)=1220.6 H) comparewell to theV,V rotamer
andareassigned to the bond with lone pairggsuchearrangementHowever, theconformationV is
favoredoverlV due to the steric repulsion between the imidazoliuseyistituent and the phosphanyl
substituent inlV which is in line with the integraproportionsof V,IV-mesoisomer (16%) and
V,V-mesasomer of(30%). Therac isomersshow unsymmetric AMNX spin systems.
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Figure 23: 3'P{*H} NMR specta of 98OTf]2 in CD2Cl> 190K; experimental (upward) and fitted speatf¢herac andmeso
isomers (downward)nsets show the zoom iof theiteratively fitted spectra;parameters of the spin systems are given in
Table 9.

H V,V-meso 982 P

The 1V -rac isomer is assigned to the asymmetric spin system which shows four resonances with
chemical shifts ofi(Pa)=184.5 ppm,i(Pw)=142.1 ppm,(Px)=125.0 ppm andi(Px)= 46.3 ppm and
different 1J(P,P) coupling constantsij(Pa,Pu)= 1156.1 Hz,'J(Pa,Pu)= —269.7Hz). Thelll,V -rac

isomer comprises the favoralleé andV conformations and is therefore found with a higher integral

proportion (48%) than the otheac isomer (6%). ThéJ(Pa,Pv) coupling constant is comparable to the
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mesasomers J(Pa,Pv)=1240.0 Hz }J(Pa,Puw)=T1244.3 Hz) and the\Patom show a similar chemical
shift as the respective resonances inrttesoisomers {(Pv)= 120.4 andl(Pv)= -21.6 ppm). The
adjacent bond is therefore assumed to adamueheconformation confirming th&-conformation.
The secondJ(P,P)coupling constantowever, is much smaller 156.1 Hz) which is expected for lone
pairs which adopt aantiperiplanarconformation as inll . The relation of lone pair orientation and
1J(P,P) coupling constant was prevaby discussed fo®1[OTf]s (vide supra and in literaturé3>13!
The remaining AMNX spin system with resonancest@)= 181.1 ppm,U(Pu)= 149.4 ppm,
U(Pn)= —27.3 ppm,t(Px)= 45.7 ppm)then might stem from the respectillelV -rac isomer. Both
coupling constantsJ(Pa,Pu)= —148.5Hz, *J(Pa,Pv) —269.7Hz) compare well to thBI,V -racisomer
and indicate one gauche and @méiperiplanarconformation of the lone pairs. Bothc isomers show
large 2J(Pw,Py) coupling constantsli(,V -rac isomer:315.1 Hz;lIl,IV -rac isomer: 303.3 Hz) which
may bea result from the similar orientation of the free electron pairs obtiter phosphorustorrs,
which is known frome.g.phosphinediphospheneg?”]
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Figure 24: Molecular structure 098%* in 98[0OTf]2A.5 CHCI.®.5 CHCN; the insets show the view along thei P2 and

P3-P2 bondhydrogen atoms, solvate molecules, and anions are omitted for clarity and ellipsoids are set at 50% probability;
selected bond lengths & and angles (°): RP22.207(2),P2-P3 2.20982), C1i P1 1.844(5), C1iZP1 1.865(6) C29i P3

1.866(6), C18i P3 1.841(6), Aui P2 2.33@(13), P4 Au 2.3028(12), PP2-P3 91.21(8), PAu-P4 172.38(5)C1-P1-P2-Au
36.35(17)°C29-P3P2-Au 2.0(2)°

Suitablecrystals for Xray diffraction analysisvereobtained by diffusion of ED andn-hexane into a
saturated CkCI/CHsCN (v/v= 1:1) solutionof 98[OTf]. ati 30°C. The molecular structure @8> is
depicted inFigure 24 which shows aac isomer. One PP bond adopts a conformation as described for
rotamerlll in which the free electron pairs show an distodatiperiplanarorientation with a CP1-
P2-Au torsion angle of 36.35(17§Figure 24, right). The secondifP bondhowever, shows an eclipsed
conformation as the cyclohexyl substituent is igyaperiplanarorientation with respect to the gold
atom underlined by th€29-P3-P2-Au torsion angle of 2.@)° (Figure 24, right). This can be seen as
transition state between rotama&fsaandVI. The Pi P bond lengths of 20®§2) A and 2.207(2R are
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well in the range oPi P single bond&.22 AY8 which indicates a negative charge location at the P2
atom. The FP-P angleof 91.21(8)° is less acute thand#** (85.40(5)9 or 95%* (80.22(3)°)due to the
acyclic structure but compares wella@** (93.22(4Y). The gold atom isearly linearlycoordinated by

a PPhligand and the phosphanidgomunderlined by a RP2u-P4 angle of 172.38(5)The Aui P2
bond length of 2.3302(12A is larger than the bond lengtif the gold atomto the PPh ligand
(2.3028(12)8) which might be explained by electrostatic interaction of the gold cation and phosphanide
anion.The Q P bond lengths of the imidazoliumyl substituenti(B1 1.844(5, C18i P31.841(6)A)

are marginally shorter compared to thiePthonds of the cyclohexyl substituents (CR21.865(6)A,

C29i P31.866(6) A) but justify the description as €single bondsAs theinvestigations on the chloride
induced PP bond cleavage react®resulted in a diverse set of complexiébg focus was shifted to
altering the synthetic approach to gain access to the-caordinatediriphosphar2-ide. Employing
NHC 99 asreagenin a stoichiometric reaction withl]OTf] 3 led to a nucleophilic substitution reaction
yielding Ps-compoundLOQOTf] and phosphankis(imidazolium)salt 10OTf] > (Scheme29).
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©) oT P T
. Cy\P/P\P/(;I[ . Pig  |OTf,

91[0THl; — R v
|I_%>lPr |I_%>/Pr IF’I’LC/
100[OTf] 101[0TH],
b)
2 iprl_@é_SiMa[OTﬂ + CyPCl,
82[0Tf]

Scheme29: Synthesis oEompoundlOJOTf] andalternative synthesis of byprodud@1[OTf]2; @) 0-CsHaF2, 60 min 65% b)
12 MeasSiCl, GHsF, 80°C, 16 h, 71%.

