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Abstract

Abstract

24 previously unknown inorganicompound arestructurallycharacterized by
single crystal Xray diffraction. Of these complexes, 8 inorganic polym2is$ (

24, 26, 29, 30, 32) and 8 dimers]( 2, 10, 12, 14i 16, 31) are synthesized from
uncharacterized1(, 13, 25, 28) and characterized molybdenum and tungsten
containing species with@dtron rich di and triphosphorudigandsby treatment
with group 10 and 11 metal saltShese species are further characterized by low
temperature solutienand solidstate *'P NMR; *H, *C, and'F NMR; IR;
positive and negative ESIS; EI-MS; EA; andM.P. where appropriate.



Introduction

l. Introductionand Research Objectives

1.1 Historical Development

Since the discovery of the first mpedorganometallicompoundf a transition
metalin 1831 by W. C. Zeise, new avenues in syntheses were on the verge of creation
allowing the incorporation of metals into the archive of tradél chemistry.It was and still
iscommon for landmark examples to be the result of an unpredicted product and create
entirely new compless, many of which do not have a present applicatisuch was the case
of ferrocene from an attempt to produztulvalene

Such is the case stibstituenfree fraked phosphorus containingpmplexes used in
the continual dicovery of artificially produced inorganmmlymers born in unnatural
environments. This is the pinnacle of forty years of applied research started in 1969 whe
was discovered that group @Ements other than nitrogarere able to form naked
complexes.This discovery also led to the shortesi As bond of its timé. Two years later
(1971), the first naked phosphorus metal complex was synthdsizeshtingwhite
phosphorus witliPhsP)RhCl at lowtemperaturei(78 °C) which proved to be unstalale
room temperaturé.In the following years other reactants such as §X¥= Cl, Br) and red
phosphorus were employedoducing thdirst naked R and R complexes, respectivefy®
Wichelhaudater produced the first;Rnd R, compexes' 8in the form of anions, and even
though they may not have bege first naked phosphorus anions to be proddteely were
more significant in their uses as reactants than the others that were produced in latéfyears
Within the advent of the first naked Eomplexes ever reportédSacconi and coworkers also
provided the first double sandwich complex containing the saroerfigurationby treating
white phosphorous witmetal ions in the presence of what would become their signature
ligand, triphos® Sizepotential continued to groasthe Scherer group usedeniummetal
carbonyls to bridge two naked diphosphorus compl&kasd then two years later provided
the encore of simultaneously producing the first nakgekBmple in the form of the first
naked B sandwich compleX’ The Scherer group continued exploring the reactivftyhite
phosphorus anduscessfully built cubane structures when they utilized nickel carbonyl
derivatives’®

An important hint was provided when Stoppioni and his associates showad that
naked R containing complex could be tethered bgraup 11 transition metal, in this case
gold?® The ramifications of this discovery will be more than clear as the readership will learn
that the main reactant utilized in therpary research reported herein is CuX (X = Cl, Br, I).
Meanwhile a partially substituted nakd®], cluster was formed and two years later Scherer
presented a totally nakedgRomplex>! Only one year beferthis he presented the first
bicyclic P; complex coupled only ith two equivalents of thalliumcyclopentadieri§

Scherer also provided the first cage compleith naked phosphorus and the first naked P

and R, complexe¥’ by reacting iron and cobalt carbonyl complexes, respectively, with P
decalin. Then in 1999 white phosphorus was sussfelly used to tethemo rhenium triphos
complexe® and only three yeariterthe Scheer group provided the fipstlymer by treating
pentaphosphaferroceméth CuX (X = Cl, Br, 1)*® This synthetic strategy was also used to

form an inorganic batonsisting of 90 inorganic core atorfisLater, for an encore to this
fabulous discovery, adgball was successfully trapped in this inorganicBallmere three

years aftePfitznerused Cul as an aid in the crystallization of phosphorus nandt®isce

the initiationof polymerization using naked phosphorus subunits, it has become the main goal
of our research.
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Landmark Developments in Naked Phosphorus Metal Complexes

1969 First example of a non nitrogen
1971 First examplewith naked .72 naked group 15 element in acomplex,

Phosphorus bound (P,) 2+ introduced by As
@ 1973 First naked P, metal complex

. 1975 First naked P, and P;; complex
-5 1981 First triple decker with naked Py

- 1986 First naked Pz example and
%% first P; sandwich complex

1984 First naked phosphorus species
bridged by a metal complex

1988 Cubanes containing naked

phosphorus are introduced 1990 First example of a naked phosphorus

complex tethered by a group 11 transistion

1990 First example of a naked phosphorus cluster “~
&S metal (Au)

1991 First example of a

1992 First naked Pyq bicyclic naked Pg complex

complex 1995 First cage complex

with naked phosphorus
1996 First naked Pg

and P, complexes 1999 First time white phosphorus

2002 First example of a polymer \ bridged two complexes

synthesized from naked phosphorus

subunits | 2003 Thefirst 3-D inorganic ball shaped

complex is synthesized from a naked

hosph I
2004 Phosphorus nanorods phosphiors complex

are assembled 2007 The first ball in aball is

synthesized by trapping a Cg, molecule
in an inorganic sphere synthesized from
a naked phosphorus subunit.

The examples of naked phosphorus complexes presenteditertteire are
conveniently divided into six categories basadhe number of naked phosphorus atoms
present. >6, 6, 5, 4, 3, and ®nemember units are not considered because, according to our
research, aelast two naked phosphorus atcans needetb facilitate the binding for polymer
formation and until now no evidence has shown that it is possible for a one member unit to
perform in this manner.

1.2 More than6 Phosphorus Atoms

Starting with the first cluster in 1998thesephosphorusich structures have
commanded attentiorEven in recent times infinite polymers in the forfmarorods have
been reportedfter it was found that crystallization is aided with &LAlso of startling
importance is ta characterized structure of fibrous red phosphathish is found to be very
similar to the violet allotrop&” Aside from infinite polymers, the remainder of the significant
examples in this category is clusters and cayes.

The complex [CEr(CO)]sPio (Figurel) was one of four products produced from the
co-thermolysis of [CEr(COY]» ( Cp >-GsHsxwith P, (1.5 molar equivalents) in toluene at
80i 85 °C for four hours. The averagefPbond length( 2 . 2sliggésthat single bonds
exist in the whole B core. The core is surrounded by five CrCp(GQhits each chromium
atomis bourd to a phosphoruastom located around the parametegough one formal bond
andthroughone lone pair of electrons for a total electron count of 18amtchromium
atom
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Another successfuhighertemperaturgco-thermolysis reaction is reported by tiaeg
Rh Cp 6 &(( @pd) 6-tBusCsHg),with P, in decalinand also produces a nakeg P
complex(Figure1)** 1 n this structure the RhCpd6 subuni
certrosymmetric polycyclic structurdn this structurghe apicarhodium atomg2)
covalently boundo four phosphorus atonmave an electron count of &8d preside over the
r i cdhectrons shown from the double bdliice character of the RP3 and the & P5
(2.143(2) a flde twd interdtiBath@djum &tdmg1) bound to P1, P3, and P4
greatly disturb the electron density associated with thi@®®ond lengthening it to 2.624(2)
U, meanwhilehaving little effect on thei® bonds associatedtwiP1 A cobalt analog is
also produced using the same procedtire.

C( AN

s
@ rco
o :

Figure 1. Left, structure of[(Cp)Cr(COY|sP10.* “* Right,st r uct ur e @®F [ (Cpo606RF
Ps) ( Rhgp 6 &)p 8BdCsHz "1, 3

Since the arrival of ¥; and other naked phosphomrgons® ** #44® the possibilityof

treating nucleophically astated metal chlorides with th@ion is exfored. In one scenario
iron(ll) chloride is treated with LiCp and:5iMes)s*’ The produc(Figure?2),

[(Cp*Fe){ (-Bs)Fe}Pq], is composed ofraFe,Ps polyhedrorwith a R ligand attached to

one of the iron atomsNo notable abnornlities exist other than the slightly elongatedP

bond length$2.326 2 . 4 1 & thdicage caused from the electron withdrawing effects of the
iron atoms and the shortened bond len¢@h07 2 . 1 1 ¢ontdihpd in the Fportion from

t h éond electron @nsity.

Another reactive aarce for phosphorus is the ir@ontaining butterfly complex,
[{CpR(OCLFel( al': &Ps)], Cp* = iPrCs, When treated with diphenylethylyne in boiling
toluenethe cluster shown in Figugeis formed along with an attractive shwmch complex
containing a Parrangement. Throughout the skeleton of the P1Iphbghorusphosphorus
bonds aresingly bonded2.1852 . 26 8 U) . The most striking fe
siml arity to Hit ompliopghsrus@tonasiscpirhacsimilasmaansgr totthe e
subunits of the polymé?.
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@r
@ re(co).cp™
@ Fe(co)cp™

Figure 248Left, [(Cp*Fex{ (-Bs)Fe}Ps.”” Right[ { C ps(CO%F&}f1;] , Cpo6060066 =
Cs(iPrls.

Direct methods treat asR;/2,2,2crypt solution with [(GH3-(CHz)3]Cr(CO) in
toluene also give a;fEcage while preserving th@iginal negative chargeThe chromium
affects the phosphoryshosphorudond lengths. The P®7 and PBP4 bond lengths are
slightly constrained2.113(9)2 . 1 2 9 frofn)the arbital binding accommodation of the
Cri P4, Ci P5, Ci P6, and QrP7 bonds The “-bord character of A36, P3P5,P2 P7, and
P2 P4bonds is disrupte(®.211(9)2.238( U) in compari slearont o t he
density of PLP2 and PlP3(2.146(8)2 . 1 2 5 ( Th@ jungélén analog is produced when
the reactant [(€Hz-(CH3)3]W(CO)s is used®® Other studies show that wh&aP is treated
with [(en)(COW(d', d*-P,Cr(CO)]* thesame tungsten and chromium ions are isolated
throughcrystallization®
Just as in the chromium analadlge tungsten species has shortenedfP6and PiP5
bondsfrom the binding orbital influence ofihgsten (2.134(82 . 136 ( 5) U) . Sur pr
same is true for the PP2 and PP3 bond lengths (2.144{%) . 1 5 0 &s4hey até)not
significantly affected by the \\CO); fragment This conservation is also observed for the
P3 P6, P3P5, P2P7, and PPP4 (2.215(6)2.231(4)U ) An ethyl grouphas also been
attached to P1 in related reseabghalkylation with excess RI*.>* Analogous seven member
clustes with niobium>? nickel>® and platinum® attached are also reported.

©r 4
@ cr(co);

Figure 3. Figure on the left{P,Cr(CO)]Eion, [K(2,2,2-crypt)l3_and ethylenediamine
omitted for clarity®® Figure on the righianalogougP;Ni(CO)FE [K(2,2,2-crypt)]s, and
phosplines omitted for clarity>®

A method alternative to thermolysis is reported by substituting heat for ultraviolet
light in the successful production of unsubstituteddmplexes’ Other synthetic aspects

4
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remain similar, namely, a metal Ha€poényl das
CsHsMe), the solvent (toluene) as well as treatment with white phosphorus. The resulting
structure (Figure 13) contains adage with two terminal and two chelating iron fragments.
The chéating iron fragment is covalentlyound to one phosplhus atom (5 and 6) and bound
to the lone pair of the other (7 and 8), whereas the terminally bound iron fragment is
covalentlybound to one phosphorus (7 and 8) giving each iron atom a valence count of 18
electrons.

When this complex is further treatedhvadditional Fe(CQ)in the presence of
MesNO or alternatively with F£€CO) (both cases in THF) an even greater substituted species
(Figure4, right) is produced® Given the increased complexity of this complex, every iron
atom maintains an 18 electron count. Each of the bridging iron atoms provides a dative and a
formal bond with the phosphorus atoms P7, PSR81dP6, respectively. The remaining iron
ligands arecovalentlybound to P7 and P8 and datively bound to P5 and P6.

@ Fe(co).cp
Q-

@ Fe(co)cp

© Fecoycp

5

P .O
@ Fe(co).cp @ reco),
Figure 4. L e f t Fe (@R ( Cp &-CsHsMd)>* Right,C pBes(COXsPs ( Cp 6- =

CsHsMe) >

1.3. 6 Phosphorus Atoms

Starting with the higher ordstructures, the employment of Lp€in conjunction
with P,(SiMe); andFeCh at low temperatures yields the cage complex shown in Fijtire
By strictest definition this complex is nakedthe sense that the phosphorus atbenge no
substituents outsedof the cage, ui the phosphorus atomatso lack lone pasrof electrons as
demonstrated by the four and five coordinations exhibited so it should be of no surprise if the
potential of forming a dative bond is limite@he F P bonds lengths (2.268(2.498(2) U)
suggest single bonding throughout the entire cage. The longest (connecting thenwtibsy
are likely strained from the iron bond.

An oblique square bipyramidal vanadigphosphorus polyhedrdifrigureb) is
obtained from @raditional thermal reaan with V(CO)Cp andwhite phosphorus. This
structue can be thought of as two CV(*-B:;)VCp units. As mentionedabove, even though
the phosphorus atonase formally unsubstituted it is reasonable that all of the lone pairs from
phosphorus participate the intestitial bonds of the complexThe other remarkablade

5
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product of this reaction ihe hexghosphorussanadiumcyclopentadienysandwich
complex®

Figure 5. Left,[ ( Cp &Pg'a(Cp@ § 6 sHMes)C[FeCk(THF)]Eremoved for clarity”
Right, (VCp)a(Ps)> complex>

Since its introduction in 1974, the flag ihg has gained considerable attention
because of its isolohaéssto benzené It is important to note from all proven and theoretical
examples of Pcomplexes presented in the literatfire, °*** thatonly if the symmetry
properties, approximate energynd shape of the frontierlmtalsare similarand the number
of electrorsin themare equal, bly then can the species be isolobalThe phosphorus atoms
in theniobium complex irFigure6 exemplifyisolobility to CH by theirflat Ps ring andthe
constricted phosphoryshosphorudonds & . =  vith brily slight distortiorf® Other
metalsandwichcomplexes containinfiat Ps rings includeniobium®’ tungsterf®
molybdenun?! vanadiunt® ®®and iron*’

Other examples have six membered rings attached, but are not isolbbakene
because they are structurally differeithe ironmolybdenunCp*FeRMoCp* examplé&® "
in Figure6 show the deformity of the six membered ririven though the side view of the

complex is distortedhe bond digances (MoP 3/ P6 = 2Mo#Ri4 /2P 54 4= (2. 59

MoiP1/ 2 = 2. 5RWE2.%5.429),2 FPB/P6 &n @ . RathehighR 8
bilateral symmetry of the M&FeP, skeleton It is not clear whether the PR6 or the P2P3
bonds (2.5 ard 2.50U respectively) are real or not because they are longer than the
longest reportedifP bonds in the literatua the timg{ 2 . 4’6 U) .

!
U

2.

)
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Figure 6. Left,[( Cp 0eNbd HPs) 1 .  (dBQeHy(Bu)=1,3), hydrogens removed for
clarity.?® Right, [d>-Cp*FeRMod>-Cp*], hydrogens removed for clarity

Finally, the titanium containingompleX? (Figure7) lacks hyperconjugation of
electron density as demonstrated bydhair conformatiorand the slight elongation of P
single bonds (2.23(22 . 2 5 (. Zhe phosphorus atonase all chemically equivalent in
CsDs, U (3'P NMR = 386.7 ppm)All three examples mentioned are undoubtedly different
with respecto thenakedPs ring, but all are synthesized using a combination of metal
carbonyls and white phosphorus under the conditions of thermolysese is no specialay
of engineering a targeted structua# structures characterized are completely accidental.

The thorium comple¥ in Figure7 is the first bicyclic struire composed of naked
phosphorus atomsThe four member butterfly shapéang is bound to two phosphorus atoms
(the handlepboveand shouldered by two thorium atom#/hile viewshown in Figure/
nearly possessedla pl ane of symmetry, the view perpen
obviously not. All phosphorusphosphorusonds are singly bonded (2.18(2)24(1)U) and
the shortest is positioned above the butterfly (the handle) from the orbital constridtien of
thoriummetalsl t i s possi ble to separate the Ahandl
connection of the iron shouldered anafdg.
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Figure 7. Left, Cp*TiPsTiCp*, hydrogens removed for clarifg. Right,
Cp0 6 TTHhEmd 6 ( C p-a,8'BusCsHe).*?

1.4. 5Phosphorus Atoms

Unsubstituted five membered rings dominate this field and the only exception listed in
these examples is the double titanium complex tithsets of Prings (FigureB). By strict
definition this complexhas ten unsubstituted phosphorus atantsis more appropriately
placed in the category 66 naked phosphorus atogneowever, because of the significance
of this discovery is it more vearding to discuss it along with other unsubstitutedrigs. All
the metals listed in the examplaisTablel are group 6 or 8 transition metals with the
exception of manganese (En%), and it is by no coincidence that all the ligands bound are
eithe carbonyls ocyclopentadienyl derivativesThese ligands offer better stabilityrough
t h e-elactron acceptation, and they aid crystallizatidmo Ps complexes (Gafand InR)
are investigated to help understand GaP and InP semiconducting méterials
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Entry (R, M;[M5[R5

1 d>-Cp* Fe Cr (CO)

2 d>-Cp* Fe Mo (CO), Entry (R, M,
3 d-Cp* cr cr d-Cp* d>-Cs(‘Bu)s;H, Fe
4 d>-Cp Fe Fe d>-Cp d>-Cp* Fe
5 d-Cp Fe Fe d’-Ci(Me),Et f-Co(BULH, Fe
6  d-Cp Fe Ru d-Cp* *-C5(Et)(Me), Fe
7 d>-Cp Fe Fe d’-Cp* -Cp* RU
8 d>-Cp* Fe Ru d>-Cp -Co(Et)(Me), Ru
9 C15-Cp* Fe Ru d5-Cp* (CO), Cr
10  d>-Cp Ru Ru d>-Cp (CO), Mo
11 ¢-Cp* Ru Ru d’-Cp* (CO), W
12 (CO) W Si (Me) (CO) Mn

Table 1. Examples of nakedsRing containing complexesEntries1i 2, 32" 4,305, g,

7711, 12,8 illustratethe multimetal centerecbmplexes. Entrie$3,’® 8014,7> 884 1583
8161 18, and19i 22'® are not.

Two exanplesshown in Figure are the titanocefieand a iron/ruthenium
tripledecker complex (Entr§).”® ’* The most common synthetic procedure is to treat a metal
carbonyl with vhite phosphorus or a phosphotish metal by thermolysjaultraviolet light,
or ambient conditionsOne notable reactant,”RE(X = Na, K), although not formally
characterizegcan be thought of as @ xample in itself’ and successful employment of this
reactant has led to the formation of Entfi@s19i 22, 14, and15.”® & 8

Normal phosphoruphosphorusinge bond | engths are about 2
el ectronic or steric_influences can be elong
cost ricted to O 2.18 U the inspection must be

increased. This is certainlyaftase with titanocer{bond lengths 2.147(12 . 166 (1) U) ,
with its flat structuret providesa perfect example to the isbility of Pto CH units. The
same can also be said about E6t(@.155(1)2 . 1 5 9.(The higtddegree of symmetry
(Dsy) from fitanocend s c aused f r@Pametalhoads &hislisi alscsthe dase]
with Entry6w h e r e >dband is aclipskgiielding its Cs, symmetryonly to a difference in
substituent s °>Fashios)d helitanogent orbitals aerlovigrenergy when
compared to those of Cp in ferrocene, and the P g a n onded ligand Whereas the Cp
i s -banded ligand. In this respect carbon and nitrdgere the weakestetatligand

bonds, while the bonds of titanocene vatialogousiss andSh; ringsare only slightly
weaker than the phosphorus andld@ther theoretical studies for similagi®11i Mi Ps
scenarios (M= Cd, M, = Zn; M; = Cd, My = Cd; My = Zn, My = Zn) show that the bonds are
ionic and, in this instance, the meraktal bonds free to rotaté&?
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Figure 8. Left, [Ti(d>-Ps)2]°E PhP" omittedfor clarity®® Right, d>-CpFeRRu-d>-Cp*, PRE
omitted for clarity(Entry 6, Table1).”® 7’

It should also be stressed that five membered flat rings are not always the most stable
species. The ireamolybdenum containing complekigure9, left) possesses a Motif that
is structurally interrupted by trt-butyl group andlisconnectedA 1,2-insertionwith
Bu CI P [(‘BusCp)OC)Mog-d**P,),-Fe(Cp*E})] using thermolysis expands the
phosphorugphosphorugsonnectivity(P2Z P3)providing a questionable borfd2 . 559 ( 1) U)
while forming an additional adjacent phosphepimsphorus bondThe remaining unbound
phosphorus atom@®1 and P5)emain unbound just as they were in the starting materta.
P4iP5,P4C,and CP3 bondsare onsi derably shorter (2.147(1)
than would be expected for their singly bound counterparts. It is reasonable to assume that
there is double bond character associated and that thpdosef electrons from phosphorus
atoms3, 4, and 5 are hyperconjugated.

Further treatment o0%P)4d ,r iwnd hc ¢HmBipg» Rul( CTOY
thermolysis gives multiple cage complexes, one of which is featured in Bigught). Of
course, theage offers five naked phosphorus atpma all the lone pairs of alhe
phosphorus atomere occupied Sucha variety of multiple phosphoryghosphorusonds are ‘
present in this structure from strained single bonds®RL, 2. 48iB84) 2U50RBR 4) |
single bonds (AP 5 ; 2. 2 0 Tdndrictedibpds @PBPH , 2. 12i9%, BY74A): P1
U) These differences are most likely produced from steric effects from the cage being that no
pattern is noticeable for an electronic influenCher cages are also produced using
thermolysi€” **including the FeCpanalog®?

10
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Figure 9. Left, d°>-Cp(MeEt)FeR(C-Bu)Mod>-Cp(Pry.”° Right, d>-Cp*FeR(Ru-d°>-
c:[l)(tBU)z)z.g3

The quasi cubiaickelphosphorus cag® ** (Figure10) is a product ofhe
thermolysis of [Cp*Ni(CO)] and R. In this case the single ggphorusphosphoru$onds
are unperturbed from the influence of nick@ne would expect this complex to have greater
potential for dative bond formation because each of the lone pairs of electrons on each
phosphorustomin this complexs retained.

& Nicpr
©-r

Figure 10. Structure ofNiCp*)sPs.>*

1.5 4 Phosphorus Atoms

Tetrahelral, white phosphorus canbin t o a metr a fFashiod. Therirond
complexX® in Figurell shows one such example synthesized from the analogous chloride
containing analog in THF. The chloride ligand is replaced by'theund tetrahedral,P
ligand. As one wouldexpect, the iron complex has two sets of sinplassphous
phosphoru®onds The P1P2,P1i P3 and P1P4bonds are shorter (519 ( 12). 106 6 ( 1)
and 2. lréspettively) than the PP4,P3 P4 and P2P3( 2. 20,3 21 )2 36 ( 1)

11

U,



Introduction

and2.211(1)U respectively).With evidence of equatorialip| ane °~ ove Ll ap fro
with a B2 P ; ifi a related speci€$jt is temptingto say thisphenomenon is @esulto f -
backbonding from the meta$ & it seen in other examples as w&lt® however, it is nb
consistent with every metal complex of this type® Similar terminally bound tetrahedral
P4 ligands bridging two metals together have alsoven a constriction in theil® bond
shared by the two metals and a lesser effect from the other less proxPriabirds-"* 102
Other complexes amharacterized by NME: 103105
Treating RhCI(PP$); with white phosphars under low temperaturéq8 °C) in
CH.Cl, or EtO affords the rhodium complex Figure1ll where thaetrahedraP, is bound
i n “Hashiod® "* This ligand has a large trairgluenceas seen from the enormous
elongation of the RICI bond (2.4095 (14)) ) Aside from the other phosphorp&osphorus
bonds (2.188(3R . 222 ( 2)iPQ) botnle iRl si gni ficantly | eng
accommodate the orbitals of the rhodium me@b mp| exes wit K-P,ot her ter
metal/substituent combinatioh® totally nakedsilverb r i d g i fRg subistiuentsge*©
andt ot al |y naked c-Bpybgitent’show thait thigjis notva cesulf of the
transinfluenceshown in the featured rhadn complex As predictedby density functional
calculations the WP bond energies increase in the order Ag<Cu<Au. The anomaly occurs
because the orbital interactions of the 6s and 5d orbitals cause stronger metal ligand
interactions. Furthermore, the g and A C interactions are nearly identical in the
Ag(C:Hs) and AgPs) ionsand bot h s h rbackbdondidgfrem theogphosphaus
atomsand carbons back to the me'tH.

Figure 11. Left, [(C.H4(PPh),)Cp*Fed’-P,]*, [BPhy] &nd hydrogens removed for clarity.
Right, CI(PPh),Rhd*Ps, CH,Cl, and hydrogens removed for clarfty?