The reaction mixturevasfiltered and removal of all volatilem vacuogave a residue from which
compound10JOTf] was conveniently separated by extraction witkHEF andwas thenisolated as
yellow crystalline powder afterecrystallization in THF in good yield of 65%he formation of
101JOTf], wasproven by*P NMR spectroscopyi(P)=138.2ppm) which was identic with a sample
synthesized on an independent ro{eheme29). The reaction of two equivalents 82[OTf] with
CyPCb in CsHsF at 80°C gverise to acolorlessprecipitate over the course of 16 h. After filtration
101 OTf], wasobtainedas colorless sl in 71% yield.
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Figure 25: 3'P{*H} NMR specta of 10JOTf] in CD2Cl2 at 0 K (top), 260K (middle) and240 K (bottom)

In the 3IP{*H} NMR spectrum compound10qOTf] showed two broad AX% spin systemssomer
(trans,transmesal00': U(Pa)=1135.2ppm,U(Px)=13.2 ppm,*J(Pa,Px)=T 316 Hz; anti,antimesadl00":
U(Pa)=1130.6ppm,U(Px)=16.9 ppm,*J(Pa,Px)=1315Hz) at room temperatur@igure 25) indicating
the presence dfvo symmetricmesorotamerswhich show dynamic exchangéhe chemical shifts of
the Pa resonances and th&P,P) coupling constants compare well to the respeptivameters in the
related triphosphar2-ide [Li(thf)7][P(tBuP)] (U(Pa)= 1140.2ppm, J(Pa,Px)= 1330.3Hz).*%8
However, the R resonances are shifted to higher figlti (thf)2][P(BuP)] tU(Px)= —61.9ppm)ie
which is attributed to the influence of the imidazoliursybstituentin order to gain further insight
variable temperature NMR measurements were conducted. Q9§ ldtthe broad resonances vardgh

andfour spin systemwerereveakd (Figure 27).
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Figure 26: Possibleacemicandmesorotamers ofL00" andNewmarprojection of the PP bond rotation.

Due to theC,-symmetric catiorlO0", the existence ofmesoand racemicdiastereomerss expected.
However the presence of four spin systems is only plausible if again different rotameonaidered

In order to minimize steric repulsion, aclipsed anti conformation of the lone pair of the
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imidazoliumylsubstituted phosphorus atom and the large phosplsaigtituent is expectetd be
energetically favorable. The other possible rotamer istthrs rotamer in which a staggered
conformation along theifP® bond is adopted. Rotation of the other staggered rotamers will lead to the
anti rotamer which is assurdeo represent the global minimum of steric repulsion. THegpin system
(U(Pa)= T144.5ppm, U(Px)= 116.2 ppm,1J(Pa,P)= 1288 Hz) with an integraproportionof 39% is
assigned to thanti,antimescdsomer.For the symmetritrans,trars mesorotamer arAX, spin system
(integral proportio14%) with resonances with a chemical shiftligP.)= —132.8ppm andi(Px)=16.6
ppmanda largertJ(Pa,Px) coupling constant of316Hz wasobservedThis assumption is supported
by literature reports on the largé(P,P) coupling constamtf thegaucheorientated lone pairsompared

to the antiperiplanar conformation in relatedinsymmetrically substituted triphosphafés!2®! The
trans,trars mesdsomer is preferred due to thaucheeffect™*¥ Due to the same reasdhetranstrans
rotamer is believed to be most energetically favoralbl¢he rac isomes. The lone pairs of the
imidazoliumyl substituted phosphorus atare in this case orientated approximately towards another
Thus, a large 2J(P,P) coupling constan is expectedwhich is known from e.g. phosphine
diphosphene&®” Sucha large2J(Pv,Px) coupling constant of 454 Hezasobserved for the AXY spin
system Q(Pa)=1136.5 ppm{i(Px)=19.3 ppm,i(Py)=14.1 ppm  J(Pa,Px)=1314 Hz,'J(Pa,P/)=1311

Hz, 2J(Py,Px)= 454 Hz) with arproportionof 5% which is therefore assigned to ttrans,transrac
rotamer The remaining AXY spin systenti{a)=1145.7 ppm[(Px)=111.5 ppm[(Py)=711.4 ppm,
1J(Pa,Px)=1289 Hz 1J(Pa,Py)=1298 Hz 2J(Pv,Px)= 6 Hz) with arproportionof 7% shows wo different
1J(P,P) coupling constants and a very sm3{P,P)coupling constanbut could not be assigned to a

rotamer with certainty.
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Figure 27: 3'P{*H} NMR spectaof 100OTf] in CD2Cl2 190K; experimental (upward) arfidted spectra of theac andmeso
isomers (downward)nsets show the zoom iof theiteratively fitted spectra;parameters of the spin systems are given in
Table 10.

Suitablecrystals for Xray diffraction analysisvereobtained by diffusion ofi-pentane into a saturated
solution of 10JOTf] in CH.CIl/CeHsF (v/iv= 1:1) ati 30°C. The molecular structure is depicted in
Figure 28 showing the uncoordinatadphosphar2-ide as theanti,anti mesoisomerwhich exhibits
Co-symmetry. The AP bond lengths of 2.BB(12) A and 21568(12) A compare well tothe
triphosphar-ide [Li (thf)2][P(tBuP)] (2.174(1)A)138! andarethus shorter tham typical R P single
bonds(2.22 A)[8l Similarly, theacuteP1-P2-P3 angle of 8.72(5)° in 100 is comparable tthe acyclic
[Li (thf)2][P(tBuP)] (96.50(4)°) and complex 98°* (91.21(8)J.**8 The QP bond lengths of the
imidazoliumyl substituents of.870(5)A for C1i P1and1.855(4)A for P3i C24 compare well to the
C-P bond lengths of the cyclohexyl substituef$ C12 1.867(8)A, P3 C18 1.866(%A) and thus

support their description as B single bonds.
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Figure 28: Molecular structure of cati@00" in 100/ H,Cl, (right) 1012 in 101[OTf].AH.CN (left); hydrogen atoms, solvate molecules,
and anions are omitted for clarity and ellipsoids are set at 50% probability; selected bond lengths [A] and ab@flesHi]:C1 1.87(3),
P1i C12 1.840(3),P1i C23 1.850(4), C1-P1-C23 100.9416); 100?*: P1i P2 2.558(12) P2 P3 2.1%8(12), C1i P1 1.90(5), P1i C12 1.867(8),
P3'C231.855(4), PBC18 1.866(4)P1-P2-P394.72(5.