Four membered naked phosphorus ataniss o0 e xi st i n fAbutterfly
shown by the iron complex in Figail2. The complex is rendered whaon carbonyl
complex,[{ CsH2'Bus(CO),Fe! ], is treated with white phosphorus by applying thermol¥fsis.
Theselective activation of the PR4 bond creates a widedangle between the PR3
P2P1i P2i P4planes84.29(9)). The PIP2, P2P4, P4P3, and PBP1 bondsaround the
parameter remain sing{8.197(2)2 . 218 (2) U), while conétrictio
P3 bond ( Fewlbbt@rflyIomplekes exisind even as most contain a constricted
center (PRP3) bond:** *3at least one example does aatl the other is tethered by
phosphorus** *°> Other examples are characterized by N#MR.

Thec o mp | eCsHx(SMel],-( €), hastwo sets ophosphorus atonmouly
bonded to each othé2.054(2)  &hyipositionedparallelto each other in a near perfect
equator. Analogs withCp* and GH,'Bus also exist and the bond lengths and angles are
similar to the featured compléX” '8 Although examplesike this motif are few, the
significance of the separation is great because if, in fact, the two sets were connected,

12
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hyperconjugation of the lone pairs of elections would be permitted around a, then formed,
ring. A similar planar R motif is reprted where only three phosphorus at@msbound-*®

Q-
@) Fe(CO)(CsHy('BU)s) or

 CoCsHz(SiMey),

Figure 12. Right, [Fe(COY>-CsH,'Bug]»-€-P.% Left,[ C B@hHs(SiMe)]o-( 45)2.%

One such example of a clas®ur membered ring is shoviay the niobium species in
Figurel3. The molecule is synthesized under ultraviolet radiation by treating Cp*Nh(CO)
with white phosphorum the presence of hexaaseroom temperature, ansl accompanied by
a disubstituted{Cp*(CO)Nb} »(P4)] and [{Cp*Nb}2(Ps)]. The shortened phosphorus
phosphorudonds (2.136(3R2 . 1 8 0 ( 3 ) thatthey aremqublygondedand the cyclic
connection deviates only slightly from a feet square (~3°)By H ¢ scrideette featured
planar, cyclic ring possessiigconjugated e | equadlifredtinisasaromatic (4n+2}%°
The 2 ad ddctrons arenadded from earbital of the niobiumwith the correct
symmetry. Ifniobium is unboundhe number of electrons is chanded!; the species
becomesntiaromatic (4n, n = 2)A tantalunt?* and vanadiun? *®analogas well as an
unrelatedCs,P; complexX?* *?2arethe only other exampéen the literature.

Five membered heteroringsntaining four naked phosphorus ataregainly qualify.
The featured iron centered ring in Figu®¥® s, ironically enough, synthesized by treating
the butterfly complex in Figuré2w i t h 'BuPukir® thermolysiin a toluene solutionThe
sandwichcomplex has close alignment with each of thex@ RC rings (~5° distortion), and
the angles around theq®ring are not ideal (8B°), distorting the @symmetry. The RC ring
is, however, flat and each of theRPand G P bonds lengths suggest they are double bond in
character(PPav . = 2. 12®P@2.) =U 1a.n7d75( 4) U) meaning th
electrons are also hyperconjugatéte SiMe substituent is also tunable and #Ba analog
is reported®*

13
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. NbCp*(CO),

er

@ recHa(Bu)

Gc

Figure13. Le f t , “Np CRightd-P,.C(B u ) EGHL('Bu)s.”

Using the direct method of treatingsRy(DME)3 with 3 equivalents of [FeCp(CeBr]
while thesynthesigs conducted at 78 °C in a THF solution and gently layered with heptane
precipitatesared crystalline [(Cp*FePs][FeCls(THF)] cage (Figuréd.4) covalentlybound to
three equivalents of Fe(C&p. In contrast to the previously mentioned example, a slight
reductionintheP bond | ength (0.02 U) i-metabboridedent i
phosphorus atomgOthersimilar cages with four naked pephorus atomisave also been
reported->>*2°

An iron-phosphoru$eterocage is also reportetiere wo sets of PP bonds are
situated perpendicular to each otffefThe ironcluster (Figurel4, right) is afforded from the
thermolysis of [CpFe(CQ), with white phosphorusPlanes of symmetry included in this
molealle areFel P2 P1i FedandFe2 P3 P4 Fe3 and the average phosphoeplwsphorus
bond distances are only slighthoey at ed ( Av: 2.306(5) U).

©r

@ Fecoy.op )

Figure 14. Left, [(Cp*Fe)Ps], [FeCk(THF)] is excluded for clarit§’ Right (FeCp)Ps.>®

1.6. 3Phosphorus Atoms

Stopponi and Sacooni heavily dominéf@able?) in the number o€omplexes
synthesized antaining an unsubstituted Bubstituent due to their signature triphbgl (-
tris((diphenylphosphino)methyl)ethari@and. Introduction is generally imposed kgaing
the triphos ligand in polar solution (ie. THF, alcohoWith the appropriate chonyl or aqua
substtuted metal. The anion is attached to the treated metal or separated from the metal using
a carrier cation.The examples shown in Figut®& show the monoand disubstitute@Entries
27 and 11, Tabl2) analogous palladium complexeghese RBrings are especially electron

14



Introduction

rich as noted from their phosphoipisosphoru$ond distances where the monosubstituted

species on the left (AVilP : 2.115(6) U) and the diiBubstitt
2 . 1 3 6 indichte thk} the phosphorus atoans multiply bonded to each othéFhe

phosphous atomsn the triphodigand are eclipseoh the mone as well as in the

disubstituted speci€s’
The multiple metals employed in the construction of many mand disubstituted

triphos featured species are shown inl&&b The next best ligand e¢gclopentadienyl
which has also been consistently present in the previous categories.

Figure 15. Left, [(triphos)PdR]", [BF] ,Eand hydrogensemovedor clarity**° Right,
[(triphos)PdBPd(triphos)”, [BPhj] Eand hydrogens removed for clarity.
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Entry [R; M,
15 triphos Ir
16 triphos Rh
17 Cp*(CO), Mo
18 CsH,Bu Mo
19 CsHs('Bu), Mo
20 ((Me,CsH5)N('PI)); Mo
21 ((Me,CeHa)N(PY); W
22 Cp(CO) w
S LA s S
1 triphos Co Cu triphos o5 triphos Ni
2 triphosCo Ag triphos 26 triphos Pt
3 triphosRh Ag triphos 27 triphos Pt
4 triphosNi Pt (PPh), 8 triphos Pd
5 triphosCo Pt (PPh) 29 triphos Co
6 triphosCo Rh triphos 30 triphos Ir
7 triphosNi  Rh triphos 31 triphos Rh
8 triphosCo Ir  triphos 32 (CO), Co
9 triphos Rh Rh triphos ¢
10 triphosCo Ni triphos (OCH, Bu)s(CHNH
11 triphosPd Pd triphos 33 CHs) W
12 triphosCo Fe triphos 34 Cp* Ni
13 triphos Co Co triphos (O-cylcohexyly(O-
14 triphos Th Th triphos 35 cyclohexyl-NH(Ar)) Mo

Table 2. Summary of complexes containing a cycidigand. 1i 311415261924 10%
25i 26,144 271 28,130 29,142 30y 31,14€ 32,147 33,148 34,94 35 1*° Triphos =(1,1, - tris((R-
phosphino)R)ethanend R = various organgubstituents.Counterions are removed for
clarity.

Thecyclopentadienyligand is also versatile at forming doubéand tripledecker
complexes.The thorium complex in Figurgs is obtained by treating €-1,3-
'Bu,CsHs),T h {-@He)] with white phosphorus and MgfQDEt), during thermolysis. The
labile alkene detaches and facilitates the formation gfcatered tripledecker complex
with a chlorineatom attached to one of the thorium atorAside from the disruption of
symmetry, the chlame is eclipsed to the phosphorus atomghe R motif.3? The nickel
complex[Cp*Nid>-P5] is the coproduct of asRage complex obtained by treating
[Cp*Ni(CO)], with white phosphorus throughermolysis The commonality of the

constrained phosphorghosphorusonds of the nickefav. Pi P : 2. lafdahe 4) U)
thorium(av. PiP: 2.1859 ) cahjplex shows consistency between the differgiearing
complexes*

Other clustef*® **°and rind® *** %complexes with Pconfigurations are also noted.
Entries17, 22, and23 are desgbed in detail in the Results and Discussion section.
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Figure 15. Left, Th(CPBu,)-d*: HP;ThCI(CPBW,),.>* Right, Cp*Nidf*-P5.%*

1.7. 2 Phosphorus Atoms

The dscussion of two naked phosphorus ata@as be trivial unless dain scenarios
are addressedThe iron compleX® in Figure16 shows two sets of mono substituted
cyclopentadienyl rings in a staggered conformation, each bearing the aflitigyelectron
rich phosphorus aton{av. CiP b ond | e n g ttodatively bind%o7aB dlettiophiie)
The disubstitutedholybdenum compléX® (right) cortains both of its phosphorus atoins
the same thremembered heterocycle. Surprisinglye Q P bonds are not shered
( 1. 8 0 4apd2npst dithe electron density seems to be localizecea®th double bond
(2.137(1) U). S ommpleX, thernitrggen cantminirsyibstittentearei r on ¢
staggered with respect to the atoms of the heterocycle.

.Mo

@ Nirar

P
Cc

Figure 16. Left, Fe(MaC.P), hydrogens omitted for clarify® Right, d>-P,CMo(N(Ar)'Pr)
and hydrogens omitted for clarityAr = 1-adamantyl Ar = 3,5Me,CgH3."*°

17
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The FeP, heterocyle dissectedy anFe Fe bond in Figurd?7 offers two lone pairs
located trans from each other. In contrast to the previously mentgokgbentadienyl
ligands in Fe(MgC4P),, theC p &ibg8 are eclipsedThis metal phosphorusnotif was first
synthesized in 1973 with an analogous cobalt caiBon{ **’and is also present in
chromium?*® molybdenunf® 136138 140931 tungstemomplexes>* The complexes
containing group six elements haeemal Pi P bonds.The molybdenum and tungsten

species are described in detail in the Results and Discussi@mnsect

!

e

¢ & ¢« : -
&C

Figure 17. (1,2,4'BusCsHy)Fee-P,Fe(1,2,4'BusCsH,), hydrogens omitted for clarify®

Many reviews discussing corgxes containing naked phosphorus atamd the
complexeéreactionabilities are publishetf? 161%°

1.8 Research strategy

The chemistry presented in this thesis focuses on electron rich diaked
triphosphorusontainingmolybdenum and tungsteomplexes and their reactivities toward
selectedgroup 10 and 1inetallicsalts®®38 79 81151, 152, 16073 Tha products are then
characterized by single crystatrdy diffraction, solid and solutiorstate NMR (nuclear
magnetic resonance), IR (infrared radiation), melting point, EA @ahanalysis), as well
as EtMS and ESIMS (electron impact, electrospray ionization, mass spectrometry). The
starting materials contain amfrierefrom 2i 6 unsubstituted phosphorus atoatshe binding
sites in the form of rings with the exception of theee dimer. Inorganic twand three
dimensional polymers are the most rewarding products obtained in these reactions, but the
significant data obtained from clusters, dimers, and monomers offer valuable insight and are,
many times, unprecedented. Thigategy is not limitetb phosphorus, however, the research
conducted in this thesis i®ecause of the usual lack of difference in shift betweertthe
3¢, and®'P NMR of the reactants and produ@serynewly synthesized unknown compound
presentedn this thesiss accompanied by a solgtateprojection generated from a single
crystal Xray measurement-or more examples involving arsenand sulfur containing
starting materials, the interested reader may wish to consider other affit{és.
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The greatest potential to produce polymers arises from the most phosptlorus
complexes. Every naked phosphoatsmhas the potential tdativelybind to anothemetal
and if multiple phosphors atorase present then availability binding sites is increased as
well as the potential to bind in multiple instances to the same phosphorus containing ligand.
Until this point only complexes caaiting four or greater phosphorus atamslose
proximity have shown the capacity of produgihreedimensional polymers (ie. spherical
cages, and half cages) whereas, the research presented herexesmjitethree and two
phosphorus atontsave only produced linear polymers at best. The reactants for this research
involve late transition mekaarbonyls (ie. Cr, Mo, W), group 11 salts, andeav,
successfully tested class of reactants involving®L(M = Pd and Pt) sgcies Other
significant reactions exist that are beyond the scope of this research.
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[I. Results and Discussion

2.1 Reatants

CcO ~Na oC co CO
0C,, | \CO o co 12 Fe,(SOs)s \ &/
M + Na'[Cp]| —— =\ O M M 4@
OC( é; co -3CO |\|/| . CO I, 7

oc € o
M =Mo, W co
Pagy
i,
co oc O CO
oc, [sco v \ &7/ M = Mo
AN + R —=>> R—M /M R
oc co /o \
co oc co
{ oc b CO ocC b
R=CpBu M=W R=Cp*,M =W, Mo N4 \ /N
R=Cp*, M =Mo, W Py ’ ' M e 1 0 + Mo—=a P
R=Cp,M =W / \é,/ / \|p
V- |[R=CpBuM=W oc co oc "
3 27
oc co oc
R red
R—\M/—?\M/—R + R—\M/-L}P velow
AL /Y
oc co oc
red yellow
38: R=Cp*, M =Mo 17: R=Cp*, M =Mo
37 R=Cp*,M =W 13: R=Cp*, M =W
11: R=Cp,M =W 28: R=Cp,M =W

25: R=Cp'Bu,M =W 39: R=Cp'Bu,M =W

Schemel. |. Reflux for 40 min. in predried diglymdl. A filtered solution of HO, acetic

acid, and F£SQy); is added, and stirred approximately 15 minutes. Contents are filtered with
afritted filter and msed with HO, then cold metanol, and finally pentane. The material
collected on the filteis dried under reduced presstifé.lll. Refluxed in bluene for 24 h

Toluene is removed by reduced pressure. A small amount eB8®CHCI; is used to soak

up the product. This dust is then placed into a column (10" long) and flushed with a
pentane/toluene gradig’® solution. V. For R = C{Bu, M = W, Reflux 18h in decalif’®

ForR =Cp.Cp*; M = Mo,W, Reflux 50 h in xyleneV. Reflux 16h in xylene Reflux 16 h

in decalin for R = CpBu, M = w.*>*

The reactants used in this research contain 2 and 3 naked phesatoonsand are
syrthesized by different methodSchemel). Complexes3 and27 are syithesized by the
introduction of a cyclopentadienyl substituent to the featured heb@uod followed by
oxidation with Fe(SQy); and, finally, a treatment with white phosphorus. Even though the
tungsten analog is capable of being produced thoughlisteqll! , the final stepll is not
active enough to facilitate a reaction. Stes, therefore, conducted in a solvent with a
higher boiling point to achieve a successful reactidteps andll are also possible for the
introduction ofCp* to tungsten and molybdenum hexacarbonyl, but since the last step in the
synthesis involves the wmement of white phosphorus in the presence of xyléhés more
efficient rather than spending extra time for evacuation followed by a change in sdllaent.
method used for the preparation3ednd27 is new. Previous preparations used an indirect
meth)d.136' 180
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2.2. Reactionsvith Group 10 Complexeand Tungstenpeatarbonyl

The planar hexagonal Rf® and PdEPd motifs are unprecedented both by proposed
and proven structures. The inherent configuration of this complex is the result of three
reactants regardless of an initial cis, (COD)Rt€lk and trans mixture, Pt(SMeCl,; and
trans Pt(MeSPhLI, configuration (Schem@). This phenomenon is also exhibited for the
palladium analog. If the initial binding of the two species is trans, the possibility of forming a
polymer could be realized by extending the array of repeating units. Previous exaimples
this have been synthesized usBand CuX (X = Cl, Br, 1) specie$! Any attempts to react
these products further are foiled by the difficulty of producing taegibtounts of material
and also the problem of solubility as the only workable solvent known is DMSO. Powder
diffraction of amorphous precipitate from the reaction involving the tritsipm starting
material showdno sign of polymer. The nickel anala@gs attempted using trans
NiCl,(MeSPh) and crystallized using the same protocol. RepeateayXliffraction
experimentation showed the crystal to be amorphous and immeasurable.

The synthesis of this compound is performed by layeri8§ &,Cl, solutionon a
cold (0 °C) PtCGILx/CH,CI; solution via cannula. The best results for both platinum (49.9%
yield) and palladium (42.3% yield) analo@@cheme 2are obtained using the metal species
with the defined sulfur bound ligands rather than the COD sub#titwhich often results in
the formation of reduced platinum or palladium. The six membered ring unit is obtained
regardless of the stoichiometric ratio used for the starting materials. It is also independent of
the cis or trans configuration of the sulSubstituent of the platinum or palladium containing
starting material. Single brown crystals are obtained for each of the platijam(
palladium @) ring containing complexes.

Fluxional behavior, common in manyi Ptbound metallic complexé&*#°in
solution or the solictate is nt detected, however, the freezing point of DM&d18.4 °C)
does not allow NMR measurements at the low temperatures where this kind of activity is
typically detected (abotit110 °C). The soligtate Xray structure is in agreement with the
H, ¢, and®P NMR. The*'P NMR (Figurel9) detects only one species in solution as well
as the satellite peaks (appr d®tisomeiomg an AAD
Yo $253.2Hz andJp s 52051.1 Hz}Jp 5 = 457.8 Hz am%p 6 6= #629.3 HY. These
coupling constants are in agreement with those reported in the literature fa(@é&hand
J(**°Pti P) bondg8¢19?

[Mo]—[Mo]
%
N
[Mal=——[Mo] cl cl
%
2 ’/\] + 2 MClLy, _CHCl o \M/ \M/
P—P 7\ /N
cl - cl
3 RCFP
)
[Mo]—/[Mo]
1,2

Scheme2. Synthesis ofl and2. MCl,Lx = (COD)PtC} (4, cis), Pt(SMg).Cl, (5, cis and
trans mixture), Pt(MeSP§Ql; (6, trans), Pd(MeSPkI, (7, trans), and Pd(SMeCI, (8, cis
and trans mixture). [Mo] = MoCp(CQ)
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In the solidstate Xray structure, the center Pt2JPtCL motif is planar. The angle
summation of the six membered Pt,P,P,Pt,P,P hexagonal ring deviates about 5° from the ideal
720° causing only a slight bend. Yet, the angle summation (360°) about the, RriGlif
contributes no deviations from the !:{)Iane. THePRtativebond lengths (2.2241(18)
2.2405(20) A; 2.2323 av? 182 18319199 gre expected and are comparable to other examples
in the literature. The P& dative bonds are also comparable toghoghe literature and are
slightly constrained (0.1 A) compared to those in the trans poéifiéhi. The total angular
summation of the six membered Pd,P,P,Pd,P,P ring is approxirh&éiyess thary20°
contributing virtuallyno bending in the ring along with the angle summation about the
PdCLP, motif (360°). Other comparisons of strictly datively bountFBt2° and pPa P21
(Figure B) reveal that the larger cone angles generally produce larger dative bonds by the
influence of sterics. The averagé P{(2.231(2) A) and RdP (2.2443) A) are relatively
small in comparison, hower, the averagedPCl (2.3434) A) and PtCl (2.347(2)A)
lengths do not deviate significantlfthe H P bond lengths remain very consistent in
complexesdl (2.078(3) and 2.074(A) and2 (2.07§5) A) in comparision to the unbound
starting materiaB (2.079(2 A).

R Pti P PdP _ PiCl _ PdcCl

Cy 2.337(2) 2.363(1) 2.317(2) 2.301(1)
Ph 2.316(1) 2.337(1) 2.300(1) 2.290(1)
PhCHs 2.249(1) 2.265(2) 2.352(1) 2.341(2)
Et 2.263(2) 2.186(2) 2.369(2) 2.293(2)
Me 2.238(1) 2.258(2) 2.373(2) 2.369(3)

Figure 18. Motif used for the comparison of the average dativé’Mnd formal N1CI bond
lengths (A). R (cone anglé}®= Cy (170°), Ph (145°), BBH; (136°), Et (132°), Me (118°),
M = Pt206-210 and sz.ll_ZlS

Both the platinum and palladium complexgéa(d2 respectively) possess an
approximate B, symmetry down the mided when the MoCp(CQ)substituents are ignored.
Complexl1 contains no center of inversion and in each of the four quadrants containing a
cyclopentadienyl group, no pattern is noticed. Looking down the eclipse of the/PtCh
motif one sees that theth of the cyclopentadienyl groups on the upper and lower left
guadrants protrude downward. The upper right protrudes upward and the lower right
quadrant protrudes only slightly downward in comparison to the two on the right, however, all
groups possesw/ib carbonyl groups that are located in the opposite direction at an angle
tetrahedral through the molybdenum center. Similarly, the palladium analog also possesses
carbonyl groups pointed tetrahedrally in the opposite direction, but the orientation of the
cyclopentadienyl groups is more ordered. Inspection across the analogoPdiCl
motif reveals that the upper and lower left quadrants protrude out of the plane by about the
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same degree as the upper and lower right quadrants protrude into theTpisneontains an
inversion center and thus, a higher degree of symmetry and is also apparent from the lack of
deviation in the angular summation of the hexagonal f/Pd)Ring and the square planar

P,PdCL groups on either end. The two very close péalike IR spectrum df show an
antisymmetric (2014) and a symmetric (1977) stretch just as the IR spect2entobits one
symmetric (1950) and one asymmetric (1908) peak.

Cl Cl
\Pé.96 Pt/195
7\ / \

e

-95 -100 -105 -110 -115 -120 -125 -130 -135 -140 -145 -150
ppm

Figure 19. 3P NMR spectrunof 1 with simified isotope referencé=1i123.8(non,"Jp s ps s
=253.2 Hz andJp s 52051.1 Hz}Jp 5 6= 257.8 Hz andJp ¢ 6= £629.3 Hz) Mo(CO),Cp
groupsconnected to the [P] ammitted for clarity.

The solidstate structure of the Pd analog is not altagreement with the solution
phase’P NMR. Of the three singlets reported, one is identifie8(@43.09 ppm) resulting
from the decomposition of the datively bound phosphorus. The other two signals are
significantly deshielded in comparison to filatinum analogand given the relatively similar
electronegativity of the two metalsis thought that one or more equivalents of DMSO are
asymmetrically bound to one or both of the palladium atoms in solution.

The electron impact mass spectrum-KES) of 1 shows the presence of multiple
species in an inert high voltage environment. The least abundant fragment is the
uncoordinated [PtG]" salt followed by the uncoordinated [gio,(CO)P,] " ligand.
Progressive loss of carbonyl groups form the,Mim(CO),P,]" and the more abundant
[Cp.Mo2P,]" species, while an increase in carbonyl groups when bound to
platinum(ll)chloride form the more abundant [Pt(GCl] " ion. The most abundant species
detected is the [Mo(CO)jon formed from the decomposition [@p,Mo,(COP,].

The EFMS of 2 also shows the presence of the same uncoordinated
[Cp2M02(COWP;]" ligand and progressive loss of CO groups including the additional
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presence of [CiMo,(CO)R]*. The most abundant species is the uncoordinated [Mo{CO)]
ion and it is accompanied by a greater variety of uncoordinated species ([Pd{CO)CI
[PdCl3]", [MoPd(CO)Cl;]*, and [PdCl4]") as it does with the platinum analog.

The positive ion electrospray mass spectrum {#S) reveals many species df
bound to [P4(CH3:CN)x]" followed by unbound species of [REH:CN)x]*. Furthermore,
the negative ESMS shows the presence of halide containing({Bd(CHsCN)x] E an d
[MoxCIx(CHCN)x] E speci es. These two experiments r
palladium tonitrogen and show why electron impact is more suitable because it allows much
smaller concentrations when performed in,CH. Unfortunately, no data can be collected
from ESFMS whenl or 2 is dissolved in a pure GBI, solution.

Complementary synthesénvolvingthe Cp* substituted M#,* basal unit 88) was
used in an attempt to produaealogus structurefor specied and2. The obtained crystals
were not of sufficient quality for diffractioand aknownside product, (CQTp*Mo-e-H-¢-
PH,-Mo(CO)Cp*, was obtained in theupsuit of the palladium analog. Further analysis by
ESEMS showed, howevegne instance of an almost complete palladium complex,
[{Cp* 2M02(CO)2P2} 2PdCl2]+

Complex10is obtained by layering & THF solution wih a solution 0B/THF via
cannula. Single marodorown crystals are obtained after the homogeneous solution is
concentratd giving a product yield of 6. The six membered ring complexidiis given
regardless of the stoichiometric ratio of the stgrtimaterials.Complex12is obtained by an
analogous procedure. Batband12are somewhat soluable in THF and marginally soluable
in CH,CI, but insoluable in CECN, hexanes, and pentanes.

[M;—,[M]
OoC P/—P CO
[Mlq[M] THF oc\\yv/ \VVV/co
2 F!/_ L + 2 W(CO)sTHF 5™ oc” N Mo
9 oC IIDV‘P CO
[M]Z=[M]

Scheme3. Synthesis ofi0and12. [M] = MoCp(CO) for 10and WCp(CO)for 12

The W,P,P,W,P,P ring sohstate structure dfOis the second example in the
literature®!” however, it is the first example with a completely flat hexagonal (angle
summation 720°) motif. The firstxample with av,P,P,W,P,P rig contains a bent chalike
configuration and contains similarii¥ (2.508(3) and 2.529(4)) and slightly longer FP
(2.130(5)A) bond lengths. The two tungsten atoms on either side of the complex are square
planar with respect to P1, P2, and the twoagguual CO ligands (angle summation 359.95°).
This motif, along with the finely aligned axial and equatorial carbonyls, is almost perfectly
octahedral. Further inspection along the flat plane of the six membered ring shows that the
cyclopentadienyl grougpin the upper left and right quadrants point into the plane whereas the
lower left and right point out of the planén the absence of the MoCp(CQubstituents the
center of the molecule has an approximaiedymmetry.

The energy bands detected ie 1R spectra (1944 crhand 1983 ciit) are not in total
agreement with the solistate projection as four for the tungsten bound carbonyls and two for
the diphos subuniBj are expected. Nonetheless, the noticeable broadening of the detected
peaks eludethat multiple bands have overlapping intensity. It is of interest to note that in the
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positive ion EAMS (CH,Cl,) spectrum10is not detected. A sizable depletion of carbonyls
([Cp2M0o2(CO)yi oPW]Y) with tungsten still bound continues on until evenretie final W P
is severed. From this point stability is retained by binding to THRNIGHCO)s; 4P2(THF)]
") after the loss of two more carbonyls. Following the loss of THF, several species of
unbound [CpMo2(CO)y4P2] " are formed. The loss of carbdmyoups are rebound to
molybdenum and tungsten in the form of M(GDHFx.

Switching solvents (CpCIl./CH3CN) for the positive ESMS affords larger species
([Cp2i3M02; 4(CO)yi 12P2 AW1i 2] V), including the original complex0. The negative ion ESI

MS alsoshows steady patterns of larger complexes;NM@pgP,W(COX] E (X = 11, 9,
[CpoMOPW(COX] E (X = 8, 48upunitwhike exhibiting omegrogae otasion of
[Cp2M0O.P,W(CO)4 E . The rest of the species present
carbonyls.

T '
|w A o ot At
w ’ I v 1 v 1 'M— |w I T — I
0] -40 -80 -120 -160 -200
ppm

Figure 20. Variable temperatur#P{*H} NMR spectraof 10in CD,CI,/THF (3:1); From top
to bottom:27, O, ,180,1110°C.

The dynamic behavior df0in a CD,Cl,/THF solution is detected from the variable
temperaturé’P{*H} NMR (Figure 20). When the teierature approach&80 °C and
continues ta 110 °C two distinct doublets are produced representing the apparent binding of
THF and subsequent separationiusfgsten from the two phosphorus atqi@shemed). The
asymmetric environment is manifested bytive chemically inequivalent phosphorus atoms
(152. 7 Jpdpd/MLdiz),i 1 09. 5 Jsa54/7/RBD) @1110 °C) and is in
coexistence with the originally bound species.
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M- —M] [M]Q[M]
I X
OC pP—P CO oC p—p CcO
oc\\yv/ \Vvv/co THE oc\\yv/ . THF\V'V/CO
oc” £\ : ~co oc” i\ THFZ ~CO
oC p—pP CO OoC R—P" coO
N N
[M]—[M] [M]—[M]

Schemed. Proposed equilibrium df0and12in a CD,CIl/THF solution. [M] = MoCp(CO)
for 10and WCp(COyfor 12

Figure 21. Variable temperaturéP{*H} NMR spectreof 12 in CD,Cl,/THF (3:1) From top
to bottom: ,1110,7100, 180,740,720, 0,27 °C.

The same is true of the dynamic behadidin a CD,CIl,/THF solution. When the
temperature approache80 °C and continues id. 20 the variable temperatut®{*H} NMR
(Figure21l) displays two distinct doubletsX 4 1 . 3 2 Jp6 6479 1R BlZA),1153.11 (S)]

215. 6 2Jk{prd479.1PHr) @1120 °C) representing the evident binding of THF and
successive separationtohgsten from the two phosphorus atqi®shemet). Complex12is
synthesized by layering dl/THF with a solution o®/THF via cannula. Single maroon

brown crystals are obtained after the homogeneous solution is concentrated giving a product
yield of 77.2%. The six membered ring complexX ®is given regardless of the

stoichiometric ratio of the starting materials.

Thefirst noticeable similarity between the two analogs is the completely flat
hexagonal (angle summation 720°) W,P,P,W,P,P structural pattern. In comparison with the
first, which contains a bent chdike configuration,12 has similar WP (2.508(3) and
2.529(4) A) and shorter FP (2.130(5)4) bond length$!” It should also be noted that the
tungsten carbonyl configurations on either end are arranged in an octahedral structure. The
orientation of the cyclopentadienyl groups are oriented in the exact same manner as those in
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10, and thecarbonyls located opposite and on the tungsten carbonyl subunits together emit
two broad peaks in the IR spectrum. In the absence of the WCGl3}ituents the center

of the molecule has an approximatg Bymmetry. It is impo#nt to realize that emethough

all these similarities exist, tHéP NMR detects severe differences in el@etdensity around

the phosphorus atonas the two analogs regardless of temperature. In spite of the subtle
differences in electronegativity between the tetrahedraléjtipned tungsn and

molybdenum, the phosphorus atomshetungsten analodl@) are significantly more

shielded than the molybdenum compl&®)( The same is true for the palladiug) &nd

platinum @) complexes as the heavier platinum analog evamgtinthe electronegativity is
practically equivalent and the metals are located in planar positions.

The positive ESMS for 12 contains many species of considerable molecular weight,
none of which contains the original complex. Every group including WpPand CO are
subject to change in population in which the highest equivalence of phosphorus present is one
equivalent. Variations of the starting materidl)(with additions of carbonyl, tgsten, and
phosphorus atomare detected in the negative B88. No small fragments are identified,
and THF or any other petty solvents are not used in the stabilization of any of the species.

Another plausible formation for complexgs2, 10, and12is thought to exist in the
trans configuation forming eithea monomerdimer, or polymer (Figur22). Inspection of
the Mi P bond reveals that it maynotbelong enough to accommodate the steric bulk of the
MoCp(CO) configuration. Complexekand2 are bound in a square planar fashion and it is
reasonable tbelieve that if they were bound in a trans configuration the preferred geometry
around the metal center would also be square planar. While this argument could be biased for
10and12,a previously reported structurevolving datively bound phosphorusatsto a
W/(CO), subunit also confers that a six membered ring is more stab¥et, other somewhat
analogous efforts in the literature show only a monosubstituted sp&cies.

MI S IM]
P’/—§|L Ccl cCl
SN NS
CI/ \P—P/ \CI
IN
MI“=TM]

Figure 22. Explored trans possibility fat, 2, 10, and12. M = Pt, Pd, and W. X = CI fdr
and2; and (CO) for 10and12. [M] = MoCp(CO} for 1, 2, and10; and WCp(CO)for 12

X-ray Data Collectionfor 1. A light brown, thin plate having approximate dimensions of

0.109 x 0.043 x 0.013 mm, was mounted on an Oxford Diffraction Gemini Ultra

diffractometer. All intensity measuremé¢ s wer e performed using t he
= 1.5418 A) with a graphite crystal incident beam monochrometer. Cell constants were

obtained from a Fulinatrix leastsquares on%
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Figure 23. Solid-state projectiomf CygH20ClsM040gP4PL (1). Hydrogen atomand CHCI,
are removed for clarity.

Table 3. Selected Bond Lengths (A) and Angles (). (

Pt(1y CI(1) 2.3471(18) Pt(1JCI(2) 2.344(2)

Pt(1y P(1) 2.2189(19) Pt(1JP(3) 2.2387(19)

P2y CI(3) 2.352(2)  Pt(2JCl(4) 2.3457(18)

P2y P(2) 2.2406(19) Pt(2jP(4) 2.2241(18)

Mo(1)i P(1) 2.454(2)  Mo(1l)iP(2) 2.502(2)

Mo(2)iP(1) 2.479(2) Mo(2JiP() 2.474(2)

Mo(3)i P(3) 2.4703(19) Mo(3)i P(4) 2.4808(19)

Mo(4)i P(3) 2.459(2)  Mo(4)i P(4) 2.488(2)

P(1YP(2) 2.078(3) P@3¥P4) 2.074(2)
CI(LiPt(1y CI(2) 91.40(7)  CI(LiPt1yP(1)  177.47(8)
CIL)i Pt(1y P(3)  86.55(6)  CI(2)iPt(1iP(1)  88.97(7)
CI2iPt(1yP(3)  174.92(7) PAYPt(1y¥P(3)  93.28(7)
CI@)iPt(2)j Cl(4) 90.86(7)  CI@)iPt2iP(2)  176.66(7)
CI3)iPt2y P(4) 88.81(7)  ClA)iPt2yP(2)  87.45(7)
CIA)iPt2y P(4)  178.63(8) P(2J¥Pt2¥P(4)  92.81(7)
P(1YMo(l)iP(2) 49.57(6)  P(1yMo(2)iP(2)  49.60(6)
P(3JMo(3)iP(4)  49.54(6)  P(3J Mo(4)i P(4)  49.58(6)
Pt(1y P(Ly Mo(1)  142.28(9) Pt(1yP(1¥Mo(2)  135.59(9)
PH1yP(1¥P(2)  135.41(10) Mo(1)i P(1j Mo(2) 78.22(6)
Mo(1)i P(1§P(2)  66.40(8)  Mo(2JiP(1JP(2)  65.07(7)
Pt2y P(2§ Mo(1)  149.07(9) Pt2)iP(2j Mo(2)  131.93(9)
P2y P(2J P(1)  131.23(10) Mo(1)i P(2j Mo(2) 77.43(6)
Mo(L)i P(2 P(1)  64.03(8)  Mo(2)JiP(2iP(1)  65.33(7)
Pt(1y P(3y Mo(3)  134.18(9) Pt(1) P(3y Mo(4)  145.63(9)
Pt(1y P(3y P(4)  130.92(10) Mo(3)i P(3§ Mo(4) 78.38(6)
Mo(3)iP(3JP(4)  65.50(7)  Mo(4)iP(3JP(4)  65.94(8)

28



Results and Discussion

Pt2) P(4 Mo(3)  142.40(9)  Pt(2) P(4J Mo(4)  136.73(9)
Pty P(4YP(3)  135.44(10) Mo(3)i P(4§ Mo(4) 77.64(6)
Mo(3)i P4 P(3) 64.97(7)  Mo(4)iP(4JP(3)  64.48(8)

X-ray Data Collectionfor 2. A light brown, thin plate having approximate dimensions of
0.130 x 0.030 x 0.010 mm, was mounted on an Oxford Diffraction Gemini Ultra
diffractometer. All intensity measurements were performed using the omega scandmeth a
=0.71069 A) with a graphite crystal incident beam monochrometer. Cell constants were
obtained from a Fulinatrix leastsquares on¥

Figure 24. Solid-state projection of £&H»oClsM040sPsPd (2). Hydrogen atomare
removed for clarity.

Table 4. Selected Bond Lengths (A) and Angles @), (

PA(1)CI(1) 2.343%31) Pd(1)CI(2) 2.341939)
Pd(1yP(l) 2.2377(38) Pd(1JP(2) 2.2506(3)
Mo(1)i P(1) 2.464235) Mo(1)iP(2) 2.4653(39
Mo(2)i P(1) 2.4684(4) Mo(2)iP(2) 2.4759(3)
P(1YP(2)  2.0758(4%

CI(L)i PA(1j CI(2) 93.647(13% CI(1)iPd(1jP(1) 87.935(12%
CI(L)i Pd(1Y P(2)  175.919(13) CI(2)i Pd(1j P(1)  178.273(13)
CI2)i PA1)i P(2) 86236(186) P(1yPd(1JP(2)  92.236130
P(1yMo(1)i P(2)  49.808(121) Pd(1)P(1yMo(1) 138.934(163
Pd(1) P(1y Mo(2) 132.027(160)Pd(1) P(1J P(2)  136.031201)
Mo(1)i P(1y Mo(2) 78.313104) Mo(l)i P(1§P(2)  65.126(147
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Mo(2)i P(1§ P(2)  65.362(133 Mo(1)i P(2 Mo(2) 78.150(105)
Mo(1)i P(2§ P(1)  65.066146) Pd(1) P(2) Mo(1l) 132.036(16B
Mo(2)i P(2§ P(1)  64.989(131) Pd(1) P(2j Mo(2) 148126(16Q
PA(1y Py P(1)  131.213(19%

X-ray Data Collectionfor 10. A brownblack, prism having approximate dimensions of
0.120 x 0.120 x 0.110 mm, was mounted on an Oxford Diffraction Gemini Ultra
diffractometer. All intensity measurements were performed using the omega scanh o d
= 1.5418 A) with a graphite crystal incident beam monochrometer. Cell constants were
obtained from a Fulinatrix leastsquares on¥

Figure 25. Solid-state projection of §&H20M040:6PsW2(C4HgO), (10). Hydrogen atomsnd
C4HgO are removed for clarity.

Table 5. Selected Bond Lengths (A) and Angles ())(

W(L)iP(1) 2.5053(13) W(L)iP(2) 2.5112(13)
Mo(1)i P(1) 2.4405(13) Mo(1)iP(2) 2.5462(13)
Mo(2)i P(1) 2.5472(13) Mo(2)iP(2) 2.4455(12)
P(LYP(2)  2.0776(18)

PAYW(LiP(2)  89.30(4) P(1¥Mo(l)iP(2)  49.19(4)
P(LIMo(2JiP(2)  49.13(4)  W(LiP(1jMo(l) 140.18(5)
W(L)i P(1y Mo(2)  140.84(5) W(L)JiP(1JP(2)  135.70(7)
Mo(1)i P(1§ Mo(2) 74.39(4)  Mo(lJiP(1§P(2)  68.06(5)
Mo(2JiP(1§P(2) 62.88(55)  W(L)JiP(2J Mo(1l) 143.68(5)
W(LiP(2iMo(2) 137.99(5) W(L)JiP(2yP(1)  135.00(7)
Mo(1)i P(2§ Mo(2) 74.33(4)  Mo(l)JiPQJP(l) 62.76(5)
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Mo(2)i P(2§ P(1)  67.99(5)

X-ray Data Collectionfor 12. A red, prism having approximate dimensions of 0.062 x 0.056
x 0.054 mm, was mounted on an Oxford Diffraction Gemini Ultra diffractometer. All
intensity measue ment s wer e perfor med

graphite crystal incident beam monochrometer. Cell constants were obtained from a Full

matrix leastsquares on¥

using

t he

Figure 26. Solid-state projetion of GgH20016PsWs (12). Hydrogen atoms and,8gO are

removed for clarity.

Table 6. Selected Bond Lengths (A) and Angles ()

W(3)iP(2) 251108) W(@3)iP(l) 2.5151(8)
W(Q)iP(2) 2.4437(9) W()iP(1) 2.5523(9)
W(L)iP(2) 2.5516(8) W(L)iP(1) 2.4504(9)
P(1YP(2)  2.0945(11)

PRYW@R)iP(1)  89.76(3)  P(2¥ W(2)i P(1)
PRIW(L)iP(1)  49.46(2)  W(3)i P2} W(2)
W@R)iPQRYW(1)  14115(3)  W(3)i P(2J P(1)
WERIPQIW(L)  74.19(2)  W(2)i P(2) P(1)
Wi PQRYP()  62.75(3)  W(3)i P(LF W(2)
Wi P(LYW(1)  138.093) W(3)i P(1)i P(2)
W) P(LYW(1)  74.06(2)  W(2)i P(1J P(2)
W(LiP(L¥P(2)  67.79(3)
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2.3. Reactions witlGroup 11 Salts

Inorganic polymers have always been a fascinating field. Recently, multidimensional
polymers and fullerengy/pe structures, derived from delocalized electich phosphorus
bound metal substrates have attracted much attefitiéf®2*’ Still, there is no denying that
this field is in its infancy.Although examples in the literature show it is possible for bidentate

hosghorus ligands to simultaneously bind to the copper atom ob¥ QX = C[?%%¢ 3%

35238 |168, 231, 235, 237, 2843 5quare motif, none of these include any triphosphorus species. It
i's thus, i n toparsuaexpldnaton inte thasencongplexes tPreviously
performed research has shown that reactions with similar electron rich motifs have the
potential of forming polymeric specié¥. If the initial binding of the two species is trans, the
possibility of forming a polymer could be realized by extending the array of repeating units.
These complexes, along with the featured species, can only realistically be characterized if a
solid-state projection is obtained from single crystaiay diffraction.

2.3.1 Dimers Synthesiz2d From a Triphosphanotungstenand CuX (X = Cl, Br, I)

The synheses of complexeldh 16 (Schemeb) are performed by carefully layering a
solution of CuX/CHCN (X = Cl, Br, I) over a solution df3/CH,Cl, with a cannula in a 2:1
ratio and placing the solution in a dark environment for two days at room temperatare. Th
contents are then filtered with a fritted filter, layered with pentane, and cooled to 5 °C to give
yellow crystals. Theield of 14is somewhat lower due to the formation of a dark brown
byproduct(21) that contains no traces of phosphorus. The pradseparated by fractional
crystallization Likewise, the syntheses thfe analogousnolybdenum containingomplexes
18/ 20 are similar in almost every aspect other than crystallization and, of colr8€HyCl,
solution is used as the react&fltAll crystals of complexe48i 20 are obtained by slow
depolarization of the solution by gentle layering with ethieite only 18 and20 are
crystallized at a lower temperatui8 °C). Complexesl8i 20 are only slightly soluable in
CH3CN, CHCI,, and THF but they are insoluble in hexanes and pentane.

P R \ R
N 1:2 / I\\/C/ /l\

[W]T,'P + X T eh CNICH,C, [W]\IID/P N / I/
13

Schemeb. Synthesis ofl4i 16. X = ClI, Br, I. [W] = W(CO)Cp*. Analogous reactions are
also performed8i 20. X = ClI, Br, I. [Mo] = Mo(CO),Cp*. The complexes are isostructural
with the exception o20; 20is a polymer.

Complex13is synthesized by a known reactfdfihowever, it is not previously
characterized by single crystal sefithte diffraction. The solidtate projection (Figurg?)
shows tungsten bound by two carbogsdups, pentamethgyclopentadienyland the electro
rich cyclotriphosphorus.
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X-ray Data Collectionfor 13. A yellow, thin plate having approximate dimensions of 0.060

x 0.060 x 0.030 mm, was mounted on an Oxford Diffraction Gemini Ultra diffractometer. All
intensity measurements were performed udingt omega scan met hod (& =
graphite crystal incident beam monochrometer. Cell constants were obtained from a Full

matrix leastsquares on¥

Figure 27. Solid-stateprojectionof C1,H150,PsW (13). Hydrogen atoms are removed for
clarity. Selected bond length): P1i P22.1558(1)P1 P32.1378(1)P2 P32.1831(0)

Complexesl4i 16 possess carbonyl and pentamethylcyclopentadienyl substituents
oriented in opposite directions just as in the origiradtistg material. Each have
approximately @, symmetry and contain a perfectly planarXurhombus (X = Cl, Br, 1)
configuration (angle summation of 360°). In comparison to the starting mal&ial 183(9)
A), the P1P2 bond lengths of the Cudl4, 2.283(3) A), CuBr {5, 2.2785(15) A), and the
Cul (16, 2.2717(16) A) containing complexes are significantly longer (~0.1 A) due to the
slight weakeningf the bond caused by the TQan. The elongation (~0.1 A) is also present
in complexesl8 (CuCl analog?.2908(9) A) and.9 (CuBr analog, 2.2785(9) A) relative to
their starting material (2.1703(&). This elongation consequently causes BPR1P2 bond
angle increase (~3°) while the other phosphgiussphorus (RPP3 and PRP3) bond lengths
remain consigint. The tungstenarbonyl and molybdenwmarbonyl angles are also
increased (~34° for 14i 16 and ~2 4° for 18 20) in comparisoro the starting material, but
the tungstertarbon and molybdenwearbon bond lengths associated with the
pentamethylcyclopendgenyl group (CBC7) remain constant. Each of the,Eurings
contain an average CuX bond length that is elongated as the halide increases in atomic
number 4, Cl = 2.305(2)15, Br = 2.431(1)116, | = 2.585(1);18, Cl = 2.328(1)9, Br =
2.436(1):20, | = 2.620(3)A). The elongations fdt4i 16 (Cl to Br = 5.5%, Br to | = 6.4%)
are more proportional to the increase in van der Waals radii (Cl to Br = 5.7%, Br to | = 7.0%)
than the elongations fd8i 20 (Cl to Br = 4.6%, Br to | = 7.5%). As one would exp, the
distance between the copper atoms actually decreases when one compares the chloride
containing analogs with the bromine containing spediésuid15, i 0.044A; 18and19, i
0.404 A). The same pattern also exists for the bromine to iodine cogtajrecies’ and
16,10.026; 19and20,70.211 A).
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Previously synthesized molybdentarsenic complexes are the most similarly known
analogs other than the ones presented in this thesis. Molybdmasamc analogs for each of
the three copper halide spes (Cl, Br, and I) also show instances of elongation by the
complimentary AsllAs2 bonds* Yet, these complexes demonstrate an intermolecular
Cu° As binding mode which is not present in complekdisi6. It should be emphasized that
even thou similarities @st, none of the analogous reactants presenteditureact
analogously; proving this is extremely difficult without a sedtdte projection.

X-ray Data Collectionfor 14. A light yellow, flat prismhaving approximate dimensions of
0.17 x 0.09 x 0.8 mm was mounted on an Oxford Diffraction Gemini Ultra diffractometer.

All intensity measurements were performed using the omegarsean h o d.54(84A) =

with a graphite crystal incident beam monochrometer. Cell constants were obtained from a
Full-matrix leastsquares on¥

“

Mg '

Figure 28. Solid-stateprojectionof Cp4H30Cl,Cu04PsW, (14). Hydrogeratoms are
removed for clarity.
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X-ray Data Collectionfor 15. A yellow, plate having approximate dimensions of 0.160 x

0.150 x 0.060 mm, was mounted on an Oxford Diffraction Gemini Ultra diffractometer. All

intensity measurements weggerformed using the omegac an met hod (& = 1. 54
graphite crystal incident beam monochrometer. Cell constants were obtained from a Full

matrix leastsquares on¥

Figure 29. Solid-stateprojectionof Cp4H30Br.Cuw,04PsW- (15). Hydrogen atoms are
removed for clarity.

X-ray Data Collectionfor 16. A yellow, flat prism having approximate dimensions of 0.160

x 0.150 x 0.080 mm, was mounted on an Oxford Diffraction Gemini Ultra diffractometer. All
intensity measurements were perfedn usi ng t he omega scan met hoct
graphite crystal incident beam monochrometer. Cell constants were obtained from a Full

matrix leastsquares on¥

Figure 30. Solid-stateprojectionof Cy4H30C1204PsW> (16). Hydrogen atoms are removed
for clarity.
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Table 7. Selected bond lengths (A) and angles (°) of compotBis.

13 14 15 16
Cu(1) X(1) 2.267(2) 2.3989(9 2.5547(6)
Cu(1) P(2) 2.312(2) 2.2998(13)  2.3522(12)
Cu(1) P(2) 2.280(2) 2.3178(12)  2.3531(12)
Cu(lyXx (1) 6 2.343(2) 2.4631(8) 2.6157(6)
P(1) P(2) 2.183(9)  2.283(3) 2.2785(15)  2.2717(16)
P(1) P(3) 2.137(10)  2.154(3) 2.1454(16)  2.1554(17)
P(2) P(3) 2.156(10)  2.145(3) 2.1551(15)  2.1487(15)
X(1)i Cu(1) P(1) 131.91(8) 125.21(4) 124.90(4)
X(1)i Cu(1) P(2) 127.59(9) 131.07(4) 126.51(3)
X(1)iCu(lyX ( 1) 6 97.14(7) 103.62(3) 114.28(2)
P(1) Cu(1) P(2) 59.61(7) 59.13(4) 57.74(4)

X (" 1GufLy P(1) 11780(8) 120.64(4) 112.95(3)
X ( 1GQulLy P(2) 122.67(8) 113.07(4) 108.62(3)
Cu(ly X(1)iCu (1) o 82.86(7) 76.38(3) 65.72(2)
Cu(1) P(2) P(1) 60.90(7) 60.04(4) 61.11(4)
Cu(1) P(2) P(3) 104.49(10)  104.06(5) 104.14(5)
P(2) P(1) P(3) 59.9(3) 57.73(9) 58.216) 58.00(5)
P(1) P(2) P(3) 59.0(3) 58.13(8) 57.80(5) 58.29(5)
P(1) P(3) P(2) 61.1(3) 64.14(9) 63.99(5) 63.71(5)

The formation of the polymeR() is indeedascinating! Considering the two
analogous systems, evidence suggesting that tbteaglegativity difference of molybdenum
(Pauling = 2.16) and tungsten (Pauling = 2.36) affect the configaraThe greater amount
of electon density around the phosphorus atarfihe molybdenum analog allows this
species to host two singlely bound copper atoms instead of one coppdroatato two
different phosphorus atonos the sameyclotriphosphorusubunit. This added electron
density, thus, increases the average length of th& Gands found in the molybdenum
containing analogslé and18= 0.024 A, 15and19= 0.005 A,16 and20= 0.0343 A), which
is advantageous in accommodating the steric bitke Cp* substituents. More importantly,
this occurs with the | east electronegative
relative electron deficient behavior.