Side product of the formation dfiphosphar2-ide 100" is phosphanebis(imidazoliumy) salt
101[OTf].. The chemical shift of th&P resonance f38.2ppmis between the reported chemical shift
for the cyane (lG(P)=192.0 ppm) and the aziekubstituted derivativesi(P)=26.9 ppm as the alkyl
substituent isnainly an electron donor withl+effect. Suitade crystals for Xray diffraction analysis
were obtained by diffusion of EO into a saturated G&N solutionof 101[OTf]. at —30°C. The
compoundshows the expected pyramidal bonding environntieaphosphorusatomand comprises
threeCi P bong. Thebond lengths with the imidazoliumygubstituent R1i C1 1.80(5) A, P1iC12
1.867(8) A) are marginallyelongatedn comparisorthe P1i C23 bond to the cyclohexyl substituent
(1.8554) A) and can thus be regarded d$Gingle bonds.
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5. Synthess of CationicPs-compoundd.04* and106™ by
Condensation

The facile PP bond formatiorvia dehalosilylation reactions starting from imidazoliursylbstituted
chlorophosphanes promptaw/estigations regardinthe reactivity of dichlorophosphatmidazolium
sdt 78[0Tf]1° as the presence of two reactiviedP bondsin this R-precursommay provide access to
larger cationidrameworks. At firstthe synthesis of triphosphaimeidazoliumsalt 104[OTf] in a1:2
ratio wastargetedby reacting78[OTf] with 102 (Scheme30).

o gl o e[0T
’P'LC—P\ ______________ 'PFLC—P\
cl { Me;Si—PPh, ! PPh,
78[0Tf] : 102 I 104[0Tf]
[OTH]
IPI’LC_P\
PPh,
103[OTf]

Scheme30: Attempted synthesis dfo4[OTf]; a) +2 102 12 MesSiCl, THF,730°C, 1 h, not isolated; b) 102 i MesSiCl,
THF,730°C, 1 h, 77%c¢) + 102 i MesSiCl, THF,i60°C, not isolated.

The reactiorwasperformed by adding precooledTHF solution ofL02dropwise to a THF solution of
78[OTf] at130°C. Removal of all volatilesn vacuoand washing with EO, then yiel&eda mixture of
the desired produeind various unidentified side prodsievith very similar solubilityfsee experimental
section for details)The triphosphaneation104" wasidentified byits characteristic AX spin system
(U(Pa)=155.8ppm, U(Px)= —19.1ppm, *J(Pa,Pv)=1154Hz).

300K M
trans-103* trans-103*
gauche-103* gauche-103*
240 K )
I T T T T T T T T T T T T T T T T
40 20 0 -20

Figure 29 Variable temperaturéP{*H} NMR spectra of diphospharimidazoliumsalt 103[OTf] (CD3CN) at 300K (top)
and 24K (bottom).

Thus, a stepwise procedusasperformed and the reaction @88[OTf] at —30°C with one equivalent
99 in THF yielded the desired produclO3[OTf] (77% under concomitant release of A&ClI
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(Scheme30). The chloresubstituted diphospharienidazolium salt 103[OTf] showed an AX spin
systemin the3!P{*H} NMR spectrum(ti(Pa)=110.6ppm, U(Px)= 39.0ppm, 1J(Pa,Px)= 7 164 Hz) with
broadened resonances which resolito two AX spin systemggauchel03": U(Pa)= 113.1ppm,
U(Px)= 38.9ppm 1J(Pa,Px)= -161Hz; trans 103 U(Pa)= 713.4ppm U(Px)= 36.33ppm
1J(Pa,Px)= —160Hz) at lower temperaturesf 1 240 K (Figure 29). This indicates the presence of two
isomers(ratio 17:83)which presumably stem fno a hindered rotation of thé P bond(Figure 30) as
previously reported in related diphosphémimidazolium)salt90[OTf] 2 (vide supra.

oo CI
Ph Ph Ph Ph
cl L@giPr ’Prl_@g .

trans gauche
Figure 30: Newmarprojection of possible rotamers of diphosphafe*.

The trans rotamerwith trans orientation of the lone pairs at the phosphorus atempsesumed to be
energetically favorable due to the electron withdrawing chloro substituent and is therefore designed
the AX spin system with higher integral proportiif The second AX spin system is consequently
assigned to thgaucherotamer.The chemical shift of thexPresonancecompare well to the related
cyclohexytsubstituted chlordpsphandmidazolium salt 89[OTf] and while the R resonance are
typical for PhP-moieties in diphosphanesg.PhPi PPh (U(P)=114.6ppm).l204

@ @, [0Tfl
e /C—II[OTﬂ Prg. LoPr
PrLc—R — Y, Eei + Ph,PCI
PPh, iPrE')/P_P\L@iPr
C C
103[OTf] 80[OTf],

Scheme31: Decomposition of diphosphad@®3[OTf]; CeHsF, rt, yield not determined.

The compoundwas sufficiently dableas solid but slowly decomposein solution (Scheme3l).
Producs of this reactionare PhPCl and8Q[OTf]4. However,suitablecrystalsof 103[OTf] for X-ray
analyss were obtained by slow diffusion ofi-hexane into a saturatedHzF solutionof 103[OTf]

at —-30°C.The molecular structuref 103" is depicted irFigure 31 and shows the expected pyramidal
bonding environment of bofthosphorustoms The A P bond length of 2.2285(A) compares well to
the bond in P¥P-PPh (2.22A)1%4 and the PCl bond length of 2.0624 is typical for P(lll)
chlorophosphanes (P£R.09A).1% The cation is present as tliansisomer underlined by a GR1-P2-
C18 torsion angle of 175.27(9)The length of the TP bond of the imidazoliumyl substituent of
1.832(2)A compares well to the i® bonds of the phenyl substints P2 C18 1.838(2A, PA C12
1.838(2)A) and thussuppors the description asi® single bond.
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Figure 31: Molecular structure of diphosphat83* in 103[OTf]-0.5 GHsF; the inset shows the view along thél P2 bond;
hydrogen atoms, solvate molecules and anions are omitted for clarity and thermal ellipsoids are displayed at 50% probability;
selected bond lengths (A) and angles (°)-B1 1.832(2)P2 C18 1.838(2), PiaC12 1.838(2)P1i P2 2.2285(7), AICI
2.0628,C1-P1-P2 98.24(6).

With 103[OTf] in hand synthesis ofriphosphanémidazolium saltl04[OTf] wasattemptedy theslow
addition of a second equivalent with2 at lower temperature$ §0°C). However, unchanged product
distribution ofL04[OTf] and various side products was observidtereforethe synthetic protocolvas

changedn orderto employpyrazolylphosphanes tondensationeactiors with secondary phosphanes

[OTf oo
o o ot ll;h_l
® g A @ P ) @ ~

. P ® or @ !
IPrLC_ 4 i I'LC P\ A rLC P\ | N_[{] E
78[OTf] 105[OTf] 106[0Tf] ~ ~~TTTTTTTTTooes '

Scheme32 Synthesis of 1,2,3 triphospholaimaidazolium saltl06[OTf] by condensationa) +2 pyrSiMe, i 2 MesSiCl,
CHCly, rt, 16h, 88%; b) +PhP(H)&H4P(H)Ph)13, 72 11, CeHsF, rt, 16 h, 85%

The synthesis dipyrazolylphosphanienidazoliumsalt105[OTf] follow edtheestablished protocol for
the synthesis dP(pyrk 9a*¢4"which wasconveniently adapted to thkehalosilylation reactioof the
dichlorophosphane imidazolium salt 78[OTf]® with twoequivalents of 3,5dimethy}1-
(trimethylsilyl)-1H-pyrazole (pyrSiMe) under release of twequivalentsof MesSiCl (Scheme32). The
addition of n-hexane to the reaction mixturediéo the precipitation of analytically pure, colorless
105[OTf] (88% yield). The3P{*H} NMR resonance ofl05[OTf] in CD.Cl, U(P)= 41.5ppm is
significantly highfield shifted compared t88[OTf] (li(P)= 109.1ppm).[1°U The molecular structures of
the cation105" was confirmed by Xray diffraction analyis (Figure 33) which shove the expected
pyramidal bonding environment at theosphorustom and typical N bond length®f 1.7334(11)A
and 1.7007(18 (cf. P(pyrs 9a 1.714(4)A).1% The AP condensation reaction df05[OTf]
(Scheme32) proceedd cleanly with racemicl3 to give 1,2,3triphospholae imidazolium salt
106[OTf] under release dfl. After work-up,thecompoundvasisolated in 85%ield. Suitablecrystals
for X-ray diffraction analysesvere obtained by slow diffusion of ED into a CHCN solution of
106[OTf] at —30°C. The molecular structuref 106" is shown in Figure 33. Similar to related
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1,2,3triphospholane derivative®;>°14% the cation show an envelope conformation of the five
membered ring in the solid state in which the pheagl the imidazoliumysubstituents adopt an all
trans configuration. The PP bond lengths range frot2248(11)A and 2.2181(11A are comparable

to other structurally related 1,2t8phospholane8*t The P1P2P3 angle with a value of 101.83(4)
more acute compared to acyclic derivatividse length of the (P bond of the imidazoliumyl substituent
of 1.844(4) A compares well td05[OTf] (1.8438(132). The3P NMR spectrum ofL06[OTf] at room
temperatureeveaed broadenedesonancedue to dynamic behavior attributed to the presence of two

conformational isomers which are in exchange.

1l ) . M, 330 K

JUL ) A M 320K
i J\}L | " s 310 K

k \ : A 300 K

. . _ 290 K
e 280 K
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Figure 32 Variable temperaturdP{*H} NMR spectra ofL06[OTf] (CDsCN, temperature range of 240to 330K).

A freerotationof aniPr-group of the imidazoliumydubstituents assumedl'wo sets of resonances with
an AX. pattern(isomer A: (U(Pa)= —-433 ppm U(Px)= 10.6ppm J(PaPx)= —223 Hz); isomerB:
(U(Pa)= —39.3 ppm, U(Px)= 6.7 ppm 1J(Pa Px)= —213Hz) wereobservedit 240K for 106[OTf] which
showeffects of higher ordgiFigure 32).3°431251The conformers might therefore stem frompsaude
rotation of thefive membered ring*® The ratio of isomerA and B is 4:1 indicatingA as the
energetically favorable conformer with a barrier ok37nol for thepseudaotation process determined

by variable temperature NMR measureméiits.

Energetic baier calculation4?

. Y
YO pgpp T Y pwC dé"% — .
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With a coalescence temperature QET310K and a difference of the chemical shift of the two
conf or mer s Hzod rateoonstané &4 1446Hz results which leads to a free activation

enthalpyo¥O & 57 kJ/ mol for the conversion between t

’ti@-.c Y

Figure 33: Molecular structure of catiori)5* and106* of the respective triflate salts; hydrogen atomssatel molecules and
anions are omitted for clarity and thermal ellipsoids are displayed at 50% probability; selected bondAgrgitiangle®):
105*: CIi P1 1.8438(13), AN3 1.7334(11), PIN5 1.7007(11), N&1-N3 102.51(5);106*: C3iP2 1.844(4), PIP2
2.2248(11), PeP3 2.2181(11), PP2-P3 98.37(4)

Whenananalogous condensation reactweasperformed with two equivalents FH to yield the initial

target compound 04[OTf], insteadan equilibrium mixture of cation$04* and 108" was observed
(Scheme33).

10T

o, OTH

P
iPrLC;;)_P\ a) > iPrch;)_P<
pyr PPh,
105[0TH] 104[OTH{]
| pyr H J‘ H
L IPI’LE\Dip\ + IPrLC®7P\ py
PPh, PPh,
107[OTH] 108[OTH]

Scheme33: Synthesis of triphospharnisidazolium salt 104[OTf] by condensatiorwith intermediates shown in greg)
+2 PhePH, 711, CHsCN, rt, 16h, then +PPpyr,i 11, THF, rt, 16 h, NMR yield: 52%solated yield: 21%.

The formation presumably proceeda a firstcondensatiostep with one equivalent of HPPtio form
11and L'PP(PPh)pyr[OTf] (107[OTf]) which is detected in th8P{*H} NMR of the reaction mixture
after 30 min Figure 34) with its characteristic AX spin systeri(Pa)=124.0ppm, U(Px)= 5.7ppm,
1J(Pa,Px)=17130Hz). This diphosphane subsequently reacts with HERhervia anothercondensation
reaction to form an additionali P bond {04%) or via a reductive pathway giving,5-dimethy}1-
(diphenylphosphan)d1H-pyrazole(pyrPPh) and diphosphanémidazoliumsalt [L ."P(H)PPR][OTf]
(108[0Tf]) exhibiing an AX spin system in thé'P{*H} NMR spectrum(l(Pa)= 1108.7ppm,
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U(Px)= —23.5ppm 1J(Pa,Px)= 1141 Hz) which wasobserved both after 3@in and 16 h reaction time
(Figure 34). The driving force of this reaction is the subsequent formation@fRand 11 from
condensation of pyrPRtand HPPh The steric requirement of thd’r-group prevents further

condensationfal07* and108* which would yield a Rchain4?!

Ph,P,
Ph P 104107
4 2 *
| Ph,PH 108" M
107" 14 18 -22 -2
0.5 h 1l X Lo 108
Ph,Py | 108 | 104" 08
16h e || 10
T T T T T T T T T T T T T T T T
0 - 50 -100 -150

Figure 34: 31P{H} NMR spectrum of the reaction @8[OTf] with HPPhin CHCN after30 min(300K, CsDs capillary, top)
and after 16 h (308, CsDs capillary, bottom); inset shows zoashthe spectrum after 16 h

The target molecule triphosphaimaidazolium salt 104[OTf] was isolated whenfrom a stepwise
performedreaction. After78[OTf] is reacted with PH#H in a 1:2ratio, resulting in a mixture of
104[O0Tf] (U(Pa)= -55.8ppm U(Px)= -19.1ppm, J(Pa,Px)= 1%4Hz) and 108[OTf], as shown in
Figure 34, 0.7 equivalents of pyrPPWereadded leading to condensation reaction Wa8{OTf] solely

yielding 104[OTH].