The solidstate projections of complex#&di 16 are not in total agreement with the
NMR spectra. A single peak is present infNMR spectrum at room temperature, which
means that the electron d#ty of the phosphorus atonssdelocalized and resonates at a
faster rate than the radio frequency pulse of the spectrometer. At |omaregures this
resonance slows. It is detectable and attributable to a change in the dative bond configuration
betweerthe copper and the phosphorus ator®se bonded or twsimultaneously bonded
phosphorus atomsould create two separate peaks in¥iffeNMR spectrum.

The3*'P MAS-NMRs for14i 16 (Figure 34 are in agreement with the low temperature
3P NMR in the case thatvo peaksareshownrepresentinghe bound and unbound
phosphorus atomdn contrast, the phosphorus at@eaks demonstrate a gratldeshielding
as the halide is increased in atomic numbéris is cased from the increased phospherus
halide distancéas the atomic number of the halide increases) from wgrizkimal electron
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densiy from the lone pairs originate&€venthough showdered peaks are noticéar 15 and
16, the integration of thevo majorpeakss 2:1 for the bound and unbound ppberus
atoms respectively, just as in the spectrumIdr One source asubtledifferences in
chemical environments is tlikstance betweethe phosphorus atorasdthe carbonyl
groups. The two affected complex&$s and16) both have significant differences in their
average PO (0.0874 A)and R C (0.0623 A)bond lengths that asurprisinglythe same for
both complexesThese averagd®i O, 0.05185 A andifC, 0.04275 A)are not so different
for 14 so any shouldering isot detecte@dnd the peak is only slightly broadenédhe bound
P1 and P®hosphorus atomare significantly more shieldeban theunbound P3~107 ppm)
for complexesl4i 16. This shows that even though the bond length is increased (~0.1 A) it is
not an electronegative effaoduced bythecopper. The P1 and P2 phosphorus atoave,
in fact, more electron density and the bond is elongated because of the straicopbéne
bonding orbitals.

Very small instances of shouldering are noticed ift6e MAS-NMR for 14i 16
(Figure 35)from minuteoccurrencesf chemical inequalityhowever, given the symmetry of
the X-ray projection the only source could be the arrangemeatbais given in the crystal
packingof neighboring unit cellsWhile complexed4 and16 are consistent with each other
a large upfield shift (~50 ppm) is noticed fid.

AR AR Mt A

Figure 31 Variable temperaturéP{*H} NM R spectreof 14in THF-dg/CH,Cl, (2:1); From
top to bottom:27, 0,140,180,1120°C. 1120°C, ti=1313.2 (b),i 407.0(b).
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Figure 32. Variable temperatur#P{'*H} NMR spectraof 15in THF-dg/CH,Cl, (2:1); From
top to bottom: 27, 0, 40, 1 80, i 120°C. i 120°C, ii= 1 318.4 (b);i 393.2 (b)i 406.3(b).
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Figure 33, Variable temperaturéP{*H} NMR spectreof 16 in THF-dg/CH,Cl, (2:1); From
top to bottom:27, 0,7140,180,1120°C. 1120°C, ti=1314.1 (b),1 423.7(b).
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Figure 34. 3P MAS-NMR spectrdor 14i 16 (202.405MHz, spinning frequency 25 kHz,
RT): 16 (violet), 15 (green),and14 (blue). The asterisks mark the sidebands.
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Figure 35. ®*Cu MAS-NMR spectraor 14i 16 (142.105MHz, spinning frequency 25 kHz,
RT): 16 (green, 15(red), and14 (blue).

The positive ion electrospray mass spectrum{#S) for 14 reveals many species of
13bound to a multiple array of copper aghtle, acetonitrile, and ammonium species.
Deviations of this pattern include the most abundant species @f1[CH(CHsCN),]" (X =
1,2) and one instance of CuCl bound.8with a loss of one CO group to form
[CuCICp*W(CO)R]". Furthermore, the negati&SFMS shows the presence of only copper
halides in the form [GkClx+1]E(X = 1i 7).

The positive ESMS for the bromide analod ) also shows instances whdrgis
bound to a variety of ammonium, coppenmide, ethylhydroxyl, and aamtitrile species.
Other species involving3 without thecyclotriphosphorugroup are bound to all the
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previously mentioned species with the exception of the ethylhydroxyl group. The most
significant observation is that the intd&is detected and bound to Ta one cas and
[Cu(CuCHCO),]" in the other. Every gnal, except for one (excepticBuBrLB, in the
negative ESMS contains complet3in combination with ammonium, copperbromide, and
ethylhydroxyl groups.

Of the tungsten containing complexie® 16, 16is the most susceptible to dissociation
when passed through a high potential electrieddifi The positive and negative E85
show no detection df6 or 13. The largest fragment seerli3without the
cyclotriphosphorusubstituent. All other species are miscellaneous combinations of
ammonium, copp@dide, ethylhydroxyl, and acatitrile.

While a steady increase in thermal decosifpan temperature is noticed from the
melting points otomplexesl4i 16 (14= 95 97,15= 96 100,16 = 153), complexe&8i 20
(18=167,19=153,20= 180 187) show a slight deviation for the bromine analog.
Newertheless, in accordance with their satdte structures, two carbonyl signals are recorded
in the IR spectra for all the species.

2.3.2 PhosphorusFree Negatively Charged Polymer

Never before has this means of synthesis produced a polymer abgkaspiiorus,
let alone a negatively charged one. What is really remarkable is that the featured polymer is
the first and only example to the contrary. In sharp contrast to the vast number positive and
neutral polymers, most negatively charged speciextegbin the literature are externally
charged inorganic compounds composed of metal oxides in which the material is, many times,
layered and excited by an external sof€&>* The unexpectedly synthesized inorganic
polymer @1) hosts a plethora of novel characteristics, as it is unprecedented in both charge,
structure, as well as the tungsteppercarbon cage subunit. Never before in the literature
has a crystal substructure, containing a pattern of a;Wa@und backbone integrated by
carbon atoms, ever been reported, yet many other examples include sulfur, selenium, nitrogen,
halides (Cl, Br) and phosphorus.

The reaction sequence for the featured product involves an unexpected rearrangement
in which phosphorus is totally eliminated (Schehe Tungsten is formallyeducedrom 0
to i 1 while retaining an 18 electron count atttls containsthe negative charge for each
polymer unit while each of the copper atoms formally posses 16 electrons. When syntheses
using copper bromide and iodide salts are attempted, the analogues of the polymer are not
obtained.

Polymer21is the byproduct ofl4 obtained by layering a CuCIl/G&N solution over a
solution of 13/CH,CI, at room temperature. The substance is placed in a dark environment for
2 days. After the mixture is filtered, layered with pentane, and cooled, (5 °C) the dark brown
crystals are separal and collected. The crystals are readily soluble igQBDH slightly in
CHCIs, even less in CHLl,, and not appreciably in pentane.

y Cambridge Crystal Database.
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Cu(acetonitrile) ,*

B (o]
OC\ R /W\ cl
/N 1:2 RN =N N
*x = CU\W/CU
Cp /W\T/P + QU o eNIch,C, /JL\[‘]/ \CI/>
P
oC 57 ~=ci \\O
13 |
Cl
L _1n
21

Scheme6. Synthesis of polyme2l. [W] = WCp*.

The solidstatestructureof 21 (Figure36) shows theCv symmetric coppecarbon
bound tungstenate clusters bridged by chloride atoms. Moreover, the syndiotactic nature of
this polymer is typified by the oppositely oriented clusters (in comparison with its neighbors),
which are similagf oriented with every second subunit. Although each of the turigdten
(carbonyl) bond lengths (1.991(3), 1.997(3), and 2.004j2emain unchanged from the
starting material (1.995(19) and 2.009(£35** a coppeirC (carbonyl) bond is not present in
the starting material. Yet, even though it may appear to be longer than many of the bonds
listed in the literature (1.650.868 A)***?**some bonds have similar lengfi> ***however,
it is not the longest example present in the literaitiré®® The lengthening can be@munted
for in terms of the electronic effects provided by the surrounding inorganic substituents. It is
thought that the tungsten atom and the geometry of the substructure influences the elongation
of the Cli C (carbonyl) and not the chloridés: 2°° The Wi Cu (2.6074(2)2.6761(5)A) and
Cuii Cu(2.7547 2.7589(6)A) bondlengtts are also in agreement with #& Cu (2.602
3.134, mean 2.728) and Cii Cu (2.29%3.575,mean 2.747A) valuesregisteedin the
Cambridge Crystal Database.

Two types of CuCl bonds are present; there is the ap@a(3) CI(3) (2.1505(9) A)
located on th&V/Cus unit and the analogous bridgi@u(1) Cl(1) (2.2671(9) A) and Cu(R)
CI(2) (2.2435(9)4) units. The extra electronic density of tiéCus unit and the steric
hindrancesupported by the bridging unit account for the difference irCti€C| bonds
length (0.1 A). The angle summation of thexCla bridgingunits (360°)demonstrates that
themotif is perfectly planar.
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X-ray Data Collectionfor 21. A dark brown flat prism having approximate dimensions of
0.28 x 0.22 x 0.13 mm, was mounted on an Oxford Diffraction Gemini Ultra diffractometer.
All intensity measurements were fiemed using the omega scan metigogs = 734) 7 1 0
with a graphite crystal incident beam monochrometer. Cell constants were obtained from a
Full-matrix leastsquares on4

Figure 36. Solid-stateprojectionof C;3H15CIsCusOsW (21). Cp* units connected to
tungsten; Cl(acetonitrile) units; and hydrogen atoms omitted for clarity. Selected bond
lengths [A] and angles [°]: W(LEu(1) 2.6761(5), W(I)Cu(2) 2.6638(4), W(1)Cu(3)
2.6074(4), W(1)C(11) 1.991(3), W(1)C(12) 1.9973), W(1) C(13) 2.001(2), Cu(1)XI(1)
2.3843(10), Cu(1)C(12) 2.182(2), Cu(i C(13) 2.150(3), Cu(1XI(1) 2.2671(9), Cu(2)
CI(2) 2.4151(11), Cu(2)(11) 2.182(2), Cl)i C(13) 2.162(3), Cu(2)CI(2) 2.2435(9),
Cu(3) CI(3) 2.1505(9), Cu(3)C(11) 2.193(3), CW)i C(12) 2.231(3), O(11)C(11) 1.172(4),
0(12) C(12) 1.171(4), O(13)X(13) 1.176(3) Cu(1) Cu(3) 2.7589(6), Cu(2ru(3)
2.7545(7)CI(1)i Cu(1) CI(1) 95.06(3), Cu(Z)CI(1)i Cu(1)84.94(3) CI(2)i Cu(2) CI(2)
93.77(4), Cu(2)CI(2)i Cu(2) 86.23(4)
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Figure 37. Proximal sites for Ciacetonitrile) on21. [W] = WCp*. Each shape represents
a different configuration: Y = the same methyl group is in close proximity to two chloride
atoms; | =one methyl group is in close proity to one chloride; C 2 different methyl
groups tetrahedrally positioned.

The counter cation also plays a role in the crystal structure by being present in close
proximity (1.65 1.87 A) to a number of different chloride atoms in a specific patféguie
37). For clarity, these are displayed with lines representing each of thgrQips on the
terminal ends of the coppéacetonitrile) molecules. The counter cations are in close
proximity to the chlorides on every other,Ci,, ring and every nomning bound chloride
(noted as CI3 in Figurg6) and are, in addition, simultaneously bound to other polymer units
in the same fashion.

Also in agreement with the solgtate projection, three different peaks representing
the coppéi(acetonitrile) countecation are detected in thid NMR as being unbound, and
two other peaks that are proximal. The second sets of shifted acetonitrile signaf$iin the
and’*C NMR (2.37ppm, 2H and 2.2@ppm 1H; 109.18pm CN and 1.8%pm Me in the
13C) agree with the $id-state projection and shows that this configuration also remains in
solution. Two carbonyl peaks detected in'tf@ NMR, one bonded to both CuCl bridges
(C13 013, 235.79 ppm) and other two bound to one CuCl bridgei (@11 and C12012,
220.46 ppm), & also in agreement with the sefithte projection. No other species
associated with byproduct or transient stages are detected. More detailed studies show that
the infrared radiation measurement detected three different carbonyl peaks (1997, 1894, and
1802), as one would expect from the saiidte projection. In spite of the high degree of
crystallinity shown from the solidtate projection the polymer is cracked at relatively low
temperatures (melting point, 112 °C). It seems clear from the larafésts detected in the
positive ion electrospray ionization (510.1 (76) @M{CO),", 849.1 (76)
CuCI[Cp*W(CO)],") that the CuCl bond is the weakest bond in the polymer and is the main
source of decomposition under heat.

2.3.3 Polymers Synthesized Fran a Tungsten(l))diphosphorusand CuX (X = Cl, Br, I)
Theisotactic dicabonylcyclopentadienyltungstefpdiphosphorusi(l) containing
polymers presented are only the third examples of their kind and are only comparable to their

chromium and molybdenum aogis®® %8 172 The syntheses of polyme2&i 24 are
performed by slowly layering a cold (0 °C) CuX/gZEN (X = Cl, Br, 1) solution on a cold (0
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°C) solution ofL/CH,CI, in a 2:1 ratio. After the solution is kept at 0 °C for a period of 7
days, red crystals are formed (SchefjpeEach of the copper halide containing species are
isostructural to each other foimg an extended array of repeating units bound in a trans
configuration affording the formation of three polymessfurther investigation on the
reactivity of these polymers fatile mainly because of the lack of solubility in aprotic
solvents includingnexane, pentane, GEI,, THF, choroform, and DMSO.

A
CH3CN/CH,Cl, P F’ X
2n CuX + 2n \ » \Cu C
Vv

W] ~[W] room temperature A X/
22: X =Cl
[W]AW] 23 X =Br

n 240 x=1

Scheme7. Synthesis o£2, 23, and24. [W] = WCp(CO).

The basal unitl1) has been previously synthesiZ&thut the soligstate crystal
structure is not reported. The structure (Figg8eforms a tetrahedral Y, framework in
which cyclopentadienyl and carbonyl substituents are attached to the tungsten. The electron
rich phosphorus amsprovide lone pairs of electrons in which electrophillic metals can
attach.

X-ray Data Collectionfor 11. A red, prism hawng approximate dimensions 0f062 x 0.056

x 0.054 mm, was mounted on an Oxford Diffraction Gemini Ultra diffractometer. All
intensity measurements were performed using t
graphite crystal incident beam monochrometer. Cell constants were obtained from a Full

matrix leastsquares on¥

Figure 38. Solid-state projection of GH1004,P,W> (11). Hydrogen atoms and,8sO are _
removed for clarity. PP bond | engt h: 2.0951(18) U.
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The cyclopentadienyl and carbonyl groups for compl@2&24 are located in
opposite directions just as in the original st@ytnaterial {1) and each of the G¥, rhombi
(X =Cl, Br, I) configurations have an angle summation of 3é0<contrast, inspection of the
angle summations of the ¢Rj rings reveals that they are not perfectly flat. Slight differences
from of the idealf20° are seen in each of the Cl (719.0°), Br (719.4°), and | (719.6°) analogs.
Even though all three polymers are, for practical purposes, @iips their conformations,
only 22 belongs to a point group other than its ident@y)( The cyclopentadényl and
carbonyl substituents of polyme28 and24 are not superimposable under any other
symmetry operations. Although, theRPbond length of the basal unitlf is virtually
unaffected when it is bound to the ‘Gan, the bond length is slightly elgated as the halide
substitution is heavier. The inductive affect of the halide dictates the electron affinity of the
Cu' ion and is demonstrated by the increastvinCiP bond | ength of appro
from the CI, Br, and | containing polymers. TheXrrings contain an average C¢bond
length that is elongated as the halide increases in atomic nud@ber € 2.344(1)J; 23, Br
=2471(1)0; 24, 1=26H (1) U), which is similar to the i
to Br = 5.5%, Br to | = 6.4%), however, no pattern is noticed in distance between the copper
atoms 2= 4.930(2)23=4.941(2)24= 4.858 (2) U). Il ncident al l
Cu--Cu---Cu linearity is increasingly interrupted as the atomic number of the halide is
increased42 = 180.00(0)°23=176.61(4)°24 = 168.49(3)°).The R P bond lengths slightly
i ncr eas e themetal 6f the hAgal uaitschanges from chromium, imdénum, and
the featured tungsten anald§%.}’? Other significant bond lengths (CR, Cu X) do not
exhibit any pattern of change.

X-ray Data Colledion for 22. A red, rod having approximate dimensions of 0.150 x 0.050 x
0.020 mm, was mounted on an Oxford Diffraction Gemini Ultra diffractometer. All intensity
measurements were performed using the omega
crystal incident beam monochrometer. Cell constants were obtained frommadfuk least

squares on¥

corece
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Figure 39. Solid-state projection of GH;0CICuUQ,P,W, (22). Hydrogen atoms are removed
for clarity.
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X-ray Data Collection for 23. A redorange, rod having approximate dimensions of 0.190 x

0.030 x 0.010 mm, was mounted on an Oxford Diffraction Gemini Ultra diffractometer. All
intensity measurements were performed using
graphite crystal incideriieam monochrometer. Cell constants were obtained from-a Full

matrix leastsquares on¥
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Figure 40. Solid-state projection of GH;0BrCuO,P,W; (23). Hydrogen atoms are removed
for clarity.
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X-ray Data Collectionfor 24. A redorange, rod having approximate dimensions of 0.16 x

0.03 x 0.03 mm, was mounted on an Oxford Diffraction Gemini Ultra diffractometer. All

intensity measurements were performed using the omegascmet hod (& = 1. 541
graphite crystal incident beam monochrometer. Cell constants were obtained from a Full

matrix leastsquares on¥
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Figure 41. Solid-state projection of GH10lCuO4P, W, (24). Hydrogenatoms and gHsN are
removed for clarity.

Table8. Compari son of selected bond I28®gths (U)

22 (X = Cl) 23(X = Br) 24(X = )
Pi P 2.087(2) 2.093(2) 2.100(2)
Cli P 2.2669(15) 2.2861(19) 2.3069(17)
2.2920(15) 2.2923(19) 2.3070(17)
Cuii X 2.3417(14) 2.4669(11) 2.6089(9)
2.3460(1) 2.4755(11) 2.6708(9)
Pi Cli P 99.59(7) 102.85(7) 107.18(5)
105.55(7) 102.85(7) 107.70(5)
P1i Clii X 109.30(4) 112.20(5) 107.18(5)
116.81(4) 112.31(6) 111.88(5)
P2 Clii X 113.83(4) 112.86(6) 107.70(5)
115.61(4) 113.62(5) 117.79(5)
Xi Cui X 99.27(6) 103.33(4) 105.57(3)
99.52(6) 103.33(4) 105.57(3)
Cui Xi Cu 80.61(5) 76.67(4) 74.43(3)
Cu---Cu---Cu 180.00(0) 176.61(4) 168.49(3)
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Figure 42. View down thecrystallographig/-axis of complexe&2, 23, and24.
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Cu , Cu

Cuﬁ:u
X g t—6%

Figure 43. View of the structures &t2i 24 perpendicular to the faces of the Zurings.
Tungstermatoms and their ancillary ligands are omitted for clarity.

The fine differences in complex28i 24 are not only obvious in the side view and the
view down the yaxis, but they also have an effect on tieMAS-NMR spectrum
Differences in signals amoticed between the P1 and P2 atoms as a result from their
interstitial differences between other atoms, but theses differences are not so pronounced for
24. The most obvious and arguably the most influential atom is copper. The divergences in
the boneéd and nonbonded copper distance2fof 0. 0251 and 23qo.on62and U) a
0.1424 U) are signi 24iseirually ynchbnged fortthe dondkd f f er e n c
copper and can be considered chemically equivalent, however, the nonbonding distance
considerably different (0.2416 U). The seco
tungsten and even though the averagé®tand WP2 distance deviations are smalR
( 0. 0 (i@ difteencesi®@3( 0. 015 24(U0). Galnddd U) . ®Othersosrceg ni f i c
of divergence include the average cark2®) 0.0535:223,0.038624, 0. 0270 U) and
(22,0.1739:23,0.177524, 0. 0236 U) distances.

From this data itvould seem that the strongest influence on the difference of chemical
shift betveen the P1 and P2 atoms is caused from the abasidantarbon and oxygen
atoms. The greatest difference in distance, however, comes from the oxygen. This is noticed
from the comparison of tHeP MAS-NMR spectra oR2i 24 (Figures44i 46) as22 and23
have two sets of markedly different peaks and th&4ae$ distorted to the point where it
seems as if a single multiplet is created. The simulated spectrum below shows that the peak is
truly made up of two closely positioned quartets although the simlddes not show the
13pp coupling.

The greatest influence on thkemical shift of the phosphorus atoocmsnes from the
positioning of the oxygen atom located on the carbgryups. Both of the phosphorus
atomsin the iodide analog?4) are shifted upéld relative ta22 and23 and they have the
lowest average distae from the oxygen aton(@2, P1 = 4.1550, P2 = 4.3289;23, P1 =
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4.3272, P224= R1 1= 947. 034 3)4 This Méanshat the.closérthe U
oxygen atom iso the phosphorus the more shielded it is and, thesnore upfield the signal
is shifted.
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Figure 44. 3P MAS-NMR spectrdor 22. Top spectrum (blue), experimental; bottom
spectrum (red), simulated’P MAS-NMR (121.49 MHz, spinning frequency 30 kHz, RT)
=1169.03 {Jpp= 411.99 Hz;Jcyp= 1057.94, 1057.95 Hz; P1)291.31 tJpp= 427.18 Hz;
YJeup=1070.15, 1078.29 Hz; P2§'P MAS-NMR (simulated) ti = i 169.08 tJpp= 432.53
Hz; "Jcup= 1060.12, 1060.09 Hz; P1)291.48 tJpp= 428.28 Hz;}Jcyp= 1075.52, 1075.71
Hz; P2). Spinning side bands = *.
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Figure 45. 3P MAS-NMR spectréor 23. Top spectrum (blue), experimental; bottom
spectrum (red), simulated’P MAS-NMR (121.49 MHz, spinning frequency 30 kHz, RT)
=1172.63 tJpp= 474.55 Hz;Jcup= 962.32, 974.52 Hz; P2)302.24 tJpp= 515.75 Hz ' Jcwp
= 106608, 1082.36 Hz; P1)*'P MAS-NMR (simulated) ti=1173.18 {Jpp= 470.16 Hz;
1Jcup= 1000.00, 1000.00 Hz; P2)302.21 tJpp= 458.25 HzJcup= 1000.00, 1000.00 Hz;
P1). Spinning side bands = *.
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Figure 46. 3P MAS-NMR spectrdor 24. Top spectrum (blue), experimental; middle

spectrum (red), simulated; bottom spectrum (purple and aqua), separated contributions of the
simulated peak>'P MAS-NMR (121.46 MHz, spinning frequency 30 kHz, RT3 1 187.75

({Jpp= 472.91Hz; YJcup= 890.90, 903.10 Hz; P1 and P3P MAS-NMR (simulated) ti =i

169.92 tJcup= 891.77, 887.63 Hz; P1 and PXeparated peaks of'P MAS-NMR

(simulated) Purple = P1, Aqua = PZSpinning side bands = *.

The most noteworthy peaks in the pogition electrospray fa22 possess the intact
basal unit {1) or some variation of it. The [Cu{GW(COXP2}]* (X = 3 and 4)
accommodates only one loss of CO while other species like [CugN&EO),P,}] * and
[Cu.Cl{Cp4W4(COXP2}] * vary the number chlae, tungsten, CO, and Cp groups in relation

to each other and the basal unit. The loss of carbonyl by the basal unit is present in the other
miscellaneous cations and anions detected.
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The ESIMS for the bromide analo@®8) also shows the basal unit iruttiple
combinations with Niand CHCN while experiencing variations in the number of CO
groups (1, 2, 3,4, 5, 6, and 7). This variation is continued when examples of CuBr are
attached in the mono and disubstituted [CuBH@pCO)P}] * and
[CuBr{CpsW4(COXP4}] " are present. Finally, the faint presence of the intact product is
identified in accompaniment with (NI{CHzCO).

The ESIMS for the iodide analo@4) also shows the basal unit in multiple
combinations with Nizand CHCN while experiencing vations in the number of CO
groups The [(NH;)2l(CH3CN){Cp.Wo(COWP.}] * species replaces Cu with NEbllowed by
the transition to Cu1Cl, (n = 1,2) containing species. The carbonyl count is unaltered in the
monosubstituted species and is consisteetiiyiced to one in the disubstituted species. Only
one instance of NlHalternate for Cu is present in the disubstituted species.

The IR spectra fo22i 24 show 5 bands with the exceptionZfhaving one of the
bands overlapping with another. One wouwtg@ext a multiple of 2n bands in the IR for the
asymmetric and symmetric stretches of the two carbonyl groups attached to each tungsten, but
with an infinite polymer one or more of these bands could be overlapping each other in the
spectrum. Simpler molet@s such as the dimers normally do not have such overlaps.