Figure 35: Molecular structure of catioh04* in 104[OTf]; hydrogen atoms, solvate molecules and anions are omitted for
clarity and thermakllipsoids are displayed at 50% probability; selected bond lengths [A] and angld$4*]:C1i P1
1.8372(14), PilP2 2.2222(5), ATP3 2.2311(5), RP1-P3 106.539(19).
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By this synthetic protocotriphosphanémidazoliumsalt 104[OTf] wasobtained as cryatline crude
material of 70% purity. Nevertheless, the compowadisolated as a pure material in 21% yield after
several recrystallization stepSrystalssuitablefor X-ray analysisvereobtained by slow diffusion of
Et,O into a saturated THF solutiorf @04[OTf] at 130°C (Figure 35). The PiP bond lengths of
2.2222(5)A and 2.2311(5Q and the P21-P3 angle 0f106.539(19)°compare well to those in
comparable acyclic compound8.The Q P bond of the imidazoliumyl substituent hB372(14)A is
typical for relatedmidazoliumyksubstituted phosphanes (1.85%).

o)
IPrLC‘P_FéP/hPh ot
CJoT oy, ot Ph L®CiPr

\ /
@ PPh +MOTF o @ T The +AuCI(tht) Ph~p—Au-Au—P
lPrLC_P -~ ’PrLC—P\ 1 | =
\P/M(CH3CN)n PPh, . ®/P_AU_AU_P\\Ph
Ph, e Lo b pn
Ph—— N\®,
110a,b[0Tf], (M= Cu,Ag) 104[0Tf] P L™

109[OTf],

Scheme34: Reaction of104[OTf] with [AuCl(tht)] and [Cu(CHsCN)4[OTf] and AJOTf]; a) THF, rt, 1h, 85%; b)
CeHsF/CHsCN (v/v=1:1), rt, 1h; 110a[OTf]2: 46%;110b[OTf]2: 52%.

Subsequentlythe coordination chemistrgf the synthesized cationig-Bompoundgowards gold(l)
chloride was explored The reactions ofl,2,3triphosptolane imidazolium salt 106OTf] with
[AuCI(tht)] turned out to be rather unselective and result in a complex mixture of several products of
currently unknown constitution. However, the addition of one equivaldiugti(tht)] to a solution of
104[OTH] in THF (Scheme34) led to the formation of a palellow precipitate. Thé'P{*H} NMR
spectrum of the filtrate shows one sharp resonance which is assigne®@ @¢P)= 82.5ppm). The
31p{IH} NMR spectrum of the solidnaterial dissolved in C&ZN showveda highly symmetric, higher
order spin system which can be attributed to the helical cationic tetragold complex
[((PheP-PLcP)AU)4[OTH] 4 (109[OTH]4). The two major resonances aréi@s)=186.6ppmandul(Px)=
29.0ppmnext to additional signals whidreattribute to the presence of a minor diastereomer. Upon
cooling to 23X, the resonances of this minor diastereomer vadiginich allonediterative fitting of

the spectrum to an AA'A"A"XX'X"X"™ spin systentifure 36, left; parameters given ithe

experimental section ifable 11).
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Figure 36: 31P{*H} NMR spectrum ofL09[OTf] (CDsCN, 235K); insets show the zoom in of the experimental (upwards) and
the iteratively fitted (downwardg)A"A” A" XX'X"X""" spin system; parameters summarizedfie experimental section in
Table 11.

The A part of the spin system is assigned to the phosphorus atommgahg imidazoliumyl
substituents and the X part to thefPimoiety. The resonances of the ligand are significantly-fiedyh
shifted with a much largetJ(PaPx) coupling constant ofi328Hz compared to related free
diphospharil-ide compounds (comparecAAC)Pi PPh, (CAAC= cyclic (alkyl)(amino)carbene)
U(Pa)= —-27.3ppm and U(Px)=41.2ppm 1J(PaPx)= 7242Hz)*4 which is caused by the Au
coordination. The unusually lardé(PaPa) coupling constant of 314z indicates a through space
coupling path as a result of the orientation of the electron pairs dmidazoliumytsubstituted
phosphorus atoni¥>1461

Figure 37: Molecular structure of gold compléx9** in 109[0OTf]4; hydrogen atoms, solvate molecules and anions are omitted
for clarity and thermal ellipsoids are displayed at 50% probability; inset shows top view of the structure; selectedthsnd len
(A): Auli Au2 3.4341(3),Au2i Au3 3.27349(12), AuBAu4 3.16209(16), Adi Aul 3.1926(3), PilP2 2.1958(13), AP4
2.1914(13), PEP6 2.1900(14), A7P8 2.1910(14).
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Recrystallization of the precipitate by diffusion of benzene into a saturate@NCldolution of
109[0OTf]s gave yelloworange colored crystalssuitablefor X-ray analysis which revealed the
tetranuclear, helical structure of the tetracafio®* (Figure 37). The homometallic core features three
short Au-Au contacts (3.273422) A, 3.16209(16A and 3.1926(3R) being well in the range of
aurophilic interaction§241 One large AullAu2 distance of 3.4341(J is at the upper limit for a
significant bonding contributin (Figure 37, right). The PP bond lengths range from 2.1900(%4jo
2.1958(13)A and are well in the range of P single bond§2.22A) .88 The average AilP distance of

the phosphanide atoms (P1, P3, P5 and P7) towards the gold atoms (2.83@203557(94) is
larger than for the diphenyl phosphanyl atoms (P2, P4, P6 and P8) (2.280&(9.3062(9))
indicating a stronger donor ability of the phosphanyl moiety. The diagon#luAseparations of
4.2052(2)A and 4.2552(3R are significarly smaller compared to other square planar tetranuclear gold
complexed!48150 This leads to a rhombic cluster with an angle of 132° between the planes
Aul,Au2,Au3 and Aul,Au3,Au4.

Figure 38: Molecular structure 0f10a2* in 110a[OTf]2; hydrogen atoms, solvate molecules and anions are omitted for clarity
and thermal ellipsoids are displayed at 50% probability; selected bond I¢Agthad angleg®): C1i P1 1.836(2), PilP2
2.2095(7), PRP3 2.2326(7), ATu 2.2190(6), PP1-P3 115.12(3).

Mechanistically, the formation df09[OTf] 4 is considered as & P bond cleavage reaction di4[OTf]

by nucleophilic chloride anions to give #MC| and the diphosphdaiide ligand PBPi PLPT which
subsequently aggregates to compl€2**. In order to ewluate the chloride induced fragmentation in
the aforementioned reactions, compoubh®[OTf] was reacted with one equivalent[CuCl],
[Cu(CHCN)4J[OTf] and AJOTT], respectively$cheme34). The equimolar reaction a4[OTf] with
[CuCll reveakda rather unselective reaction as judged by&IMR spectrum of the reaction mixture,
indicating again a chloride inducedRPbondcleavage reactiormhis notion is supported by reactions
of 104[OTf] with one equivalent{Cu(CH:CN)4[OTf] and AdOTf] which yielded the expected
coordination complexel10a,b[OTf]. (a: M= Cu; b: M= Ag) contairing the intact tiphosphand.04".
The 3P NMR spectra of the isolated complexes give rise to a broadenedpiiX system {10a**:
U(Pa)= 156.4ppm U(Px)= 116.5ppm, 1J(Pa,Px)= 195Hz and 110b%: U(Pa)= 157.7ppm
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U(Px)= -7.2ppm 'J(Pa,Px)= 191Hz) being marginally shifted compared tthe free ligand \(ide
suprg. Single crystalssuitablefor X-ray analysiswere obtained by slow diffusion of ED into a
saturated CECN solution of110a][OTf], (Figure 38). The copperatom is coordinated only to one
terminal phosphorustom of the triphosphane moietghich is contradicting to the symmetrical spin
system observed in solution By NMR spectrosapy. Presumably, a fast exchange of the metal atom
between the two terminphosphorugstoms of the ligand occurs in solutidrne bonding parameters in
110a?* are comparable to those of the free ligatdf, only the P2P1-P3 bond angle is widenetil(0a*
P2-P1-P3 115.12(3)° vsl04" P2-P1-P3 106.539(19)°) upon coordination to twpperatom.

Even thoughthe reaction of,2,3triphospholanémidazolium saltL06[OTf] with gold() chloridewas
unselective, unusuatactivitywas observeih the reaction ol 06[OTf] with [Pd(PPh)] (Scheme35).

[OTf] [OTf] Ope ~OTH,

Ph R @ ;dph?)/;l Ph PI'_(;:I ;Dh_l

- N - |

@ P a) ¢TRP PPhy_ , RP
Lc—P — P —3 1, P B j

P P,/ p

/ / I Pd—M
PH Ph Ph i©®p. Ph

C
106[OTH] 111[OTH] 112[OTf],

Scheme35: Reaction ofl,2,3triphospholanamidazolium salt 106[OTf] with [Pd(PPh)4]; a) {Pd(PPh)4], 13 PPR, rt,
30 min, not isolated.

The reaction ofl,2,3triphospholanémidazoliumsalt 106|OTf] with [Pd(PPBh)4] in THF in a 1:1lratio
led to afastcolor change from colorless tieepred. An oxidative insertion of the palladium atom into
the H C bond of thémidazoliumylsubstituentakes place?roduct of tlereaction striphospholar2-ide
complex111[OTf] in which the palladium atom beard\NHC ligand.3'P{*H} NMR investigations of
the reaction mixtureeveaéd an AMNZ spin systenfli(Pa)= i 156.6ppm, U(Pv)= 15.6ppm U(Pn)=
21.5ppm, U(Px)= 47.1ppm, 1J(Pa,Px)= —485Hz, 1J(Pa,Pu)= 1321 Hz, 2J(Pa,Pn)= 79Hz, 2J(Pu,Py)=
28 Hz, 3J(Pn,Px)= 15Hz) besides a strong singlet resonawbich isassigned t&@Ph (U(P)=15.3 ppm)
(Figure 39). Thesstrong high field shift of the Presonancef i 156.6 ppmcompares well t@6OTH] »
(vide supra andindicates the presence of a phaaptie moiety and thus, a cleavage of 4 bond
Likewise, the chemical shftof the Ry and R resonancesre comparable toother reported
triphosphar2-ide complexe&3% As the AMNZ spin systempresupposes an unsymmetric proglact
coordination of the phemdubstituted phosphorus atom can be assumedaide'J(Pa,Px) coupling
constant of-485Hz compares well t®6OTf]. andindicates aj>-coordination of the Pand R atom.
The R resonance shasthe typical chemical shift of PRligandsbound tgpalladiumas in the precursor
[Pd(PPhR)4] (U(P)= 29.8 ppn).1t1°
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Figure 39; 31P{*H} NMR spectrum of the reaction mixture 136[OTf] with [Pd(PPh)4] (THF, GsDs cap., bottom) and of the
final product111]OTf]2; insets show the zoom in of the experimental (upwards) and the iteratively fitted (downwards)
AA'MM’ XX spin system (CHCN, GsDs cap., top).

Et,O wasadded to theeaction mixturén order to isolate the pduct byprecipitaton. Repeated washing
of the precipitate wh EO to remove the excess of RBfave rise t@ red oilas residuérom which an
isolation of analyticallypure 111]OTf] wasso farunsuccessfulSeveral recrystallization steps led to a
red powder which did not shot? NMR resonances. Further extraction witk(Hed to asimilarresult.
During one attempt tofurther purify the red oil a yellow crystalline powdewas formed upon
recrystallization from o-CsH4F; ati 30°C.However,the method couldnfortunatelynot be reproduced.
The 3P{*H} NMR of this crystallinematerialrevealed three sharpultiplet resonancesf 112[0Tf]
which wereiteratively fitted to an AA'MM " XX" spin systen(ti(Pa)=1170.2ppm, U(Pv)= 42.2ppm,
U(Px)=63.8ppm, J(Pa,Px)= —-469Hz, J(Pa,Pw)= 1312Hz, 2)(Pu,Px)= 316Hz) as depicted in
Figure 39. No resonance with a chemical shift comparable to; R&&nds coordinated to palladium
atoms is observed ([Pd(PH4 U(P)= 29.8 ppn.t*¥ Thus, the presence ofhree groups ophosphorus
nuclei indicate a dimerization of twa-Poieties Final product of the reaction is compl&xJOTf]..
The chemical shift of thePresonance of 170.2ppm assigned to phosphanide atons high field
shifted compared to the respective resonancEL1[OTf] (U(Pa)= i 156.6ppm). Furthermore, dow
field shift is observed faresonancesf the phenysubstituted phosphorus atoms. Ti@,P)coupling
constants compare well ttl1[OTf]. However, a large?J(Puw,Px) coupling constant 0816 Hzis
observedvhich can be reasonéy thesimilar orientation of the electron pairs of thieenytsubstituted
phosphorus atom$herefore, a&is orientation othe phenyl substituents is assumed whvelsverified

by single crystal Xray diffraction analysigFigure 40).
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Figure 40: Molecular structure 0£12%* in 112[0Tf]2-0-CeH4F2; hydrogen atoms, solvate molecules and anions are omitted
for clarity and thermal ellipsoids are displayed at 50% probability; selected bond lengths (A) and anglé®¢2.@7m0(3),

P1i P2 2.1315(9), AP3 2.2011(9), RFPd 2.3035(6)P2 Pd 2.2672(6) AP3 Pd 2.3035(6)P1 Pd 2.3995(7) P2-P1-P3
91.31(3).