2.3.3.1 A Tungsten(l))diphosphorus,'Bu Analog and CuBr

Different varieties in the unbound unit, while seemingly trivial to the novice chemist,
create variation in crystal formation. WhiteetBu substituted unbound and bound unit are
analogous to formations of the unsubstituted species, onigafaetic, bromine containing
polymer is successful in crystallization whereas the chlorine, bromine, and iodine polymers
are obtained for the unisstituted species. This phenomenon demonstrates the trend of
increasing difficulty in crystallization as heavier substituted subunits are reacted.

The subunit is synthesized in a tpart, modified procedure. First, tungsten
hexacarbonyl is treated witBu-cyclopentadiae while refluxing for 18 h ilecalin forming
[Mo("Bu-CsH4)(CO)J..>"® Then, the mixture is charged with white phosphorus and refluxed
for arother 16 h. After the mixture is cooled and the solvent is evaporated the sangent
purified on a column of Sig¥’® The polymer is formed by gently layering a cold (0 °C)
25/CH,Cl;, solution with a CuBr/CBCN solution. The complex is crystallized by
concentration, layering with pentane, and cooling (4 °C) in darkness for [StZ&ame 8)
Attempts b synthesize the CuCl and Cul analogs using the same procedure proved to be
inconclusive due to lack of single crystals produc&ll.substance produced was amorphous
and immesurable by-Xay diffraction.

A
P—P CH5CN/CH,CI
2n CuBr + 2n \\f/ ° 2 > \C/

W W] room temperature A\ F)/ \Br'
25

26

_-B

Cu

Scheme8. Syntheses 026 [W] = W(Cp-'Bu)(CO), .
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The synthesis or characterization of com@®#éxthe basal subunit, has never before
been reported. The solgtate projection (Figuré7) shows tungsten bound by two carbonyl
groups tert-butylcyclopentadienyland he electron rich diphosphorus in a tetrahedrgPAV
framework. The lone pair on the phosphorus at@msvidesattachment sites for metals.

X-ray Data Collectionfor 25. A yellow, rod having approximate dimensions of 0.090 x

0.040 x 0.010 mm, was moudten an Oxford Diffraction Goniometer Xcalibur

diffractometer. All intensity measurements were performed usingniegas c ans met hod
=0.71073 A) with a graphite crystal incident beam monochrometer. Cell constants were
obtained from a Fulinatrix leat-squares on%

coo0
0OOsT

iy
Oy

Figure 49. Solid-state projection of £H»604P,W> (25). Hydrogen atoms are removed for
clarity. Selected bond lengtll U) i:P 2.0983(24)Wi W 3.0171(6)

The cyclopentadienyl and carbonyl greupr the unbound and bound unit are
consistently located in opposite directions. Each of th&X&dnombi for the polymer2b)
are perfectly flat as shown from their angle summations (360°). On the other handRhe Cu
rings deviate (angular summatiaf,7.7°) from the ideal 720°. This deviation is more
noticeable in Figuré0which depicts the perpendicular faces of theXGuings. This is
further proven by the lack of linearity (164.5°) of the Cu---Cu---Cu component; the breach is
most severe wheme compares it to the other unsubstituted polymers. If these slight
deviationsare ignoredthe polymer exhibit€, symmetry. The FP bond length is virtually
unchanged when the unbound unit is compared to the polyrherCu Bri Cu angle of the
'‘Bu subsituted polymer 26) is greatly reduce(5°) in comparison to the nsutstituted
analog 23) from the added steric bulihile the CuiBr bond length remains constant

X-ray Data Collectionfor 26. A red to orange, flat rod having approximate dimensadns

0.2869 x 0.0303 x 0.0120 mm, was mounted on an Oxford Diffraction Goniometer Xcalibur
diffractometer. All intensity measurements were performed usingmieggas c ans met hod
= 1.54184 A) with a graphite crystal incident beam monochrometer. Cethotsiwere

obtained from a Fulinatrix leastsquares on%
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ceocoe®
covows

Figure 48. Solid-state projection of £HsBrCuO,P,W, (26). Hydrogen atoms are removed

for clarity. Sel ect &)dPm208a78(2) Cei RH2t2638(18), U) and
CuiP12.3113(17), QBr 2.4964(9)CuiBr 6 2 . PIHGIC2 5.98(6), R1CLu Br

111.24(5), PACuiBr 6 12 2 iQ&iB(18684(55)FeBr 6 2. 4 bGAIBFr o) , P2
106.99(5), BiCuiBr 6 1 0 2 iBYi®¢ & .P6(3), Cw--Cu---Cu 164.50(3
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Figure 50. Structure o6 perpendicular to the faces of the,Btp rings. Tungsten atoms
and their ancillary ligands are omitted for clarity.

One fortunate and expected corollary from the presence Wuhgroup is increased
solubility in common solvents such as THF, £, and CHCN while remaining insoluble
in unsubstituted hydrocarbons like hexane or pentane. The greater differenceseaxkbd
solubility allow NMR studies at both low temperature and room temperature. When
temperatures are loweredit80 °C, the resonance in solution is slowenttiee radio
frequency pulse and four specific peaks are formed that represent thedousatly
inequivalent phosphorus atomEven at room temperature variances between the unbound
unit and the polymer are noticed in € NMR; the signals for the cyclopentadienyl ring and
the'Bu groups are split frorthe polymed s | a ¢ k  dnfcompayisomi@ therugbound
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unit. One instance of splitting is also noted for'Biegroup in the"*C{*H} NMR of the
polymer in comparison to the unbound unit.

LTTTNTPAPRPR T o T CTEr Ry m——

60 20 -20 -60 -100 -140 -180 -220 -260 -300 -340 -380 -420 -460
ppm

Figure 51. Variable temperatur#P{*H} NMR spectrunof 26 in THRdg/CH,Cl, (3:1);
From bottom to top27, 0,120, 180,7110°C. 1110°C, = 1180.95 (s)j 218.14 (s)J
303.00 (s)j 319.90 (s).

The'Bu group substitution adds enormous stability in comparison to the unsubstituted
cyclopentadienyl analogs. Thegitive ESIMS shows no instance of the
{('BuCpRWL(CO)P,} basal unit being damaged under measurement, every peak reported is
attributed to the formula GBry; 1{(‘BuCppW2(COMP}x. This increased stability is also
manifested by a higher melting poin@ 222 °C) when compared to the unsubstituted
bromine analog (12@22°C). Meanwhile, the negative EMS shows species that contain
CO groups, and if this assignment is correct, it is not certain what the source is as the basal
units are the only speciéisat contain CO groups. The other major species are the expected
Cuyi 1Bry units.

The IR spectra for the unbound species shows only three peaks attributed to the CO
groups. The polymer shows 5 and even though these peaks are shouldered, they are
consistat with the unsubstituted chlorine and bromine analogs; the shouldering is even more
intense for the iodine species causing the masking of one peak for a total count of 4.
Ultimately, this phenomenon is the result of disrupted symmetry experiencecobyhaite
similar species.

2.3.4. Polymers and Dimer Synthesized from reactions of Tungsten(l))diphosphorus
and Triphosphanometal (metal = W and Mo) withAgX (X = PFE CF3SO4E )

The formation of inorganic polymers using silver salts in combination-crid
diphosphorus species is barely repafted®® %%ven though attempts have already been
made®’*?"® Besides the aforementioned referetfo crystal structures are present in the
literature containing single silver atorhexa or pentaboundb phosphorus atomsln this
double boon of discoveries, polym@&%and32 are virtually unprecedented. Comple2&s
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and30 areobtained by slowly layering a solution of @E, and27 or 11, respectively, with a

solution of AG(CFSO:)E i §CN.CSimilarly,31and32 are obtained by layering a cold

solution (0 °C) of CHCI, and11 or 28, respectively, with a solution of APRs) E (i n t he ¢
of 31, 0 °C). Crystallization is obtained f@@ and30 by slow evaporation of the solvent

under reduced pressure &8fdlis additionally cooled to 0 °C in a dark environment whereas
31and32are crystallized by cooling (0 °C) in a dark environment without concentration.

[Mo] R4[Mo]

oc
P
\ : e\ i\
@MO$P - AGICRSOY) —— i\Ag~ Z\\p—Ag! F)\.\/PH '>Ag
/ B CH3CN/CH,CI, \\[M/ SN L

C ——
P.
27 \:4 /

29

AgH(CFS0,) 1:1 A W]
CH3CN/CH,Cl, \\ P/ \

"A ;

=
/TJ

\
AN

Ag' (PR~ 1:1 . [\{\/\]7"3\ / \A )

CH4CN/CH,Cl, S WReT N/

P,
1:1 B /
@W—P + Ag(PFy)” > i, A{;““\‘P_P\\

CH3CN/CH,Cl,
1./ \

28 \ R
o Xloe

Scheme9. Syntheses a29, 30, 31, and32
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Complex27is synthesized by a known reactiihowever, it is not previously
characterized by single crystétray diffraction. The soliestate projection (Figurg2) shows
tungsten bound to two carbonyl groupgclopentadienyland the electrenich
cyclotriphosphoruslt is readily soluable in C¥Cl, but moderately soluable in toluene and
pentane.

X-ray Data Collectionfor 27. A yellow, plate having approxirteadimensions of 0.240 x

0.120 x 0.030 mm, was mounted on a Goniometer Xcalibur diffractometer. All intensity
measurements were performed usingdimegascanamet hod (& = 1.54184 )
crystal incident beam monochrometer. Cell constants were obtained fromnaafitl least

squares on¥

Figure 52. Solid-state projection of &s0,P;W (27). Hydrogen atoms aremoved for
clarity. Sel ect ed 9 dPdB2211%8(18),1PHRS 2.080R3),BIhd angl
P3 2.122(21), P11 P2 P359.97&71), P1i P3 P2 6023873), PA P1i P3 59.BA(72).

Complexe29i 32 possess carbonyl agclopentadienysubstituents oented in
opposite directions just as in the original starting materials. PoR®&isreclipsed perfectly
along the zaxis and exhibits €3 rotation. If one were to ignore the orientationshaf
carbonyl and cyclopentadiengtoups a higher orderSs symmetry would be assigned,
however, the orientation of these groupdifferentfrom every second silver atom. The
center AgR configurations of each unit are pseudooctahedral from the angular distortion (up
to 10°) caused by the steric effects of theRylsubunits. There are also two sets of facially
oriented Ag P bonds that are noteworthy because of their differences in length (2.6574(16)
and 2.7945(12) U). The | onger bond is on th
therefore, a result ancreased steric influence. On the other hand tfel#nd distances and
Pi Pi P angles (60 + 1°) are identical to all the other subunits, aral/érage PP bond length
isonly slightly elongated (0. 0Z2®aBaresultof compar i
electron donation to silver. The Ai21 bond lengtlf2.7945(15)) is longer than any of the
tetrahedral structures report&d?’***and is, in fact, legit because the polymer chain would
not exist without it.
The second polymeB2, composed of analogous \W&ubunits and kier salts,
(AgJPPRE) i s a true testament to the unpredictat
structure has no higher symmetther than its identity Even though each silver atom is
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consistently bound to one phosphorus atom on two subunitsvaratdms on two subunits,

the subunits themselves disrupt the consistent pattern of the polymer. The subunits are
inconsistently bound to 1, 2, or 3 silver atoms, but the pattern for each numerical instance is
fixed. For example, a subunit bouttdone gver has two phosphorus atomi®ating two

different Ag P bonds; a subunit bouna two silver atoms bind two phosphorus atdamene
silveratomand one to the othailver atom and finallya subunit bound to three silver atoms
has two bonds to @nsilver involving two phosphorus atoms and the same two phosphorus
atomshave one bond each to two other silagns while the third phosphorus of the subunit
remains unbound. The subuniis3lpossess 2 shai.145i 2.16L A), which are similar in

length to tle unbound unjtand 1 long (2.2& 2.238 A) Pi P bond lengths and the fourth
possesses 2 long and 1 short bond lengttereas the previously mentioned com@&has

only shorter (2.12&2.155 A) Pi P bond lengths. The complementary silpapsphorus bond
lengths are also exact for each identical subunit. Seveid Agnd lengths (AgP2, Agl

P5, AgliP10,Ag2P7) are |l onger (02.79 ) than the
structure$®® 2"*2% and complegs30and31 all contain Ag P bond lengths which are well

within this preestablished range (2i2477 A). These extraordinary bond lengths are a result
of poor metal orbital overlap caused by the constraifiddyFP bond angles with the

exception of AglP10 which is a result of steric hindrance.

Polymer30has an array of syndiotactically arranged triflate groups imbedded in the
backbone of the structutetheringtwo silver atoms together by means of two oxygtnrs.
Each of these AigD bonds differ in lagth (2.3870(136) A and 2.4851(205) A) and reflect the
difference in the two distinct sets of &g rings The O Si O bond angle iaffectedby this
as each of the angles are different from each other and the largest of these angles is the
021CSi 022 (132°). The backbone of this polymer shows that every othePAtNg is
consistently pointing down and the other is pointed up and is accompanied by a difference in
Pi P (2.100(4) and 2.084(6}) and Ag P (Agli P1 2.477(3), AgllP2 2.437(3Ag2i P5
2.497(4), AQi P6 2.459(3A) bond lengths whereas the triflate containing rings have the
same PP and AgP bond lengths throughout the entire structure. The three sét® of P
(2.092(5)A) lengths have an average bond length that is practically identical toRhe P
(2.095(2)A) bond length of the unbound unit. Each of the seatem, triflatecontaining
rings are indeed not flat, however, both of the chemically differerdtsix AgP, rings are
as observed from their angle summations {y.20he pseudotetrahedralyund silver atoms
orient each adjacent ring perpendicular tol#iteer in the chain, and amadl of these patterns
this structure has no higher symmaettiier than its identity

Complex31is a single molecule with a nearly flag.P, core (angle summiain
718°). The core has a mirror plane perpendicular to the ring bisecting the twatilver
and the side units haveCa rotation, but the entire molecule itself has no symmeatngr than
its identity ThePi P bond lengths around the ring (2.1063(&Lare similar to those in the
rings of polymeB0as well as the unbound unit, and they are shorter (0.05 A) than the units
outside the ring. The inner silvphosphorus bonds (AgP3 2.4714(17) A and A§P4
2.4819(13) A) are shorter than those oféleernal ones (AgP1 2.6874(13) A and AGP2
2.6085(16) A). This evidence suggests that the relatively elongaid? #ands are a result
of steric strain on the metal bonding orbitals as e Bond constrains thé Rgi P angle.

With an electronic effagcwithdrawn electron density would be expected to contribute,
strengthen, and ultimately shorten the' Rdponds. This pattern is also noted for the
molybdenum analotf® The pseudotetrahedral structure of the silver atoms placeshe P
bond of the side unit not in a right angle, but closer foidstead.
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X-ray Data Collectionfor 29. A yellow, hexagonal column having approximate dimensions

of 0.238 x 0.048 %.032 mm, was mounted on an Oxford Diffraction Geruiitia

di ffractometer. Al l I ntensity measur ements
=1.5418 A) with a graphite crystal incident beam monochrometer. Cell constants were
obtained from a Fulinatrix leastsquares on%

Figure 53. Top: Solidstate projection of &H;5AgMo306Pg (29). Bottom: Backbone of the
solid-state projection of £H1sAgMo306Py with the exclusion of Cp and CO groups. Triflate
counterions and hydrogen atoms are removed for clarity.eSet ed bond | engt hs
angles {): PIiP2 2.1263(15), A3 2.1553(21), AP3 2.1409(19), AgIP1 2.7945(15),

Agli P2 2.6574(11), RP2 P3 59.997(56), RP1 P3 60.675(57), RP3 P2 59.328(64).
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Figure 54. Side view down therystallographig/-axisof 29.

X-ray Data Collectionfor 30. A red, parallelepiped having approximate dimensions of
0.130 x 0.080 x 0.050 mm, was mounted on an Oxford Diffraction Gemini Ultra
diffractometer. All intensity measurements were performed using the omega scad mdtha
= 1.5418 A) with a graphite crystal incident beam monochrometer. Cell constants were
obtained from a Fulinatrix leastsquares on¥

62



Results and Discussion

Figure 55. Top: Solidstate projection of £H30Ag20:.PsWs (30). Bottom: Bakbone of

the solidstate projection of £H30Ag0.01.PsWs with the exclusion of Cp and CO groups.

Triflate counterions, acetonitrile units, and hydrogen atoms are removed for clarity. Selected
bond | engt hs°):(PUP22d0608(44n ARYI2.692(45), P5P6 2.0837(50),

Agli P1 2.4766(33), AdIP2 2.4365(33), AdIP3 2.4549(32), AgP4 2.4424(32), AgP5
2.4965(40), AgkP6 2.4591(36), Agl022 2.4851(205), Ag221 2.3870(136), SD21
1.3776(140), Sl1022 1.2910(221), $123 1.5388(150), FAgli P2 116596(112), PB

Agli 022 102.878(382), RMAg2i O21 111.690(338), PAg2i P6 119.357(129), O28B1i

023 100.205(865), 02811 023 110.743(1016), 0281 022 131.734(1062).

X-ray Data Collectionfor 31. A red, prism having approximate dimensions of 0.433 x 0.286

x 0.181 mm, was mounted on an Oxford Diffraction Gemini Ultra diffractometer. All
intensity measurements were performed using
graphite crystal incident beam monochrometer. Cell constants were obtained frdm a Ful

matrix leastsquares on¥
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Figure 56. Solid-state projection of §H40Ag,016PsWs (31). PRE count eri ons, ac
dichl oromethane, and hydrogen atoms are r emo
andes ©): PIiP22.1611(18), A4 2.1063(21), AgIP1 2.6874(13), AglP2 2.6085(16),
Agli P3 2.4714(17), AdiP4 2.4819(13), RIAgli P2 48.139(47), ARAgli P4 120.214(47).

X-ray Data Collectionfor 32. A yellow, plate having approximate dimensions of 0.244 x

0.081 x 0.017 mm, was mounted on an Oxford Diffraction Gemini Ultra diffractometer. All
intensity measurements were performed using
graphite crystal incident beam monochrometer. Cell constants were obtammeal Fult

matrix leastsquares on¥
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Figure 57. Top: Solidstate projection of §gH20Ag>0sP12W4 (32). Bottom: Backbone of

the solidstate projection of &H20Ag,0gP12W 4 with the exclusion of Cp and CO groups, the

large numbers in boxes show identical subunitsEPFc ount eri ons and hydr o
removed for clarity. S e NeRIP22221G(A1K BP3l engt hs
2.1399(33), PP3 2.2166(24), R#P5 2.2384(24), R%6 2.1606(28), R46 2.1503(33), A7

P8 2.2196(26), A9 2.1531(24), A P9 2.121(30), P10P11 2.2322(25), P1P12

2.1541(34), P1iP12 2.1445(26), AgIP1 2.6554(19), AglP2 2.7963(17), AdIP3

2.6401(22), AglP4 2.6243(18), AgIP5 2.7946(22), AgIP10 2.8417(18), AgP6

2.6535(16), AgPP7 2.7892(23), AgFP8 2.6033(22), AgF10 2.7662(3), Aga P11

2.6826(20), PP2 P3 61.057(86), AP3 P2 61.294(83), AP 1 P3 57.65(8), P45 P6

58.494(79), PéAP6G P5 62.562(84), R34 P6 58.944(82), AP8 P9 58.941(93), AP9 P8
62.070(95), PBP7 P9 58.989(91), PI®1T P12 58.505(85), PI1®12 P11 62.569(98

P11 P10 P12 58.926(84), RAgli P2 48.013(48), AAgli P5 48.671(55), R'Ag2i P8

48.460(65), P10AQ2i P11 48.510(63).
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Other phenomena are detected in solusitaie, lowtemperaturé'P NMR of
complexe9and32. Complex30is not soluble enough to contidow temperaturé'P
NMR in CD,Cl, or CD,CI,/THF, and comple1is not soluble enough in GBI, THF,
DMSO, or CRXCI to perform any solutiostate NMR at room temperature or low
temperature. One peak is detected at room temperatz@ ifothe soluton and soliestate
3P NMR, and at low temperatusmlutionstate(i 120 °C) there are two signals that integrate
two to one. At this temperature the electronic resonance about thepibsghorudonds is
slower than the radio frequency pulse of HeNMR and the two lsemically inequivalent
phosphorus atonmere discernable. The two bound to silver are represented by the larger of
the two peaksi386.0 ppm) and the unbound is represented by the snid@@t.Bppm). A
single peak representing the reance is also detected at room temperatur8Zand then
disappears at temperatuiie®) toi 80 °C; it reappears againidat00 °C 32 ppm upfield from
the other measurements while other peaks become more visible at lower temperatures. Three
other prominenpeaks includa doublet, a triplet, and a $ep The resonance of the
phosphorus atonan subunits 2, 3, and 4 is uninterrupted as the temperature is lowered. The
doublet repesents the two unbound phosphorus atomsubunit 1 resulting from silver
being bound to only one phosphorus atom, and the unbound phosphorus on subunit 3 is
detected by the triplet. The severed bond is most likely th& Rg=2ince it is the weaker of
the two (2.7892(23))). This effect is apparent at 0 °C and is the mostndiséti 20 °C. The
PRE count er aniinahe®ANSR,bu it is dbtected ithe>'® 8IMR as a
septet, andhe triflate anion fo29 and 30is alsodetectable

Diagnostic*’P NMR studies conducted at room temperature show little differémces
comparison to the unbound units. Complex@and32 show very little differences itheir
chemical shift and the peaks are still singletemplex30 alsoshowsa singlef butit is
relatively shielded (about 31 ppm) perhaps by the differenceslectiic constants dhe
solvent. The IR is also consistent for all the silver complexes with their corresponding
unbound units showing two peaks in the carbonyl region.

The*'P MAS-NMR spectrum foB0 (Figure 60)is reported in spite of thiesufficient
solubility for low temperature solutioatate®™ P NMR experimentsA few assumptions must
be made on the account that only two peaks are detected. It is understood that the polymer
dilutes the difference in sensitivity of the different phosphorus ssnmoted byhe 1:1
integraton of the twopeaks and, of course, the lack of othéFhe phosphorus atoms P1, P2,
P5, and P6 are represented 268 ppm becaudéeir positions in identical subunits and
because dthe relatively greater shieldircausedrom thesmallerP--* electron distance of
the oxygen atoms. The remaining P3 and P4 are less proximal and, thus, dow2dizld (

ppm).
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Figure 58. Variable temperaturéP{*H} NMR spectreof 29in THF-dg/CH,Cl, (3:1); From
bottom to top27, 0, 140,780, 1 120°C.
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Figure 59. Variable temperatur#P{'*H} NMR spectreof 32in THF-dg/CH,Cl, (3:1); From
bottom to top27, 0,120,140, 180,7100°C.
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Figure 60. 3P MAS-NMR spectrunfor 30 (161.9 MHz, spinning frequency 23 kHz, RT).
The asterisks mark the sidebands.

Astonishingly, the MoPsubunit remains in one piece throughout the analysis of the
positive ESIMS for complex29in CH;CN and CHCI,/CH3CN solutions, and every species
has at least on silver atom bound to it. The triflate anion is the only species detected in the
negative ion ESMS. The positive ion ESVS for 30is not as populated, but every species
in the CHCN and CHCI,/CH3CN solutions also contains the unscathed starting material,
W,P,, bound to at least one equivalent of silver. Triflate is detected in the negative ion ESI
MS with the one example of the intact® subunit bond to triflate in the GEN solution.

Anaogous complexes withthe ABRE s al t are not as robust ;
silver bound to the complex and the subunits are vulnerable to deterioration. C8fnplex
does contain deteriorated isolated and silver bound species, but also shows thg tendenc
lose CO (most commonly 2) and also to breakdown to the more stable tungstenhexacarbonyl.
The counterion (PEE) al so shows a ¢r «£IMdasddpicteddnitheg af fi ni
negative ESMS and in one instance is bound to silver and the deterbsatzunit.
Complex32is markedly more robusinder positive ESMS showing only two instances of
carbonyl loss and every species except for one is accompanied by silver. Only the counterion
(PRE) is detecteeVMSin the negative ESI

2.4. PhosphorusFree Monomers

Research related to structures containing asW@alt is largely motivated by the
development of tungstemitrogen bonds for the characterization of catalytic intermediates.
230281295 |ncidentdly, this pursuit also includes tungsten bound to fifmxo2°"3*®and
alkyne* %4397 groups, however, no instance of a tungstgciopentadienytonnection is
proven by Xray crystallography. WCp*@ISbCk)s (33) is synthesized by layering a cold (0
°C) tungstenyclotriphosphoru$28)/CH,Cl, solution with an antimorpentachloride
(11)/CH.CI; solution. Two chlorides from each equivalentL@fare ionically exchanged to
tungsten reducing antimony +5 to its more stable +3 formal cli@ademe Q) The

destination of phosphorus is unknown, but it was not included iprdaict, therefore, the
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side-product is not of interest for full characterization. Since the exchange of chloride is so
rampant and the yield is not ideal (~35.7%, relative to $hidb possible that P&lis
created.

2 g "1 3(ShCly)
P

11
[W]/—l}P + 3 SbClg >

\ |, CH20|2/CH2C|2 I/I/ \\\C:I
P
CI( ~¢
13 L CI i
P
W /—l}p + SnCl,(S-PY) L :
Ny 2572 "o, C1LICHL0H o
P
13 C./S,” \co
cl
P\ P 11
/| + coCl(PPh,-nPY),
[W] [V\/] CH2C|2/CH2C|2 ocu/l "”CO
a” N
35

INZA 11
\ é |+ Agclo, - |
[W] [V\/] CH2C|2/CH3CN OC“‘/"W.””ICO

Scheme9. Synthesis 083, 34, 35, 36. [W] = W(CO)Cp*.

X-ray Data Collectionfor 33. A redbrown, prism having approximate dimensions of 0.220

x 0.170 x 0.100 mm, was mounted on an Oxford Diffraction Gemini Ultra diffractometer. All
intensitymeasur ements were performed using the om
graphite crystal incident beam monochrometer. Cell constants were obtained from a Full

matrix leastsquares on¥
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Figure 61. Solid-stateprojection of GoH1sClsW(Cl3Sb) (33). Hydrogen atoms are removed
for clarity. Selectedbah | engt hs ( Ui CH 2.864446) WCI2 33310(R))

Wi CI3 2.3426(7), WCI4 2.3751(7), WCI5 2.4826(7), WC1 2.4057(29), WC2

2.4663(30), WC3 2.4929(3), Wi C4 2.4624(32), WC5 2.4158(30), SHZI31 2.3849(8),
Sb3 CI32 2.3700(8), SHXI33 2.3479(9), SHZCI21 2.3896(8), SKAI22 2.3757 (8), Ski2
Cl23 2.3457(9). CIbwi Cl1 78.560(24), CIBWi CI2 78.035(25), CIBWi CI3 77.363(23),
CI5i Wi Cl4 77.907(24).

Thereare many striking structural deviations3@ shown by the Xay projection.
Perhaps the most obvious is the angle constrictioni(12.8°) of the equatorial chloride
ligands from the ideal 90° caused by the steric hindrance from the Cp*. Second,Ghe W
bonds distances of the Cp* ligand vary (2.4057(29) 4 929 (31) U) . This is
the proximal alignment of thequatoriakhloride ligands as the carbons closer to these
chloride ligands are elongated greater. The electron density anth@air stored in thie,
orbital of the chloride obviously donates to an antibonding orbital of thé Bénd ., ( G * ) ) ,
and, accordingly, weakens thei @ bond. If this were purely only an electronegative effect,
the inner ring CC bonds would also beggiificantly distorted, which is not true in this case.
This donation does not vary the related equatoriaCWoond lengths in the same way,
however, the axial WWCl is drastically elongated (0.108. 152 U) in compari so
caused from Jahkmeller disortion (Figure62). To avoid unequal occupation of a*)
and thetyg binding orbitals, the structure 88 distorts separating thé-y* (b1g) andz” (ayg)
binding orbitals (formerly,) as well as thez(e;) andyz(g,) orbitals from they (byg) orbital
(formerlytyg). With the loss of degeneracy, the newly forregdinding orbital is, thus,
completely and equally occupied.
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Complexes mven by single crystal >Xay diffraction containing a Wsri ClI motif are
common in the literature and some examples are very similar in comparisonQrabfe?

In comparison to the known complexes in the literatddyas the shortest V&n bond length
whichi s di

rectly dictated by t he ‘conteoedtorSn o
Throughouta | | of the examples tungsten is consi
carbonyls and tin is bound to one slightly
shortest because of the hlilghegrsddad,gsl Piedvest R on
as a control by possessing organic stipsnts, yet, it is interesting to note that the Cp
Substi

r ac
st

0
tuent is relativel y xtwore@amplestaeammeri ng t
Wi Sn bond length as the chloride stifoent count is reduced to two anédf@mains constant
and, as a result, theBu and Og(CO).Cl s ubst i

tuents have |little
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abilities. Nevertheless, the last entry also has the s@wa e, but the WSn bond is the

longest sincéhe PACN(Meygr oup 1 s a

strongeeri s

net effect iIs a acceptor |ligand. The
greater accepting abi ities of he Cp
oC
_.CO
R' W= Tn R’

OC Cl
RO RO6 6 WiSn bond | ength
Cp* Cl, Cl 2.7034(5)
((Me)CNN(COYPhCp Cl, Cl 2.7138(9)
Cp Cl, Cl 2.7244(3)
Cp Cl, t-Bu 2.7518(6
Cp Cl, Og(CO)..Cl 2.7557(68)
Cp* Me, Me 2.7865(3)
Cp Bu, Bu 2.7960(5)
Cp Cl, PhCN(Me) 2.8204(3)

Table9. Cl osel vy
312

rel ated

comp !l e x etee WaSn thond lénghit® r

Complexes34, 35, and36 show the same differences\Wfi C bond lengths associated
with the Cp* ligand because of electron donation of different carbonyls, and electron

withdrawing effects of Sng| chloride, and hydrogen ligands. As previously mentioned, the

carbonyl group has an effect, but it is small@ntithe heteroligands which effect thé @&/
elongation in the following order H>CI>SnCIThe Sn( ligand has the largest inductive
force of electron withdrawal as the threefold presence of chloride accentuates the
electronegativity. The tungsten then d@es more positive and withdraws more electron
density from the Cp* group causing thd @/bond to possess greater electron density.

Another consideration is the steric hindrance of the ligand (cone angle = 118°) could also

cause the WC bond to lengthenElimination of tin to a pure chloridegand contains no
cone anglend a lesser electron withdrawal effe€onsequently, this creates a longer@V
bond The final and most effective ligand is the hydride, which is too small and near to
tungsten to b&rmally detected by ay diffraction, however, the similarity of the O@1
CO angles with the other complexes certainly confirms its presence. It has no electron

withdrawing capacity andhus the largest WC bond is present. The movement of electron
density away from the WC bond causes an increase of electron density in the Cp* ring and

the Q C bonds of the rings are shortened as thi€\Wonds are lengthened.
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Results and Discussion

X-ray Data Collectionfor 34. A clear crystal having approximate dimensions of 0.125 x

0.105 x 0.026 mm, was mounted on an Oxford Diffraction Gemini Ultra diffractometer. All
intensity measurements were performed using
graphite crystal incident beam monochrometer. Cell constants were obtameal Fuat

matrix leastsquares on¥

Figure 63. Solid-state projection of GH;1sCl30sSnW 34). Hydrogen atoms are removed for
clarity. Selectedbah | engt hs ( U¥PriCidrR.8543(16)g3ini5s2.353417),

S ClI6 2.3532(18), SV 2.7034(5), WC21 2.2813(67), WC22 2.3305(56), WC23
2.3630(61), WC24 2.3517(64), WC25 2.2944(68). SWi C5 75.404(195), SIWi C4
73.910(193), CBWi C6 77.467(268), QBN C4 79.327(265). Sngtone angle = 118°.

X-ray Data Colledion for 35. A clear crystal was mounted on an Oxford Diffraction Gemini

Ultra diffractometer. All intensity measurements were performed using the omega scan

met hod (& = 1.54178 1% with a graphite cryst
were obtainedrbm a Fultmatrix leastsquares ont.
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Figure 64. Solid-state projection of GH1sCIO;W (35). Hydrogen atoms are removed for
clarity. Selectedbah | engt hs ( UYiCH 2.d49958h WC1d 8.3294/1)), W
C12 2.2950(9), WC13 2.3021(7), WC14 2.3671(7), WC15 2.4079(10). CiwiC1
79.001(13), CaWi C2 79.222(12), CG2Wi C3 77.737(13), G3WI C1 78.178(11).

X-ray Data Collectionfor 36. A clear crystal was mounted on an Oxford Diffraction Gemini

Ultra diffractorreter. All intensity measurements were performed using the omega scan
method (& = 1.54184 ) with a graphite cryst
were obtained from a Futhatrix leastsquares on ¥

Figure 65. Solid-state projection of GH1503W (36). The pink atom marks the position of
the undetected hydrogen atom. Hydrogen atoms are removed for clarity. Seledted bon
l engt hs ( U): WaGl@.41880y We&2s2.3704(0), WC3 2.3097(0), WC4
2.3090(0), WC5 2.3783(0). CLaNi C11 77.808(0), CIwWi C12 77.591(0).
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lll. Experimental

3.1. General Remarks

3.1.1. Atmosphere and Solvents

All manipulations are performed using standard Schlenk artatyechniques under
an atmosphere of nitgen or argon. All solvents are degassed and distilled from appropriate
drying agents under an atmosphere of dry, oxyfges nitrogen prior to use. G8l, and
CHsCN is distilled from Cakbl Pentane, hexane, toluene, xylene, and THF is distilled from
K/benzophenone. All deuterated solvents are degassed and stored over molecular sieves,
which had previously been dried for several hours under high vacuum at 200 °C.

3.1.2. Starting Materials

The followingreactantsre acquiredcommercially (company) argtored under an
inert atmosphere as receive@p (Aldrich), AgSO;CF; (Fluka), AgPFs (Aldrich), CuCl
(Strem), CuBr (Strem), and Cul (AldrichYhe complers3, 27,277 27043135 7 314.315¢
8,3143159 316 and11*'° as well azompounds Cp*!" 38NaCpl’’ and'BuCp**®are
synthesized from known methods.

3.1.3. Characterization Methods

The melting points are measured with mercury r@edrded on a Blchi, SMEO and
are uncorrected. The infrared spectroscopy is recorded on a Varian, Scimitar FTIHh&8©€.
instruments are provided by the work groupffessor doctor Manfred Scheer.

Elementakinalysesre performed on an Elementar, Vario EL Il and the electrospray
ionization is performed with a Thermo Quest Finnigan TSQ 7000. All nuclear magnetic
resonance spectra are recorded on a Bruker AVAMGENMR spectrometerSamples are
referenced against TM$H, °C), CFC} (*%F), and 85% HPO, (*'P) as external standards.
Chemical shifts are reported in ppm, according tdaitkeale, and the coupling constadis
Hz. The NMR spectra are proceskusing the 1BNVINNMR program All X -ray
crystallographic analysese performed by the Xay crystallography department of the
University of RegensburgThe data were collected am Oxford Diffraction Gemini Ultrar
Goniometer XcalibuECD diffractometer.The structuresre solved using either SIB7**%or
SHELXS97°*! and refined using SHELXO7**! with anisotropic displacements for non
hydrogen atomsHydrogen atomsre located in ideated positions and refined isotropically
according to the riding modePRictorial representations of the structuaes generated using
the Diamond progranf? These instruments and services are provided by the University of
Regensburg Central Analytic Department.

The solidstate®'P MAS-NMR specta of compound&2i 24 and29 were recorded by
Dr. Christian Groger (research group of Prof. Dr. Dr. Kalbitzer, University of Regensburg) on
a Bruker AVANCES3O0O soliestate spectrometer in 2.5 mm probédl. spectraare acquired at
121.50 MHz at spinning ras of 30 kHz, and samplase referenced against NgPD, as an
externglzlsstandardAII 3P MAS-NMR simulationswereperformed on a 2008 version of
DMfit.
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The solidstate®'P MAS-NMR and®°Cu MAS-NMR spectra ofL4i 16 and30 were
recorded by DrJinjunRen(research group of Prof. Hellmut Eckert, University of Minster)
The solidstate®P MAS-NMR spectrum ofl4i 16 were recordedn a Bruker DS%00 solid
state spectrometer in 2.5 mm probes. The spectra were acqifEi4tMHz usingsingle
pulse acqisition spinning rates of 25 and 30 kHz. A rotor synchronised Hahregia
sequence, generated with 90° pulse lengflis8e s and r el a QmainuieoPb6 del ay s
scans)was used to record the spectifhe solidstate®P MAS-NMR spectrum oBOwas
recorded on a Bruker DSX400 sabthte spectrometer in 2.5 mm probes. The spectrum was
acquired at 161.90 MHz usirsingle pulse acquisitiospinning rates of 25 and 30 kHz. A
rotor synchronised Hahn spatho sequence, generated with 90° pulse leruftthgle s a n d
relaxation delays af0 minuteg264scans)was used to record the spectr. The samples
were referenced agst 1M HPO, as an external standar@ihe ®°Cu MAS-NMR spectraof
141 16 were recorded on a Bruker DSX500 schthte spectrometer in 2.5 mm probes. The
spectrum wascquired afl42.11MHz usingasinglepulse acquisitiospinning ratef 25
kHz. A rotor synchronised Hahn spatho sequence, generateith 30° pulse lengthsf 1
¢ @and relaxation delaysf 2 secondg1024scans)was used to record the spectiide
samples were referenced against Cul as an external standard.

3.2. Protocol

Bis(1P,2P-bis(dicarbonylcyclopentadienylmolybdenum(l))diphosphorus
9°P,P)bis(dichloroplatinum(ll)) (1). A solution of3 (100 mg, 0.202 mmol) in Ci€l, (10
mL) is added at room temperature to a solutio, &f or6 (0.202 mmol) in CHCI, (10 mL),
and the color of the mixture changes from orange into brown instantly. Further sorrihg f
days at 25 °C leads to the formatiortteé productwhich is collected via filtration, washed
with CH,Cl, (3 x 5 mL), and dried under vacuum. Single broXvray qualitycrystals are
obtained by layering the MB,/CH,CI, solution over a cold (0 °G), 5, or 6/CH,CI; solution.

Product yield (relative to3 using5): 0.076 g, 49.9%.

M.P.: 147°C (decomposition)

'H NMR (400.13 MHz, DMSQds, 27 °C):ti=5.91 (s, 20 H, Cp).

¥C{*H} NMR (100.63 MHz, DMS@dg, 27 °C):li= 218.518 (s, CO), 89.12 (s, Cp).

31p{’H} NMR (161.94 MHz, DMS@ds, 27 °C):li =1 123.82(non, Jp 5 % 253.2Hz and
Jp pt=2051.1 Hz;'Jps , $457.8Hzand’Jr 5, 1629.3 Hz)

IR (KBr): 3 = 3093 (w),2014 (vs; CO), 1977 (vs; CO}632 (w), 1419 (w), 1260 (w), 1071
(W), 1022 (W, 834 (m), 548 (w), 487 (m), 432 (m)

Positive ion EFMS (CHsOH, RT): m/z(%) = 496.058 (9) [CiM0(COWP;]*, 439.9 (12)
[CpM0,(COYXP,]*, 384.0 (41) [CpMO,P,]*, 322.01 (14) [PH(CGLL]*, 267.1 (3) [PtC],
124.1 (100) [Mo(CO)].

Elemental analysis Calculated (%) for gsH.oM04,0sP,PLCl, (1693.89): C 21.25, H 1.42;
found: C 21.93, H 1.48.
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[MO 2P2Cp*PtC| 2]2.

Positive ion ESFMS (CHzCN/CH,Cly, + 10 mmol/L NH'CHs;COE RT): m/z(%) =653.0
(100) [Cp*%M02(COUP-NH,]*, 625.1 (75) [CpsMo2(CO)sPNH,] ", 597.1 (16)
[Cp*2M02(CORP-NH,4]*, 569.1 (45) [Cp3M02(CO)PNH,4]".

Negative ion EStMS (CH;CN/CHCly, + 10 mmol/L NH"CH.COE RT): m/z(%) = 597.9
(34) [(NHz)10o(CH3CONCI7]E 179.0 (64) [NHCI(CH3;CO)(CHCN),] E33.1 (16)
[NH4(CHsCO)LC O] E

Positive ion EFMS (CHsOH, RT):m/z(%) = 578.2 (6) [CpiMo,(CO)LP,]*, 526.2 (38)
[Cp*sMo,P,]*, 496.3 (100) [CpsMo2PT', 458.3 (73) [PLCl,]*, 265.2 (37) [PGI".

Bis(1P,2P-bis(dicarbonylcyclopentadienylmolybdenum(l))diphosphorus
9°P,P)bis(dichloropaladium(ll)) (2). A cold (0 °C) solution o¥ (61 mg, 0.202 mmol) in
CH.Cl, (10 mL) is layered with a solution 8f(100 mg, 0.202 mmol) in Ci&l, (10 mL), and
the color of the solution tusndark instantly. After about one week small browre}( quality
crystals are formed. Substitution®ivith 8 yields the same structure.

Product yield (relative to 3): 0.057 g, 42.3%.

M.P.: 151°C (decomposition)

'H NMR (400.13 MHz, DMSQds, 27 °Q: ti=5.98 (s, 20 H, Cp).

¥C{*H} NMR (100.63 MHz, DMSQdg, 27 °C):li = 225.93 (s, CO), 86.4(8, Cp).
S1pIH} NMR (161.98 MHz, DMSG@ds, 27 °C):li= 0.086 (s)j 43.09 (s);i 84.26 (S).

IR (KBr): 3= 2963 (w), 1950 (s, CO), 1908 (s, CO), 1417 (w), 12811395 (s), 1020 (s),
910 (w), 863 (w), 799 (s), 741 (w), 690 (w), 568 (m), 531 (m), 498 (m), 463 (M), 449 (m).

Positive ion EFMS (CHsOH, RT):m/z(%) = 496.1 (10) [CsM0,(COWP,]", 440.1 (21)
[Cp2M0,(COXP,]*, 412.1 (6) [CpM02(CO)P)*, 384.2 (72) [CpMO:P5*, 355.1 (14)
[PcCly", 330.1 (12) [MoPd(CQEI,]", 319.3 (10) [PsCly]*, 205.3 (38) [PA(CO)G]*, 124.2
(100) [Mo(CO)].

Positive ion ESEMS (CHsCN/CH,Cl,, RT): m/z(%) = 1184.7 (22)
[CP2Mo(CORPPA(CH3CN)e]*, 1151.6 (13) [CEMO2(CORPPd(CH3CN)3]*, 1053.6 (17)
[Cp2M0,(CORP.PA(CHCN).4]*, 807.3 (13) [CEM0x(CO),P,Pd(CHCN):*, 583.2 (72)
[Pcb(CH3CN)g]*, 542.2 (100) [PS{CHsCN)g]*, 501.1 (79) [Pe{CHsCN).]*, 454.3 (36)
[Pdu(CHSCN)]".

Negative ion ESIMS (CH3CN/CH,Cly, RT): m/z(%) = 531.0 (72)(PdCh)s]E 513.0 (86)
[MoClg(CH3CN)s] B59.0 (35) [PAG(CH:CN)s] B21.3 (39) [MeClz(CH:CN);] B91.0
(26) [MoCls(CHsCN),] B72.3 (100) [PAG(CHsCN)s] BR94.1 (54) [PAG(CHsCN),] .E

Elemental analysis Calculated (%) for &H>0M040gP,PACls: C 24.97, H 1.50found: C
24.98, H 1.52.
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[MO 2P2Cp*PdC| 2]2.

Positive ion ESFMS (CHsCN/CH,Cl,, + 10 mmol/L NH'CHs;COE RT): m/z(%) = 1338.8
(3) [{Cp*2M0x(CO)P.} ,PdCh]*, 676.0 (25) [CpsMo,(COLP,CHsCN] ¥, 631.9 (51)
[Cp*2M02(COX%P]", 603.9 (100) [CpsMo(CONP]', 569.0 (62) [CpsMo,(CO)P+NH4]".

Negative ion EStMS (CH3;CN/CHCl,, + 10 mmol/L N!{CHQ,COL'—‘, RT): m/z(%) = 599.9
(16) [(NH4)10(CH3COXCI;]E 454.9 (100) [PgCIsC O] 222.9 (54)

[NH4CI(CHsCO)(CHCN)3] E79.0 (85) [NHCI(CHsCO)(CHCN);] E33.1 (19)
[NH4(CHsCO),C O] E

Bis(1P,2P-bis(dicarbonylcyclopentadienylmolybdenum(l))diphosphorus
a°P,P)bis(tetracarbonyltungsten(0)) (10) A solution of3 (100 mg, 0.202 mmol) in THF (5
mL) is layered with a solution of W(CEX)HF (9) in THF (0.028 M, 7.2 mL). The solunas
concentrated and cooled to 5 °C giving marboown X-ray qualitycrystals.

Product yield (relative to 3): 0.133 g, 76.2%

M.P.: 145 148 °C (decomposition).

'H NMR (400.13 MHz, CBCl,, 27 °C) ti= 5.32 (s, 20 H, Cp), 3.68 (m, THF), 1.82 (m,
THF).

13c{’H} NMR (100.63 MHz, CBCl,, 27 °C) ti= 191.43 (s, CO), 87.25 (s, Cp), 68.15 (s,
THF), 25.98 (s, THF).

3p{’H} NMR (161.95 MHz, CBCl,, 27 °C) U= 43.12.

3p{*H} NMR (CD.CIJ/THF (3:1), 161.98 MHz, 27 °C}i=i41.63 (s).
3p{*H} NMR (CD.ClJ/THF (3:1), 161.98 MHz, 0 °C)i=1i41.79 (s).
3p{*H} NMR (CD.CIJ/THF (3:1), 161.98 MHZ; 40 °C):li=1i41.63 (s).

31prHY NMR (CD.Cl/THF (3:1), 161.98 MHZ{ 80 °C):ti=i43.11(s)i5 1 . 4 2 J{sflas P O,
=503.99Hz),i1 0 6 . 0 1 Jp( #503.99812). ,

31p{IH} NMR (CD.CI/THF (3:1), 161.98 MHZ{ 110 °C):i=744.20 (s)i5 2 . 6 6 J{s s PO,
=47711Hz),i1 09 . 5 3 Jp6 gb477.H B,

IR (KBr): 3 = 3447 (br), 2964 (s), 1983 (s, CO), 1944 (s, CO), 1417 (w), 1262 (s), 1097 (s),
1022 (s), 866 (W)801 (s), 703 (W), 575 (m), 459 (w) tm

Positive ion EFMS (CH,Cl,, RT): m/z(%) =819.6 (6) [CpM0o(CO)PW]*, 789.5 (2)
[Cp2Mox(COXPW]*, 763.6 (4) [CpM02(CO),PW]*, 734.6 (3) [CEM0(COXPW]*, 679.6
(7) [CPM0(COXPW]*, 651.6 (26) [CEMO(CO)PW]*, 623.9 (9) [CpMO2(CORPW]*,
595.8 (9) [CpM02(CO)RW]*, 567.7 (52) [CoM02(COUPTHF)]" or [CpsMo,P,W]*, 537.8
(16) [CpMO02(CO)PA(THF)]*, 495.8 (13) [CpMO0x(COUP;]*, 439.8 (23) [CpM0(COYPy]*,
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412.9 (3) [CpM0,(CO)P]", 381.9 (72) [CpMO.P,]", 353.8 (17) [Mo(COXTHF),]*, 351.9
(51) [W(CO)]", 268.0 (100) [W(CO)], 240.0 (33) [W(COJ", 212.0 (32) [W(CO)], 207.1
(41) [Mo(CO)]", 151.1 (15) [Mo(COj".

Positive ion ESFMS (CH,Clo/CHsCN, RT):m/z(%) = 1584.9 (8) [CyM04(CO)ePsW]",
1405.8 (1 [CpaM04(CO)PsW,]*, 820.0 (31.3) [CEM0(CO)%P,W]", 680.6 (100)
[szMOz(CO)4P2VV]+.

Elemental analysis Calculated (%) for gsH20M04016P4W2(C4HgO),: C 30.58, H 2.10;
found: C 29.90, H 2.24.

Bis(1P,2P-bis(dicarbonylcyclopentadienyldiphosphorustungste(l)) -

a’P , )Bi§(tetracarbonyltungsten(0)) (12). A solution of11 (0.050 g, 0.074 mmol) in THF
(5 mL) is layered with a solution of W(CEIHF in THF (0.028 M, 2.7 mL). The solution is
concentrated and cooled to 5 °C for 7 days giviagaquality maroofbrown crystals.
Product yield (relative to 11): 0.059 g, 77.2%

M.P.: 155160 °C (decomposition).

'H NMR (400.13 MHz, CBCl,, 27 °C) ti= 5.32 (s, 20 H, Cp), 3.68 (m, THF), 1.84 (m,
THF).

13c{*H} NMR (100.63 MHz, CDQCl,, 27 °C) ti= 191.78 (s, CO), 825 (s, Cp), 68.28 (s,
THF), 25.98 (s, THF).

3p{’H} NMR (161.98 MHz, CCl,, 27 °C) =1 152.45.

3p{*H} NMR (CD.CIJ/THF (3:1), 161.98 MHz, 27 °C}i=i151.21 (s).

3p{*H} NMR (CD.CIJ/THF (3:1), 161.98 MHz, 0 °C)i=1i151.04 (s).

3p{'H} NMR (CD.Cly/THF (3:1), 161.98 MHZ 20 °C):li=1115.89 (s)j 151.01 (s).
3p{'H} NMR (CD.Cl,/THF (3:1), 161.98 MHZ 40 °C):li=1115.86 (s)j 151.21 (s).

31p{IH} NMR (CD.Cl/THF (3:1), 161.98 MHZi 80 °C):ti=i 115.86 (s)j 151.21 (S)j
212 . 7 7Jdr4454.82 BIz).

31pfIH} NMR (CD.CI/THF (3:1), 161.98 MHZ[ 100 °C):i=i1 4 1 . 0 0 Jp &p456.690 0 ,
Hz),1152.69 (s)j2 1 4 . 4 1Jp { 74 4%6.6PHE).
3p{’H} NMR (CD.CI/THF (3:1), 161.98 MHZ{ 110 °C):li=i11 4 1 . 1 5 Jpo( 454960 0 ,
Hz),1152.98 (s)j2 1 5 . 0 4Jp { 5/4454.56Hr).
31pfIH} NMR (CD.CI/THF (3:1), 161.98 MHZ[ 120 °C):i=i1 4 1 . 3 2 Jp( &p479.1206 0 ,

Hz),1153.11 (s)j2 1 5 . 6 2Jp { 54 479.1PH).