The compound crystallizes in the triclinic space groupviath a half molecule in the unit cell.central
six membered metallacycle connets triphospholar2-ide moieties Each palladium atom shows
d?-coordinatiorof onetriphosphar2-ide unit and is additionally coordinated tne P3atomof the other
one and &HC. Thetriphospholar2-ide moietiesadopt a twist conformatiowith phenyl substituents
in cis-orientation.The P1i P3 bondwith a bond length 02.2011(9)A compares well tdypical R P
single bonds (22A)88 but thePi P bondattachedo the palladium atoris shortened2.1315(9)A).
Thisis a result of a partial double bonkacacter known from relatedi-triphosphar2-ide complexes
(vide supra.t30151.1521| jkewise, the PZP1-P3 angle of 91.31(3) is more acute than1BgOTf]
(98.37(4)) but compares better -compoundd7[OTf] (94.72(5)9. The palladiumatons exhibit a
distorted planar coordination spharith aPd-P1-P2/Pd-C1-P3 plane twist anglef 24.14(6)° andmight
howeverbe considered a& d° metal centes. The PdC bond of 2.093) A is well in the range of
knownNHC palladium complexe$?! The H Pd bond lengthincreas from P2 Pd (2.2672(6) A) over
P3 Pd (2.3035(6) A) to RPd (2.3995(7) Ayhich may indicate electrostatic repulsion of the Pd center
and tke phosphanide atorihe isolation of analytically purEL1[OTf] or 112[OTf].waslimited due to
the decomposition of the product upon repeated washing wdipolar solvents orupon

recrystallization.
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6. Synthesis of Triphosphahidesl114a,b and116 by Condensation

The applicability ofcondensatiomeactions with pyrazolylphosphanesselegantly demonstrated by
the synthesis of symmetric triphosphaimaidazolium salt 104[OTf] and 1,2,3triphospholane
imidazolium salt 106[OTf] and, thus, the synthetic protocol may be similarly used wither
imidazoliumylsubstitutedprecursors In this regard, the synthesis asymmetrically substituted
Ps-compoundswas targetedwhich male diphospharil-ide 66 a suitablestarting material due tthe
already presentif® bond(vide infrg).

o S o pyr
Dipp, P—R Dipp, P—R
N— Dipp _3 N—(  Dipp
CI/&(?N\Dipp CI/&@()N\Dipp
cl 66 cl 113

Scheme36: Synthesis of pyrazoydubstituteddiphosphari-ide 113; a) +MeSipyr,i MesSiCl, neat, rt, 16 h, 86%

The reaction of diphosphahide 66 with oneequivalentof MesSipyrin CH,Cl, at room temperature or
60°C dd not leadto full conversion to pyrazolyubstituteddiphosphari-ide 113 Thus,the reaction
wasperformed in neat MSipyrat room temperatur@his approacigaverise t0113 asayellow powder
in yield of 86%after removal of all volatilesn vacuoand recrystallization fronm-hexane ai 30°C
(Scheme29). The canpound shows an AX spin systéifable 1) in the3P NMR spectrum with high
field shifted resonance@i(Pa)= 149.7ppm, U(Px)= 46.6ppm) comparedto 66 (U(P.)= i 13.7ppm,
U(Px)= 133.8ppm)®®” due to replacement of the chlasabstituentwith the less electrowithdrawing
pyrazolyl moiety Simultaneously, th&(P,P) coupling constawf i 329 Hz is decreaséd comparison
t0 66 (1 376 Hz)!®"

Figure 41: Molecular structure af13; hydrogen atomandsolvate molecules are omitted for clarity and thermal ellipsoids are
displayed at 50% probability; selected bond lengths (A) and angles (FP1C1.7865(14), AP2 2.1598(5), AZ28
1.8684(14), PEN2 1.7899(13), CP1-P2 104.25(5).
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Suitablecrystals forX-ray analysisvereobtained by overlaying an £ solutionof 113 with n-hexane

at1 30°C.The molecular structuref 113 is depicted irFigure 41. The molecule comprises an almost
planarPi Pi pyr moietywith a RP-N-N torsion angle of only 7.32The F P bond lengtiof 2.1598(5)A

is elongated compared &7 (2.1327(9)A) while the CIP1 bond is shortened to 1.7865(84)67:
1.803(2)A).*% The P2N1 bond (1.7899(13}) is elongated compadeto the respective bonds in
dipyrazolylphosphananidazoliumsalt 105[OTf] (1.7007(11)A and1.7334(11)R). This presumably
accouns for negativehyperconjugation of the-type lone pairs of electrons on P2 into the unoccupied
0" orbital of the P2N1 bondwhich was analogously observed 6.8, This effect mightikewise
explaintheshortenedP1i C1 bond lengttandthelarger double bond character of tHedPbond

o Py o PR
Dipp, P—R Dipp, P—R
N—( Dipp _3 _ N—(  Dipp
ON N
Cr/lQT/ ~Dipp Cr/l\T/ ~Dipp
¢ 13 Cl' 114ab
a: R=Cy
b: R= Ph

Scheme37: Condensatiomeactionof 113with secondarphosphanes GiPH or PrePH yieldingtriphospharnl-ides114a,b (a:
R= Cy,b: R= Ph) a)114a: + Cy2PH, T Hpyr, CHCN, rt, not isolatedi14b: + PhPH,i Hpyr, CHCl, rt, 16 h, 456.

Condensatiomreactionsof 113 with secondary phosphanes £ or PhbPH yielded the respective
triphospharl-ides 114a,b (Scheme37; a: R= Cy, b: R= PBH. However, the reaction af14 with
equimolar amounts of GRH shoved only incomplete conversion even if performed in different
solvents upon prolonged reaction times at room temperature. If the reaction temperature is increased to

300K, decomposition is observed as indicated’ByNMR investigatior{Figure 42).
Cy,PH

114a 114a
Cy,P
114a YaT2

pyrPCy,

115 115
’ " — Il shieth

T T T T T T T T T T T

50 0 .50  -100

Figure 42: 31P NMR spectrum of theeaction mixture ol13 and CyPH after 16 h at 60°®-CsHaF2, CsDs cap, 300K).

In the 3P NMR spectrum of theeaction mixturetriphospharl-ide 114a wasidentified by its AMX
spin system {(Pa)= 167.9, U(Pu)= 141.3, U(Px)= 19.2, 2J(Pa,Pv)= 278Hz, J(Pw,Px)= 1131Hz,

1J(Pa,Px)=1166Hz; Table 1). Furthermorethe presence of GfPH (l(P)=1 28 ppm) wasobservedand
a singlet resonance with a chemical shifti¢?)= 58.5 ppm which is assigned t@,5-dimethy}1-

(dicyclohexylphosphanydlH-pyrazole(pyrPCy,). It is assumed thatyrPCy: is formedvia a reductive
pathway from the reaction 4fi3 with Cy,PH as shown itscheme38. This sidereaction further gve
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rise to triphospan-1-ide 115which shovedan AX spin systemi(Pa)=1118.8 ppmU(Px)= 0.2 ppm,
1J(Pa,Px)=1218Hz) in thecorresponding'P{*H} NMR spectrum The driving force of tis reaction is
the subsequent formation of/, and11 from condensation gfyrPCy. andCy-PH. However, it was

not possible to separatd4a and115due to theivery similar solubility.

o pyr o H
Dipp, P—R Dipp, PR

\ \
N—(  Dipp *Cy2PH N—(  Dipp

\ ———> pyrPCy, +
C|/§@()N\Dipp CI&N\Dipp

s + Cy,PH | -11 15

Cy,P—PCy,
Scheme38: Possible side reactiaf the formation ofl. 14a.

The related phemgubstituted derivativé14b is readily available bgondensationeaction ofL13 with
equimolarPhPH (Scheme37). The reaction mixturevas stirred at room temperature for 16 h. The
resulting11 wasremoved bysublimation at 40°C and subsequent waslkihthe residuavith EtO.
Triphosphanl-ide 114b wasthen obtainedas a yellow powder in 45% vyield. In th&'P{*H} NMR
spectrumcompound114b shows an ABX spin syster(u(Pa)= 155.7, U(Ps)= 154.2 U(Px)=17.6,
2J(Pa,Ps)= 272 Hz, YJ(Ps,Px)=1 163 Hz, 1J(Pa,Px)=1 135 Hz). Second order effects are obserwetich
madeiteratively fitting of the spectrum necessafjgure 43; Table 1).

Table 1: 31P{1H} parameters 0113 and thesubsequentlgynthesizedriphospharl-ides.

U(P-1m) U(P-Dipp) U(P-PR) 1J(P,P)in Hz 1J(P,P)in Hz 2J(P,P)in Hz
in ppm in ppm in ppm Im-P/P-Dipp Dipp-P/PR Im-P/PR
113 149.7 46.6 - 1329
114a -41.3 19.2 167.9 1166 71131 278
114b 154.2 7.6 155.7 1135 71163 272
e116 172.3 154.0 146.7 1257 1114 242
t-116 160.7 154.2 150.1 1270 179 128
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Figure 43: 31P{H} NMR spectrum ofLl14b (CD2Clz, 300K); insets show the zoom in of the experimental (upwards) and the
iteratively fitted (downwards) BX spin system; parameters summarize@able 1.
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The resonances of the Dhigpbstituted phosphorusatom (14a: G(Px)= 19.2ppm 114b:
U(Px)= —-7.6 ppm) are high field shifted compared 143 (U(Px)= 46.6ppm) due to the less electron
withdrawing substituents Bl contrast to the pyrazolgubstituentThe R resonanceare assigned
to the imidazoliumysubstitutedphosphorugtomand their chemical shifts compare welllit3. They
show aproton coupling irthe 3P NMR spectrumi(14a: J(PuH)= 8 Hz; 114b: J(Ps H)= 10Hz) which

is presumed to originate from a through space coupling with a pofttme Dipp substituent.As
expected, a higher chemical shift is observed for ther@$nance (£ in 114a compared td 14b due
to the greater donor ability @@y-groups tharPh-groups. Both show small(PaH) coupling in the
3P NMR spectrum which are not fully resolvethe 1J(Ps,Px) andJ(Pu,Px) coupling constantare
significantly smaller than irl13 indicating aless pronouncedegativehyperconjugatiorfvide supra.
Thus,predominarly single bond characté assumed for thei' P bond connected to the imidazoliumyl
substituentThe large’J(P,P) coupling constantd 14a: 2J(Pa,Pu)= 278Hz; 114b: 2J(Pa,Ps)= 272Hz)
may bea result from thesimilar orientation of the free electron pairs of the imidazoliuswstituted

phosphorusitom and the PRnoietywhich is known frome.g.phosphinediphospheneg®”
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Figure 44: Molecular structure oi14a in 114a-Et.O (left) and114b (one of two independent molecules displayed; right)
hydrogen atomandsolvate molecules are omitted for clarity and thermal ellipsoids are displayed at 50% probability; selected
bond lengths (A) and angles (°) are liste@able 2.

Suitablecrystals for Xray diffraction analysisvere obtained by slow diffusion of-hexane in a
saturated EO solutionof 114a or by slow diffusion ofi-pentane in a saturated toluene solutibhl4b.
The molecular structures are depictedrigure 44 and bond parameters are summarizedahle 2.
The Ci P1 bondg114a: 1.769(2) A 114b: 1.766(3) A are shortened comparsmithe P2 C28 bonds
(114a: 1.878(2) A; 114b: 1.872(3) A) but compare well to relatedmidazoliumyksubstituted
phosplanides or inversely polarized phosphaalkefi@$n analogy to the latter, this magdicae a
partial double bond chacteras reported fo66.° Along the P1P2 bond lmth compounds showna
eclipsedconformation othe free electron pairs #ie imidazoliumysubstitutedphosphorugtomand
the Dipp substituerdnd the respective Pfnoietieswith C1-P1-P2C28 torsion angles of 135.32(10)°
for 114a and 132.82(17)for 114b.

Table 2: Bond lengths and angles topphospharnl-ides114a, 114b and116.

C1iP1inA PLiP2in A P2i P3in A P3 C28inA C1-P1-P2 in (°)
114a 1.769(2) 2.1978(7) 2.2592(7) 1.878(2) 104.16(7)
114b 1.766(3) 2.1829(11) 2.2530(11) 1.872(3) 103.39(11)
erythro-116 2.113(11)
1.7779(14) 2.1839(5) 1.8679(15) 103.85(5)
threo-116 2.277(6)

Similar to the precursdr13, the P1P2 bondsn 114a,b (114a: 2.1978(7) A 114b: 2.1829(11)R) are
shorteneddue tonegativehyperconjugation of the free electron jgaif theimidazoliumylsubstituted
phosphorusitom The P2 P3 bond lengths ¢f.2592(7)A (114a) and 2.2530(114 (114b) are well in
the range of PP single bonds (2.24).%8 The lone pairs at the P2 and the &8m adopt drans
configuration which is underlined bP1-P2P3C40 torsion angles of 161.29(8)° fdatl4a and
178.13(12)° forl14b. The P1P2P3 angles 098.16(3)° (14a) and97.38(4Y (114b) compare well to
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