IR (KBr): 3= 3115 (w), 2963 (m), 2359 (w), 1999 (s), 1916 (s), 1417 (w), 1261 (s), 1095 (s),
1020 (s), 799 (s), 703 (w), 593 (w), 566 (m), 523 (m), 451 (M¥.cm
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Positive ion ESFMS (CHsCN, RT):m/z(%) = 1406.2 (100) [CW5(CO)P]".
Negative ion ESIMS (CH3CN, RT):m/z(%) = no peak.

Positive ion ESEMS (CH,Cl/CH:CN, RT):m/z(%) = 1746.2 (13) [CiWe(CO)d*, 1703.0
(8) [CR:We(CO)W1PT, 1451.0 (45) [CRN4(CO)sPT', 1406.2 (100) [CPNs(COYPT'.

Negative ion EStMS (CHCl/CH3;CN, RT):m/z(%) = 1057.7 (63) [CiW3(CO)oPy] #Q3.0
(100) [CpW2(COXP]E ,

Elemental analysis Calculated (%) for ¢gH20M04016P4W2(C4HgO): C 23.93, H 1.41;
found: C 24.36, H 1.49.

1ClI,2Cl-bis(dicarbonyl(pentamethylcyclopentadiayl)cyclotriphosphanotungsten(Q-

a’P , dopper(l))-e-dichloride (14). A solution 0f13(0.050 g, 0.161 mmol) in Gi€l, (10
mL) is layered with a solution of CuCl (0.032 g, 0.322 mmol) i€ (10 mL) and placed
in a dark environment for 2 days at 22 °C. The contents are filtered witted filter,
concentratedayered with pentane (2 mLand cooled to 5 °C giving yellow plali&e X-ray
quality crystals.

Product yield (relative to 13): 0.035 g, 38.3%

M.P.: 9597 °C (decomposition).

'H NMR (400.13 MHz, CDGQ, 27 °C) ti= 2.20 (s, 20 H, Cp*), 2.00 (s, 10 H, Cp*).

13c{*H} NMR (100.63 MHz, CDGQ, 27 °C) ti = 220.46 (s, CO), 106.54 (s, Cp* (C)), 11.54
(s, Cp* (CH)).

$P{*H} NMR (161.95 MHz, CBCl,, 27 °C) li=1374.91 (s, B.

$P{’H} NMR (THF-dg/CH,Cl (2:1), 161.98VIHz, 27 °C):ii=1375.08 (S).

31P{lH} NMR (THF-dg/CH.ClI, (2:1), 161.98 MHz, 0 °C)i=1376.80 (S).

31P{lH} NMR (THF-dg/CHClI, (2:1), 161.98 MHzj 40 °C):U= no signal.

31P{lH} NMR (THF-dg/CHClI, (2:1), 161.98 MHzj 80 °C):0=1407.25 (s).

31P{lH} NM R (THF-dg/CH.Cl, (2:1), 161.98 MHzj 120 °C):u=1313.16 (b)] 406.97 (b).
Solid-state*'P MAS-NMR (202.41MHz, 27 °C):li= 1290(s, 1 P, 1392 and 399(s, 2 P.
Solid-state®®*Cu MAS-NMR (142.11MHz, 27 °C):ti= i4.0andi 12.2(s).

IR (KBr): 3=2963 (w), 1996 (s, CO), 1923 (s, CO), 1477 (m), 1451 (m), 1381 (m), 1261 (s),

1096 (s%, 1028 (s), 867 (w), 800 (s), 704 (s), 558 (w), 574 (m), 506 (m), 449 (s), 451 (m), 418
(m) cm ~.
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Positive ion ESTMS (CH3CN, RT):m/z(%) = 1046.7 (9)

[CusCls{ Cp W(CO)Ps} (CHsCN),]*, 978.9 (10) [CyCls{Cp W(CO)P:}CHsCNNH,]*, 947.2
(20) [CwCl{Cp W(CO)P:}(CH3CN),]*, 879.2 (15) [CuCl{Cp W(COLPs}NH ,]*, 824.2
(70) [CwCIx{Cp W(CO)P3}CH3CNNH4]*, 781.1 (12) [CeCls{Cp W(COLPsINH 4]*, 624.1
(21) [CuCKCp W(CO),P:}CH3sCNNH,]*, 608.2 (48) [CuCKCpW(CO)Ps}CHCN]*, 585.9
(31) [CuCKCp W(COYLP:INH 4]*, 567.1 (21) [CUCKCPW(CO)Ps}] *, 537.1 (58)

[CUCH{Cp W(CO)Rs}] ¥, 486.1 (99) [{CPW(COLPINH 4]*, 342.7 (98) [CYCI(CH3CN),*,
244.8 (100) [CECI(CH3CN),]".

Negative ion ESTMS (CH;CN, RT):m/z(%) = 726.4 (21CL_|7CI8]E 628.5 (6) [CuCl7] E,
530.6 (47) [CeClg] B30.6 (5) [CuCls] B32.6 (3) [CyCly] B32.7 (6) [CuCls] E34.9

(100) [CuC}) .E

Elemental analysis Calculated (%) for &H3Cl.CwO4PsW,: C 25.42, H 2.67; found: C
25.68, H 2.74.

1Br,2Br-bis(dicarbonyl(pentamethylcyclopentadiayl)cyclotriphosphanotungsten(Q-

a’P , ddpper(l))-e-dibromide (15). A solution 0f13(0.050 g, 0.161 mmol) in Gi€l, (10
mL) is layered with a solution of CuBr (0.046 g, 0.322 mmol) in@CH (10 mL) and placed
in a dark environrent for 2 days at 22 °C. The contents are filtered witftted filter,
concentratedayered with pentane (2 mLand cooled to 5 °C giving yellow plali&e X-ray
quality crystals.

Product yield (relative to 13): 0.063 g, 63.9%

M.P.: 96i 100 °C @lecomposition).

'H NMR (400.13 MHz, CBCl,, 27 °C) ti= 2.19 (s, 24 H, Cp*), 1.97 (s, 6 H, Cp*).

¥3C{*H} NMR (100.63 MHz, CRCl,, 27 °C) li= 219.31 (s, CO), 103.91 (s, Cp* (C)), 11.63
(s, Cp* (CH)).

$P{*H} NMR (161.95 MHz, CBCly, 27 °C) li=1369.01 (s, B.

$PH} NMR (THF-dg/CH,Cl, (2:1), 161.94 NHz, 27 °C):li=1i369.22 (s).
$P'H} NMR (THF-dg/CH,Cl, (2:1), 161.94 MHz, 0 °C)i=1373.42 (s).
$PH} NMR (THF-dg/CH,Cl, (2:1), 161.94 MHZj 40 °C):li= i 383.60 (s).

31p{H} NMR (THF-dg/CH.Cl, (2:1), 161.94 MHzj 80 °C): Ui = 1320.46 (b),i 397.25 (b,
403.58 (b)

3P{*H} NMR (THF-dg/CH.Cl, (2:1), 161.94 MHzj 120 °C):li=i318.44 (b)) 393.15 (b);
406.29 (b).

Solid-state*'P MAS-NMR (202.41MHz, 27 °C):li= 1295(s, 1 P, i 394 andi 402(s, 2 P.

Solid-state®®Cu MAS-NMR (142.11MHz, 27 °C):li= i 58.3andi 68.2(s).
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IR (KB): 3= 2963 (w), 1996 (s, CO), 1925 (s, CO), 1477 (w), 1381 (m). 1261 (s), 1096 (s),
1029 (s), 865 (w), 800 (s), 703 (W), 558 (W), 505 (m), 449 (W}.cm

Positive ion ESIMS (CH2Cl,/CHsCN/CH;OH + 10 mmol/L NH'CHsCOE RT): m/z (%) =
1499.5 (8) [CuBfCp W(CO),Ps} 2Cu(CuCHCO)]*, 1283.4 (13)

[CuBr{Cp W(CO),Ps},Cul", 1249.4 (9) [CuBr{Cp W(CO)LPs} ,(CuCHCO)]", 1185.4 (41)
[CUBH{Cp W(CO)P3} :CHsCN]", 947.3 (20) [{CPW(CO)} 5(CHsCN)o(NH4)2Br] ", 849.1
(83) [{Cp W(CO)}2NH4(CHsCN),]*, 822.1 (40) [CeBrs{Cp W(CO)}NH,]", 488.0 (100)
[{Cp W(CO)P3}NH ]".

Negative ion ESIMS (CH,Cl,/CHsCN/CHOH + 10 mmol/L NH'CHsCOE RT): m/z(%) =
1527.2 (9){ Cp W(CO)Ps} ,CU,Br,4]E 703.0 (33) [B{CPW(CO)PsINH 4(CHsCO);] B31.1
(59) [{Cp W(COYPs} B r J2E7,(100) [CuBi E ,

Elemental analysis Calculated (%) for @&HsBro.CuwOsPsW2: C 23.57, H 2.47; found: C
23.40, H 2.49.

11,2I-bis(dicarbonyl(pentamethylcyclopentadiayl)cyclotriphosphanotungsten(Q-

a’P , dopper(l))-e-diiodide (16). A solution 0f13(0.050 g, 0.161 mmol) in Gi€l, (10

mL) is layered with a solution of Cul (0.062 g, 0.322 mmol) isCN (10 mL) and placed in
adark environment for 2 days at 22 °C. The contents are filtered wititeal filter,
concentratedayered with pentane (3 mland cooled to 5 °C giving yellow platée X-ray
quality crystals.

Product yield (relative to 13): 0.076 g, 71.7%

M.P.: 110 °C (decomposition).

'H NMR (400.13 MHz, CDQ, 27 °C) ti= 2.20 (s, 20 H, Cp*), 2.00 (s, 10 H, Cp*).

13c{'H} NMR (100.63 MHz, CDGJ, 27 °C) Ui = 214.22 (s, CO), 103.30 (s, Cp* (C)), 11.50
(s, Cp* (CHy)).

3P{"H} NMR (161.94 MHz, CDGJ, 27 °C) i=1379.14 (s, B).

3P{'H} NMR (THF-dg/CH.Cl, (2:1), 161.98 MH, 27 °C):i=1381.17 (s).

3P{"H} NMR (THF-dg/CH,Cl; (2:1), 161.98 MHz, 0 °C)i =i 382.46 (s).

3P{'H} NMR (THF-dg/CH.Cl, (2:1), 161.98 MHZj 40 °C):li= i 384.35 (s).

3P{"H} NMR (THF-dg/CH,Cl, (2:1), 161.98 MHzj 80 °C):li = no signal.

3P{*H} NMR (THF-dg/CH,Cl, (2:1), 161.98 MHzj 120 °C):li =i 314.09 (b);j 423.68 (b).
Solid-state®'P MAS-NMR (202.41MHz, 27 °C):ti= 1297(s, 1 P, i 404(s, 2 P.

Solid-state®*Cu MAS-NMR (142.11MHz, 27 °C):ti= i 0.7 andi 14.4(s).

82



Experimental

IR (KBr): 3=2963 (w), 2919 (W), 2361 (W), 1997 (s, CO), 1895 (s, CO), 1479 (w), 1384 (m),
1261 (m), 1095 (s), 1031 (s), 801 (s), 574 (M), 524 (w), 476 (w), 419 (&) cm

Positive ion ESIMS (CH,Cly/CHsCN/CH;OH + 10 mmol/L NH CHsCOE RT): m/z(%) =
1301.4 (0.6) {W(CO)Cp*}2(CuCHCO)XNH,]", 1069.2 (1.9)
[{W(CO),Cp*}(CuCHCO)]", 907.1 (1.4) [{W(CO)Cp*}(CuCHsCO)]", 733.2 (82)
[{W(CO),Cp*}Cu,INH4(CHCO)]", 719 (16) [{W(COYCp*}(NH 4CH3CO)%CHsCN]*, 531.0
(12) [(CuCHCO)]", 503.0 (6) [(Cul}(NH4CHsCO),]*, 476.0 (12) [(NHI)sCHsCN]*, 397.0
(16) [(NH4l),CuCHCOJ", 383.0 (100) [CW(CHsCO)]", 369.0 (61) [(NH)4I,CH3:COJ".

Negative ion ESIMS (CH,Clo/CH;CN/CH;OH + 10 mmol/L NH'CH,CO', RT): m/z(%) =
407.7 (41 CuCH;CONH,I,COJE 380.7 (15) [CUCHCONHl;] B16.7 (100) [Cu] E#27.0
(12) [ .E

Elemental analysis Calculated (%) for &Hsol,.ClO4PsW,: C 21.89, H 2.30; found: C
21.64, H 2.40.

1ClI,2ClI-(tri - -carbonyl-dicopper-
(chloro)copper(pentamethylcyclopentadienyl)tungstnate(t)-a>CI*, CI>-dichloride-
tetraacetonitrilecopper(l) (21). [Identical procedure fot4] A solution 0f13(0.050 g,

0.161 mmol) in CHCI, (10 mL) is layered with a solution of CuCl (0.032 g, 0.322 mmol) in
CH3CN (10 mL) and placed in a dark environthéor 2 days at 22 °C. The contents are
filtered with a fitted filter, concentratedayered with pentane (2 mLand cooled to 5 °C
giving dark brownX-ray qualitycrystals.

Product yield (relative to 13): 0.018 g, 12.0%
M.P.: =112 °C (decompositig.

'H NMR (400.13 MHz, CDGJ, 27 °C) i= 2.05 (s, 15 H, Cp*)2.00 (s, 9 H, CH unbound
acetonitrile), 2.20 (s, 1 H, GHCI bound acetonitrile, unbound H), 2.37 (s, 2 H,3CEH
bound acetonitrile, bound H).

13c{’H} NMR (100.63 MHz, CDG, 27 °C) ti= 235.79 (s, CO, acetonitrile side), 220 (4,
CO, bound to CuCl bridge), 116.30 (s, CN, unbound acetonitrile), 109.18 (s, CN bound
acetonitrile), 106.54 (s, Cp*, C), 12.09 (s, £/ Bound acetonitrile), 11.54 (s, Cp*, @H
1.880 (s, CH, unbound acetonitrile).

IR (KBr): 3= 2982 (w), 2964 (w), 2917 (w), 1997 (s; CO), 1894 (s; CO), 1802 (s; CO), 1478
(m), 1451 (m), 1427 (w), 1381 (m), 1261 (w), 1097 (w), 1071 (w), 1031 (m), 799 (m), 643

(w), 617 (w), 574 (m), 513 (w), 489 (m), 475 (m), 419 (mjtm

Positive ion ESIMS (CH:CN + 10 mmol/L NH*CHs;COE RT): m/z(%) =849.1 (76)
[CUCK Cp W(CO),}],", 510.1 (76) [CRW(CO)]", 459.2 (42) [{CPW(COLNCH3CN),]*,
444.1 (100) [CKCI3(CHsCN),]", 416.1 (24) [{CpW(CO)}CHCN]*, 403.1 (44)
[CU3C|2(CH20|2)NH4(CH3CO)]+.

Negative ion EStMS (CH;CN + 10 mmol/L NH"CH;OE RT): m/z(%) = 232.7 (68)
[CwCl3]E 134.9 (100) [CuCl] .E
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Elemental analysis Calculated (%) for &H,7ClsCwN4sOsW: C 27.18, H 2.93; found: C
27.67, H 3.31.

Bis(1P,2P-bis(dicarbonylcyclopentadienyltungsten())diphosphorus-a?P , d@gper(l))-¢-
dichloride (22). A solution 0f11(0.050 g, 0.0742 mmoles) in GEl, (10 mL, 0 °C) is
slowly layered with a solution of CuCl (0.015 g, 0.148 mmoles) igENH(10 mL, 0 °C)
producing only a slight reaction at the surface. The vessel is kept at 0 °Cefawchqd 7
days. MaroorX-ray qualitycrystals are collected.

Product yield (relative to 11): 0.075 g, 65.4%
M.P.: 108 110 °C (decomposition)

3P MAS-NMR (121.49 MHz, spinning frequency 30 kHz, RT¥ i 169.03 {Jpp= 411.99
Hz; Ycup= 1057.94, 1057.95 Hz; P1)291.31 {Jpp= 427.18 Hz;Jcyp= 1070.15, 1078.29
Hz; P2).

3P MAS-NMR (simulated) ti = 1169.08 tJpp= 432.53 Hz;Jcup= 1060.12, 1060.09 Hz;
P1),i 291.48 {Jpp= 428.28 HzJcyp= 107552, 1075.71 Hz; P2).

IR (KBr): 3=3110 (w), 2963 (w), 2359 (w), 2340 (w), 2001 (s; CO), 1949 (s; CO), 1921 (s;

CO), 1852 (s; CO), 1823 (s; CO), 1416 (m), 1355 (vw), 1261 (m), 1094 (s), 1020 (s), 937
(vv_\()l, 866 (w), 847 (m), 799 (s), 703 (w), 606 (w), §WH, 545 (w), 511 (m), 474 (s), 438 (M)

cm' -,

Positive ion ESFMS (CHsCN + 10 mmol/L NH'CHsCOE RT): m/z(%) = 1406.8 (7)
[CUCl{CpsW4(CO)P2}] ¥, 775.7 (18) [CUCHCpW,(COXP,}] ¥, 738.8 (23)
[CU{Cp,W,(COXP,}] ¥, 711.8 (23) [Cu{CpW(CO)P.}] *, 287.8 (D)

[(NH 4)3(CH3sCO)%CH3CNCUT, 285.8 (43) [(NH)4(CH;CORCHSCN]", 246.7 (16)
[(NH4)3(CH3COXCu]’, 244.7 (22) [(NH)4(CHsCO)] ", 198.8 (12)
[(NH4)2CI(CH;CO)CHCl,]", 185.8 (13) [(NH)2(CH3;CO)CuJ", 152 (100) [CUNHCI]*,
144.9 (39) [Cu(CO)NKLCI]™, 117.0 (12) CuNH,CI]".

Negative ion ESIMS (CHsCN + 10 mmol/L NH'CH3;COE RT): m/z(%) =214.6 (23)
[(NH.)2(CHsCO),CI(CO),] R12.5 (14) [Cu(NH)(CHsCO%LC | J1&2.6 (15) [CuG CO) ] E,
160.6 (17) [NH(CHsCO)(CO),] B36.8 (13) [NHCI(CHsCO)CHC N ] 184.7 (42)

[CuCl;] E32.7 (34) [NH(CHsCO),C O] 1P5.7 (27) [(CHCO)(CH:CN),]E 123.7 (32)
[NH4(CHsC O) C105.%(21) [NH(CHsCO),] E .

Elemental analysis Calculated (%) for ¢gH»oCl.Cw,OgPsW,4: C 21.81, H 1.31; found: C
22.05, H 1.52.

Bis(1P,2P-bis(dicarbonylcyclopentadienyltungsten())diphosphorus-a?P , d@gper(l))-¢-
dibromide (23). A solution of11(0.050 g, 0.0742 mmoles) in GEl, (10 mL, 0 °C) is

slowly layered with a solution of CuBr (0.021 g, 0.148 mmoles) igGNH(10 mL, 0 °C)
producing only a slight reaction at the surface. The vessel is kept at 0 °C for a period of 7
days. Re-ray qualitycrystals are collected.

Product yield (relative to 11): 0.098 g, 81.3%
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M.P.: 120/122 °C (decomposition).

3P MAS-NMR (121.49 MHz, spinning frequency 30 kHz, RT¥ 1 172.63 tJpp= 474.55
Hz; *Jcup= 962.32, 974.52 Hz; P2)302.24 tJpp= 515.75 HzJcup = 1066.08, 1082.36 Hz;
P1).

3P MAS-NMR (simulated) ti=1173.18 tJpp= 470.16 HzJcup= 1000.00, 1000.00 Hz;
P2),i1302.21 tJpp= 458.25 Hz}Jcup= 1000.00 1000.00 Hz; P1).

IR (KBr): 3=3118 (w), 2963 (w), 2002 (s; CO), 1952 (s; CO), 1923 (s; CO), 1850 (s; CO),
1821 (s; CO), 1415 (m), 1261 (s), 1096 (s), 1057 (s), 1022 (s), 845 (m), 802 (s), 707 (vw), 575
(w), 545 (w), 513 (m), 474 (w), 441 (m) tm

Positive ion ESFMS (CH3:CN + 10 mmol/L NH'CH;COE RT): m/z(%) = 1695.0 (1)
[(NH 4)(CH3CO)CuBr{CpsW4(CO)P4}] ¥, 1551.0 (6) [CuBr{CpsW4(COXP4}] *, 1407.0
(14) [CuBH{CpW(CO)R:}] *, 775.7 (100) [(NH)}{Cp2W2(COUP}CH3CN),]" or
[(NH2)}{Cp2W2(CO)P2}] ¥, 747.8 (17) [(NH){Cp2Wo(CO)P2}(CH3CN),] " or
[((NH2){Cp2W2(CO}P2}] ¥, 719.7 (13) [(NH){Cp2Wo(CO)P2}] * or
[(NH2){Cp2W5(CO)P}(CH3CN),]", 375.6 (50) [Ce(CH3CO)(NH,)Br]", 334.6 (13)
[(NH,)s(CH3CO)COJ", 277.8 (27) [CW(CHsCO)]", 259.7 (22) [Cu(NH).Br2]".

Negative ion ESIMS (CHsCN + 10 mmol/L NH'CH3;COE RT): m/z(%) =410.5 (2)
[(NH4)3Cu(CHCO)Br(CHsC N ) 36E.5 (4) [(NH)Cu(CHCO)Br(CHsCN),] B13.5 (7)
[(NH4)2Cu(CHCO)Br(CHsC N') 268.5 (20) [Cu(CHCO)Br(CHCN);] 222.6 (100)
[CuBry] E.

Elemental analysis Calculated (%) for gH,0Br.Cu,OgPsW,4: C 20.62, H 1.24; found: C
22.65, H 1.61.

Bis(1P,2P-bis(dicarbonylcyclopentadienyltungsten())diphosphorusa?P , @gper(l))-¢-
diiodide (24). A solution 0f11(0.050 g, 0.0742 mmoles) in GEl, (10 mL, 0 °C) is slowly
layered with a solution of Cul (0.028 0.148 mmoles) in C4N (10 mL, 0 °C) producing

only a slight reaction at the surface. The vessel is kept at 0 °C for a period of 7 days. Red
ray qualitycrystals are collected.

Product yield (relative to 11): 0.104 g, 81.3%
M.P.: 107 109 °C (deomposition).

3P MAS-NMR (121.46 MHz, spinning frequency 30 kHz, RT¥ i 187.75 tJpp= 472.91
Hz; 3Jcup= 890.90, 903.10 Hz; P1 and P2).

3P MAS-NMR (simulated) ti =1 169.92 tJcup= 891.77, 887.63 Hz; P1 and P2).
IR (KBr): 3=3118 (w), 2963 (w), 2361 (w), 2285 (w), 2251 (w), 1986 (s; CO), 1973 (s; CO),

1916 (s; CO), 867 (s; CO), 1417 (m), 1261 (m), 1105 (m), 1060 (m), 1025 (w), 1012 (m),
1916 (w), 863 (w), 850 (m), 829 (s), 804 (m), 560 (m), 526 (m), 496 (m), 471 (m), 454 {m) cm
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Positive ion ESFMS (CHsCN + 10 mmol/L NH'CHsCOE RT): m/z(%) = 1596.8 (2)
[Cusl{CpsW4(CO)R}] ¥, 1551.0 (1) [(NH)Cul{CpsW4(CO)R}] ¥, 1406.9 (8)
[CULHCpsW4(CO)P} *, 967.7 (10) [Chl(CH3CNYCpWo(COWUP:} *, 919.7 (6)
[(NH.4)2I(CH3CN)A{Cp2W(COMP,}] *, 775.8 (100) [NH(CHsCN){Cp,Wo(CONP2] ¥, 747.9
(7) [NH4(CH3CN){Cp Wo(CO)P2}] ¥, 7199 (6) [NHi(CH3CN)A{Cp2Wo(CO)P2}] .

Negative ion ESIMS (CH;CN + 10 mmol/L NH'CH;COE RT): m/z(%) = 698.4 (5)

[Cusls] B50.5 (7) [(NH)Clls] B04.4 (4) [(NH)Cul)] 5Q6.5 (9) Culs, 460.5 (11)
[CulsNH4] B14.5 (5) [Cul(CO)LCHsC N ] 360.6 (9) [(NH)2(CHsCO)I(CO),] B16.6 (100)
[Cul;] BR70.5(100) [NHI;] BR22.5(42)[I(CO)CHsCN]1E26 . 8 (27) [ ]E.

Elemental analysis Calculated (%) for ggH20l 2CuOgPsW4(CH3CN): C 21.27, H 1.45, N
1.55; found: C 21.33, H 1.70, N 1.43.

Bis(dicarbonyl(t-butylcyclopentadienyl)tungsten(l))diphosphorus 5). In a 100mL,
two-necked, roundbotiomed flask equipped with a magnetic stirring bar, argon inlet, and a
reflux condenser connected to a mineral oil bubbW¥'Bu-CsH.)(CO)» (1.6 g, 2.0 mmol)

is dissolved in rdecalin (60 mL). White phosphorus (0.5 g, 4.0 mmol) is added at room
temperatre through the second neck of the flask. The mixture is stirred and heated to
maintain a gentle reflux for 16 h. The mixture is then cooled to room temperature and
concentrated under reduced pressure ,@IHand SiQ are added and stirred until the

cortents are removed from the glass and then concentrated under reduced pressure forming a
blackbrown powder. The powder is applied under argon to a column (25 x 2.0) cm, which is
filled with SiO, and pentane. Elution with pentatoduene (10:1) affords faint yellow

fraction, which after evaporation to dryness gives yellow crystalg(tBu-CsHs)(CO)(d*-

Ps). Further elution with pure toluene afford a red fraction, which after evaporation to dryness
givesX-ray qualityred crystals of the featured compl&¥('Bu-CsHs)(CO)(e-o*-P).

Product yield relative to [W(‘Bu-CsH4)(CO)s].: 1.024 g, 65.3%
M.P.: =162 166°C.

4 NMR (400.13 MHz, CBCly, 27 °C) ti= 5.19 (q,Jus = 1.78 Hz, 2 H, Cp), 1.28 (s, 10 H,
‘Bu).

3c{*H} NMR (100.63 MHz, CDCl,, 27 °C) ti= 212.53 (s, CO), 118.03 (s, Cp), 86.02 (s,
Cp), 82.43 (s'Bu), 32.23 (s'Bu).

3p{’H} NMR (161.98MHz, CD:Cl,, 27 °C) i=1150.73 (s).

IR (KBr): 3=3112 (w), 2960 (w), 2906 (w), 2873 (w), 2358 (w), 1945 (s; CO), 1901 (s; CO),
1881 (s; CO), 1481 (w), 1468 (w), 1404 (w), 1368 (w), 1262 (m), 1096 (m), 1021 (m), 926
(w), 907 (w), 873 (w), 849 (m), 825), 800 (s), 703 (W), 676 (w), 570 (m), 551 (w), 530 (m),
503 (m), 481 (m), 466 (m), 447 (m), 402 (m)'¢m

Elemental analysis Calculated (%) for &H»s0,P.W,: C 33.70, H 3.34; found: C 33.49, H
3.73.
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Bis(1P,2P-bis(dicarbonyl(t-butylcyclopentadienyltungsten(l)) diphosphorus

a’P , dopper(l))-e-dibromide (26). A cold (0 °C) solution 025 (0.050 g, 0.0693 mmoles)
in CH.CI, (10 mL) is slowly layered with a solution of CuBr (0.020 g, 0.0693 mmoles) in
CHsCN (10 mL). After 2 days of diffusion, the solution is concentrated, éalyetith pentane
(appr. 4.5 mL)and placed in a cold (4 °C) environment for 7 days givirguyquality
crystals.

Product yield (relative to 25): 0.055 g, 85.6%
M.P.: =220 222 °C (decomposition).

'H NMR (400.13 MHz, CBCl, 27 °C) ti= 5.34 (t,Jun = 2.06 Hz, 2 H, Cp), 5.32 (n =
1.04 Hz, 2 H, Cp), 1.97 (s, 1 HBu), 1.30 (s, 9 HBU).

13c{*H} NMR (100.63 MHz, CDCl,, 27 °C) ti= 220.98 (s, CO), 119.56 (s, Cp), 88.27 (s,
Cp), 83.66 (s, Cp), 32.30 (Bu), 32.22 (s!Bu).

¥P{*H} NMR (161.95 MH, CD,Cly, 27 °C) li=1196.16 (S).

$P'H} NMR (THF-dg/CH,Cl, (3:1), 161.94 MHz, 27 °C)i=1i235.54 (s).
$P'H} NMR (THF-dg/CH,Cl, (3:1), 161.94 MHz, 0 °C)i=1236.34 (s).
$PH} NMR (THF-dg/CH,Cl, (3:1), 161.94 MHZj 20 °C) li=i237.39 (s).

31prIHY NMR (THF-dg/CH.Cl, (3:1), 161.94 MHzj 80 °C} Ui =i 183.59 (s)j 220.61 ()i
299.64 (s)j 318.88 (s).

3p{’"H} NMR (THF-dg/CH,Cl (3:1), 161.94 MHzj 110 °C) ti=i 180.95 (s)j 218.14 (s)j
303.00 (s)j 319.90 (s).

Positive ion ESIMS (CH,CIlo/CH3CN, RT): m/z(%) =2988.2 (1)
[CU5BF4{(tBUCpkW2(CO)4P2} 3]+, 2844.4 (1) [Cqur3{(tBUCpkW2(CO)4P2} 3]+, 2701.7 (1)
[CusBra{('BUCPRW2(COLP2} 4], 2558.6 (1) [CuBr{('‘BUCpRWo(COXP:} 3", 2062.6 (2)
[CusBrs{('BUCPLWo(CONPs} 2", 1918.8 (4) [CuBr{('BUCPYW,(CO)4Ps} 2], 1775.0 (16)
[CuBr{('BUCPRW2(COLPs} ", 1631.3 (48) [Cu{BUCpLW,(CO)NP,} 2", 887.8 (100)
[Cu{('BUCPYW,(COUP,}CHCN]".

Negative ion EStMS (CH,Cl/CH3;CN, RT):m/z(%) = 510.5 (1) [CeBry] B66.5 (6) .
[Cu.Br3] R66.6 (6) [CuBsCHsC N ] 2B4.8 (60) [(CO)(CHCN)s] BR22.7 (100) [CuBs E
178.7 (9) [(CO)(CHsCN)3] E .

IR (KBr): 3=2962 (w), 2906 (w), 2364 (s), 2345 (w), 1999 (s; CO), 1943 (s; CO), 1919 (s;
CO), 1859 (s; CO), 1839 (s; CO),794(w), 1465 (W), 1448 (w), 1399 (w), 1364 (w), 1262
(m), 1148 (w), 1095 (m), 1022 (m), 898 (w), 844 (m), 801 (m), 735 (w), 702 (w), 569 (W),
538 (w), 516 (W), 478 (w), 442 (m) ¢

Elemental analysis Calculated (%) forCyHoBrCuOP,W,: C 28.49, H 2.8; found: C
28.09,H 2.73
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Tris(dicarbonylcyclopentadienylcyclotriphosphanomolybdenum()-

a’P,P)silver(I)triflate ( 29). A solution of27 (0.095 g, 0.306 mmoles) in GAI, (10 mL) is
slowly layered with a solution of A¢CF;S0;)E(0.040 g, 0.153 mmoles) in GAN (10 mL).
After a period of 7 days a yellearange solution is observed with pyatate. The precipitate
is separated with a fritted filter and the supernatant is collected. This orange solution is
evaporated slowly under reduced pressure as oratrgg duality crystals form on the side of
the flask.

Product yield (relative to 27): 0.097 g, 80.1%

M.P.: =108 110 °C (decomposition).

'H NMR (400.13 MHz, CBCl,, 27 °C) ti= 5.39 (s, 15 H, Cp).

13c{*H} NMR (100.63 MHz, CDCl,, 27 °C) ti= 221.33 (s, CO), 86.98 (s, Cp).

3p{IH} NMR (161.95 MHz, CRCl,, 27 °C) ti=1355.33 (s).

31p{’H} NMR (THF-dg/CH,Cl (3:1), 161.94 MHz, 27 °C)i=1i356.73 (S).

31pfIH} NMR (THF-dg/CH.Cl; (3:1), 161.94 MHz, 0 °C)i =i 359.23 (s).

31pfIH} NMR (THF-dg/CH.Cl; (3:1), 161.94 MHZj 40 °C):li=i360.19 (s).

31pfIH} NMR (THF-dg/CH.Cl, (3:1), 161.94 MHZzj 80 °C): U =i 362.33 (s).

3pfIH} NMR (THF-dg/CH.Cl, (3:1), 161.94 MHz,i120 °C): U = i1301.36 (s (b, 1 P,
unbound); 386.02 (s (b, 2 P, silver bound).

19F NMR (282.38 MHz, CBCl,, 27 °C) Ui=i77.79 (s, CE triflate).

'H NMR (400.13 MHz, CRCN, 27 °C) ii= 5.42 (s, 15 H, Cp).

13C{*H} NMR (100.63 MHz, CRCN, 27 °C) ii= 221.33 @, 1.95Hz, CO), 87.66 (s, Cp).
31p{'H} NMR (161.94 MHz, CRCN, 27 °C) ti=i 357.42 (s).

19F NMR (282.38 MHz, CRCN, 27 °C) i=i 78.06 (s, CE; triflate).

Solid-state®'P MAS-NMR (121.45 MHz, 27 °C) Ui =i 346.545 (s).

IR (KBr): 3= 1987 (s; CO), 1926 (s; CO), 1417 (w), 1261 (m), 1176 (w), 1153 (w), 1031 (m),
840 (w), 821 (m), 637 (M), 550 (w), 517 (W), 501 (W), 755 (W), 446 (W}.cm

Positive ion ESFMS (CHsCN, RT):m/z(%) =1296.7 (1) [Ag{CpMo(CO)P3} sAgCF:SO;] ",
1081.2 (2) [Ag{CpMo(CO)Ps} sCH:CN]", 10276 (4)

[Ag{CpMO0(CO),P3} AGCF;SO;CHLCN]", 986.6 (5) [Ag{CpMo(CO)Ps} ,AgCF;SOy] ",
726.7 (26) [Ag{CpMo(CO)P3}2]", 459.9 (100) [Ag{CpMo(COPs}CH3CN]", 418.9 (12)
[Ag{CpMo(CO)P3}] ™.

Negative ion ESIMS (CHsCN, RT):m/z(%) = 149.1 (100) CISO:;E
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Positive ion ESIMS (CH.Cl,/CH3CN, RT):m/z(%) = 1081.4 (4)

[Ag{CpM0(CO),Ps} sCH:CN]*, 1027.6 (2) [Ag{CpMo(CO)Ps} ,AgCFRSO;CH:CN]*, 986.6
(3) [Ag{CpMo(CO),P3} ,AgCF:SQs]*, 726.6 (55) [Ag{CpMo(CO)Ps},]*, 459.7 (100)
[Ag{CpMo(CO),Ps}CHCN]", 418.7 (28) Ag{CpMo(CO),P3}] *.

Negative ion ESIMS (CH.Cl,, RT): m/z(%) = 148.9 (100)CF:SO;]E
Elemental analysis Calculated (%) for &HisAgFsMos0OgPS: C 22.26, H 1.27, S 2.70;
found: C 22.55, H 1.43, S 2.18.

Tris(1P,2P-bis(dicarbonylcyclopentadienyltungsterl ))diphosphorus

a°P, P QhisRisilder(])-o°0, @ilate)triflate ( 30). A solution of11(0.050 g, 0.074

mmoles) in CHCI, (10 mL) is slowly layered with a solution of A§FS0;)E(0.019 g,

0.074 mmoles) in CKCN (10 mL). After a period of 7 days thentents are filtered by a

fritted filter and the supernatant is collected. This orange solution is evaporated slowly under
reduced pressure and cooled to 4 °C for a week producing reddish oraageuality

crystals.

Product yield (relative to 11): 0.059 g, 90.9%

M.P.: =118 121 °C (decomposition).

'H NMR (400.13 MHz, CRCN, 27 °C) ti= 5.42 (s, 15 H, Cp).

13c{*H} NMR (100.63 MHz, CRCN, 27 °C) li= 85.77 (s, Cp).

3p{’H} NMR (161.93 MHz, CRCN, 27 °C) =1 183.74 (s).

3IF NMR (282.38 MHz, CRCN, 27 °C) li=178.08 (s, CF; triflate).

Solid-state®*'P MAS-NMR (161.9 MHz, 27 °C):li= i 201(s, 1 P, i 268(s, 1 P.

IR (KBr): 3=3114 (w), 1940 (s; CO), 1901 (s; CO), 1627 (m), 1418 (m), 1356 (w), 1254 (s),

1167 (m), 1106 (w), 1032 (s), 920 (w), 824 (m), 765 (w), 638 (m), 565 (m), 532, (m), 519
(m), 476 (m), 460 (m), 450 (m) ¢m

Positive ion ESFMS (CHsCN, RT):m/z(%) = 1451.1 (90) [{CBW2(COUP:} ,Ag]*, 820.0
(100) [CpW(COLP,AGCHCN]".

Negative ion ESIMS (CH,CN, RT): m/z (%) = 148.9 (100)[CRSOJE 821.0 (0.30)
[{Cp2W2(COUP,}CFsSO E

Positive ion ESIMS (CH,CI,/CH3CN, RT): m/z(%) = 819.9 (100)
[Cp2Wo(COWP-AGCHZCN]', 1451.2 (57) [{CpW2(CONP}Ag]".

Negative ion ESIMS (CH.Cly, RT): m/z(%) = 148.9 (100)CF:SO;]E

Elemental analysis: Calculated (%) for ggHsoAg4F12036P12S:W12: C 20.89, H 1.20, S 2.54;
found: C 2123, H 1.51, S 2.19.
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Bis(1P,2P-bis(dicarbonylcyclopentadienyltungsten())diphosphorus-aP-

aP , dihv@r(l)hexafluorophosphate 31). A solution of11(0.050 g, 0.0742 mmoles) in
CH.Cl, (10 mL) is slowly layered with a solution of A F;)E(0.019 g, 0.0742nmoles) in
CH3CN (10 mL) at 0 °C. The contents are stored in a cold (4 °C), dark environment for a
period of 2 weeks affording red, prismatierXy quality crystals.

Product yield (relative to11): 0.105 g, 78.3%

M.P.: =226 232 °C (decomposition).

IR (KBr): 3=3451 (w), 3121 (W), 2963 (W), 2923 (W), 2853 (w), 2853 (W), 2361 (W), 2342

(w), 1963 (s; CO), 1929 (s; CO), 1420 (w), 1262 (w), 1105 (w), 1064 (w), 1013 (w), 845 (m),
830 (m), 558 (w), 522 (w), 468 (W), 441 (w) cm

Positive ion ESIMS (CHsCN, RT):m/z(%) = 1451.1 (100) [Ag{CPN(CO)P.} 5", 819.7

(11) [AQCH:CN{Cp,W(CO)P.}] *, 702.9 (5) [{CpW(COX%P,}] ¥, 671.8 (10)

[{Cp2W(COXP;}] ", 349.1 (19) [W(COY ™.

Negative ion EStMS (CH;CN, RT):m/z(%) =966.9 (86) [AgPECp2W(CO)LP}CH3C N | E,
392.0 (14) [PE(CH3CN)s] B28.8 (100) [PRCO)LCH:CNCH,Cl;] B12.8 (38)
[PFRsCH3;CNCH,Cl;] E .

Elemental analysis Calculated (%) for: C 21.06, H 1.27; found: C 21.07, H 1.40.
Bis(dicarbonylcyclopentadienylcyclotriphosphanotungstern)-
a°P,P)silver(l)hexafluorophosphate (32). A solution of28 (0.050 g, 0.128 mmoles) in
CH.Cl, (10 mL, 0 °C) is slowly layered with a solution of ABFs)E(0.032 g, 0.128 mmoles)

in CH;CN (10 mL) using a thin walled cannula and placed in a dark environment at room
temperature (22 °C). feer a period of seven days the contents are filtered and the solution is
cooled (5 °C) in darkness by which yellow, plateaped Xray quality crystals are formed.
Product yield (relative to 28): 0.042 g, 84.0%.

M.P.: = 82 84 °C (decomposition).

'H NMR (400.13 MHz, CBQCl,, 27 °C) ti= 5.35 (s, 20 H, Cp)

3c{*H} NMR (100.61 MHz, CDQCl,, 27 °C) ti= 84.109 (s, Cp).

3p{’"H} NMR (161.98 MHz, CCl,, 27 °C) i=1402.07 (s, B.

1% NMR (282.40 MHz, CBQCly, 27 °C) ti = no signal.

3p{’"H} NMR (THF-dg/CH,Cl, (3:1), 161.98 MHz, 27 °C)i=i 1.23 (s),i 15.97 (s)j 141.56
(sep, 710 Hz)1399.18 (s),.

3P} NMR (THF-dg/CH,Cl, (3:1), 161.98 MHz, 0 °C)i=1i3.99 (d, 930 Hz)i 15.95 (t,
972 Hz),i 141.68 6, 710 Hz);i 400.06 (S).
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3pH} NMR (THF-dg/CH.Cl, (3:1), 161.98 MHzj 20 °C) ti=13.92 (d, 930 Hz)i 15.90 (t,
976 Hz),i 141.75 éep, 710 Hz), 400.68 (s).

3p{'H} NMR (THF-dg/CH,Cl, (3:1), 161.98 MHzj 40 °C) ti=13.83 (d, 929 Hz); 15.75 (t,
968 Hz),i 141.82 e, 711 Hz); 401.38 (s).

3Ipf*H} NMR (THF-dg/CH,Cl, (3:1), 161.98 MHzi 80 °C) =i 3.71 (d, 928 Hz)i 15.53 (t,
964 Hz),i 141.91 6ep, 711 Hz).

3p{'H} NMR (THF-dg/CH,Cl, (3:1), 161.98 MHzj 100 °C) li=i 3.64 (d, 928 Hz); 15.58
(t, 960 Hz),i 141.93 6o, 712 Hz)] 432.54 (s).

IR (KBr): 3=2361 (w), 1980 (s; CO), 1932 (s; CO), 1654 (w), 1416 (m), 1306 (m), 1149
(m), 1062 (m), 1003 (m), 912 (s), 834 (s), 559 (s), 514 (M), 453 (M), 428 (W) cm

Positive ion ESFMS (CHsCN, RT):m/z(%) = 190.0 (100) [Ag(CkCN),]", 519.79 (16)
[Ag{CpW(CO)P3}CH3CN]", 547.8 (32) [Ag{CpW(M),Ps}CH3CN]", 905.65 (9)
[{CpW(CO)PHCpW(CO)2P3}2] ", 1557.0 (0.4) [APFR{CpW(CO)P3} 3] .

Negative ion ESIMS (CH:CN, RT):m/z(%) = 145.1 (100)PR]E .

Elemental analysis Calculated (%) for ggH20Ag20sP12W4(PFRs)2: C 16.04, H 0.96; found: C
15.73, H 1.01.

Pentachloro(pentamethylcyclopentadienyl)tungsten(VI)tris(trichloroantimony(lll)) ( 33).

A solution 0f13(0.050 g, 0.107 mmoles) in cold (0 °CHE&CI, (10 mL) is slowly layered
with a solution of SbGI(0.014 mL, 0.107 mmoles) in GBI, (10 mL) which gives a red
solution. The solution is concentrated and placed in a cold (4°C) dark environment for 7
days. Maroon Xay quality crystals are produte

Product yield (relative to 13): 0.015 g, 11.9%
Product yield (relative to SbCE): 0.015 g, 35.7%

Tricarbonyl(trichlorotin(IV))(pentamethylcyclopentadienyl)tun gsten(ll) (34). A solution

of 13(0.050 g, 0.107 mmoles) in cold (0 °C) &3, (10 mL) isslowly layered with a

solution of S1CIy(Si Pr), (0.036 g, 0.107 mmoles) in EtOH (10 mL). The solution is allowed

to diffuse for at least two days at room temperature, concentrated, and placed in a cold (4°C)
dark environment for 14 days producing cleairay quality crystals.

Product yield (relative to 13): 0.017 g, 25.3%

Tricarbonylchloro(pentamethylcyclopentadienyl)tungsten(ll) (35). A solution of37
(0.050 g, 0.0615 mmoles) in cold (0 °C) &Hb (10 mL) is slowly layered with a solution of
CoChk(PPhnPr), (0.036 g, 0.0615 mmoles) in GEl, (10 mL). The solution is allowed to
diffusion for a minimal of 2 days and then placed in a cold (0 °C) dark environment
producing clear, Xay quality crystals.
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Product yield (relative to 37): 0.005 g, 18.5%

Tricarbonyl(pentamethylcyclopentadienyl)tunsten(l) 36). A solution of37 (0.050 g,
0.0615 mmoles) in cold (0 °C) GAl, (10 mL) is slowly layered with a solution of AgG{O
(0.012 g, 0.0615 mmoles) in GEIN (10 mL). The solution is allowed to diffuse @
minimal of 14 days in a dark environment producing clearayquality crystals. The same
product results when AgCIlds substituted witlfCoCICp*), or AgF.

Product yield (relative to 37): 0.009 g, 36.3%
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V. Summary

4.1. Conclusios

The first six member Pt,P,P,Pt,P,P and Pd,P,P,Pd,P,P six memberangs
synthesized, characterized, and proven by sihte diffraction as well as the first example of
a planar W,P,P,W,P,P ring. These rings, thus, offer greater stability than the forohation
monomeric or trans configuration¥hese complexes are afforded through the treatmeht of
with the appropriat®L,Cl, complex(M = Pt, Pd)/1] or tungsten pentacarbong)(with [2],
[3]. The NMR analysislso showshat each species except foexhbits dynamic behavior
in solution.

An analogous set of CuX (X = Cl, Br, I) bridgewlybdenum and tungsten
cyclotriphosphorusomplexeq14i 16) is synthesized, characterized, and proven by solid
state diffraction.A copper halide/acetonitrile solutias layered on a solution af¥CH,CI,

[7] of which thephosphophorus freeyproduct(21) of the CuCl treatment exhibits
extraordinary propertiesThe solutionstate®P NMR analysis shows that each of the
copperhalide bridged tungstegclotriphosphoruspecies exhibits dynamic behavior in
solutionwhile the®P MAS-NMR clearly defines different chemical environments for each
phosphorus atomIn addition, concrete evidence from the difference in electronéyativ
molybdenum and tungsten is thoughbtthe reason for the formation of the molybderum
Cul polymer 20) and, furthermore, why the same accostpiient for the tungsten analisg
not obtained.

Thefirst phosphorugree polymer(21) obtained from the treatment of a
cyclotriphosphorusr even aliphosphorusnetal complexvith CuClI [8] is synthesized,
characterized, and proven by sedithteX -ray diffraction. The reactivity of this type is solely
reserved to the CuCl reactant as the other CuBr and Cul reactants fail to produce analogous
byproduds. The unprecedented backbonegativechage, and presence of counterion
activity make this complex truly unique in this field of chemistry

An analogous set of X (X = ClI, Br, I) linked, i®tactic tungsteriphos inorganic
polymers(22i 24) is synthesized, characterized, and proven by setiate diffraction.This is
made possible by layeringcapper halide/acetonitrile solution od#CH,CI, solution[6].
The solidstate NMR proves that the asymmetry induced by the unorderedd3p@ groups
place the phosphorus atorimschemically inequivalent environmentdsymmetry is also
present in th&Bu substituted bromine anal@®6) [9]. The'Bu group providsgreater
solubility and allows the species to be studied in soltdtate NMR at room and low
temperature. The low temperature NMR aiday diffraction confirms tle asymmetry as all
the phosphorus atonase shown to be in different environments.

The first two examples ofsllver atom bound to 6 pkphorus atomsre presented
these are also ¢hfirstcyclotriphosphorusontaining silver polymers reported. Ironically, the
subunits (MB, M = Mo, W) are analogous with the only difference being the metal and
counterion of the silver salt reacted, yet the structures are entirely different in nEtere
molybdenum containingyclotriphosphorusomplex(27) creates a relatively simpler
homogeneous polymé29) [11], whereas the polyméB2) involving the tungsten species
(28) contains four chemically different subunit®]. Using he W,5P, subunit(11), a unique,
triflate-incorporated polyme(30) [4] and a flat AgP4 ring (31) [5] are formed using thsame
procedureand differentreactantssilver triflate and hexafluephosphaterespectively All of
these reactions are carried out by layerisg\wer saltacetonitrilesolutionon a solution of
subunit (starting materid@QH,Cl..
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Scheme 10.Summary of all reactions involved in the synthesis of phosphorus containing
products.[1] Synthesis ofl (Pt)and2 (Pd) MCl,Lx = (COD)PtC} (4, cis), Pt(SMg).Cl. (5,
cis and trans mixture), Pt(MeSRG), (6, trans), Pd(MeSPkZI, (7, trans), and Pd(SMeCl,
(8, cis and trans mixture). [Mo] = MoCp(C£)[2] [Mo] = MoCp(CO). [3] [W] =
WCp(COy). [4] [W] = W(CO)Cp. [5] [W] =W(CO)Cp. [6] [W] = W(CO),Cp. Synthese

of 22i 24. X = CI(22), Br(23), | (24). [7] Synthese 0f14i 16. X = ClI(14), Br (15), | (16).

[W] = W(CO),Cp*. [8] A byproduct involved exclusively to the sythesisldf[W] = WCp*.
[9] [W] = W(Cp-'Bu)(CO). [10] W(COXCp. [11] [Mo] = MoCp(CO).

Finally, an analogous set phosphorus freeomplexes containing varieties of WCp*
is reported while in the pursuit of searching for new, compatible reactdntsthodox
reactions witl87 and13 prodiwcetext book exampkeof JahnTeller distortion and steric
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