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Abstract

Abstract

24 previously unknown inorganic compounds are structurally characterized by
single crystal X-ray diffraction. Of these complexes, 8 inorganic polymers (21—
24, 26, 29, 30, 32) and 8 dimers (1, 2, 10, 12, 14-16, 31) are synthesized from
uncharacterized (11, 13, 25, 28) and characterized molybdenum and tungsten
containing species with electron rich di- and tri-phosphorus ligands by treatment
with group 10 and 11 metal salts. These species are further characterized by low
temperature solution- and solid-state **P NMR; 'H, °C, and *F NMR; IR;
positive and negative ESI-MS; EI-MS; EA; and M.P. where appropriate.



Introduction

I.  Introduction and Research Objectives

1.1. Historical Development

Since the discovery of the first reported organometallic compound of a transition
metal in 1831* by W. C. Zeise, new avenues in syntheses were on the verge of creation
allowing the incorporation of metals into the archive of traditional chemistry. It was and still
is common for landmark examples to be the result of an unpredicted product and create
entirely new complexes, many of which do not have a present application. Such was the case
of ferrocene from an attempt to produce a fulvalene.?

Such is the case of substituent-free (naked) phosphorus containing complexes used in
the continual discovery of artificially produced inorganic polymers born in unnatural
environments. This is the pinnacle of forty years of applied research started in 1969 when it
was discovered that group 15 elements other than nitrogen were able to form naked
complexes. This discovery also led to the shortest As—As bond of its time.* Two years later
(1971), the first naked phosphorus metal complex was synthesized by treating white
phosphorus with (PhsP)sRhCI at low temperature (—78 °C) which proved to be unstable at
room temperature.” In the following years other reactants such as PX3 (X = Cl, Br) and red
phosphorus were employed producing the first naked P, and Ps complexes, respectively.> ®
Wichelhaus later produced the first P; and P11 complexes” 8 in the form of anions, and even
though they may not have been the first naked phosphorus anions to be produced,’ they were
more significant in their uses as reactants than the others that were produced in later years.'%%
Within the advent of the first naked P; complexes ever reported® Sacconi and coworkers also
provided the first double sandwich complex containing the same P3 configuration by treating
white phosphorous with metal ions in the presence of what would become their signature
ligand, triphos.”® Size potential continued to grow as the Scherer group used rhenium metal
carbonyls to bridge two naked diphosphorus complexes,?® and then two years later provided
the encore of simultaneously producing the first naked Ps example in the form of the first
naked Ps sandwich complex.?’” The Scherer group continued exploring the reactivity of white
phosphorus and successfully built cubane structures when they utilized nickel carbonyl
derivatives.?®

An important hint was provided when Stoppioni and his associates showed that a
naked P3 containing complex could be tethered by a group 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 the primary research reported herein is CuX (X = Cl, Br, I).
Meanwhile, a partially substituted naked Py cluster was formed™ and two years later Scherer
presented a totally naked P3 complex.®® Only one year before this he presented the first
bicyclic Ps complex coupled only with two equivalents of thalliumcyclopentadienyl.®
Scherer also provided the first cage complex® with naked phosphorus and the first naked Pg
and P1, complexes® by reacting iron and cobalt carbonyl complexes, respectively, with P, in
decalin. Then, in 1999 white phosphorus was successfully used to tether two rhenium triphos
complexes® and only three years later the Scheer group provided the first polymer by treating
pentaphosphaferrocene with CuX (X = ClI, Br, 1).% This synthetic strategy was also used to
form an inorganic ball consisting of 90 inorganic core atoms.®’ Later, for an encore to this
fabulous discovery, a Cgo ball was successfully trapped in this inorganic ball®® a mere three
years after Pfitzner used Cul as an aid in the crystallization of phosphorus nanorods.*® Since
the initiation of 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
naked group 15 element in a complex,

1971 First example with naked ¢
§ introduced by As

Phosphorus bound (P,)
8 1973 First naked P, metal complex

~ 1975 First naked P, and P,; complex

1984 First naked phosphorus species | . 1981 First triple decker with naked P

bridged by a metal complex = 1986 First naked P5 example and

1988 Cubanes containing naked .4 first Pg sandwich complex

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 |
metal (Au)

" 1991 First example of a

1992 First naked P, 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 The first 3-D inorganic ball shaped

complex is synthesized from a naked

hosph |
2004 Phosphorus nanorods phosphorus complex

are assembled 2007 The first ball in a ball is

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

The examples of naked phosphorus complexes presented in the literature are
conveniently divided into six categories based on the number of naked phosphorus atoms
present: >6, 6, 5, 4, 3, and 2. One member units are not considered because, according to our
research, at least two naked phosphorus atoms are needed to 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 than 6 Phosphorus Atoms

Starting with the first cluster in 1990,%° these phosphorus rich structures have
commanded attention. Even in recent times infinite polymers in the form of nanorods have
been reported after it was found that crystallization is aided with Cul.*® Also of startling
importance is the characterized structure of fibrous red phosphorus which is found to be very
similar to the violet allotrope.”® Aside from infinite polymers, the remainder of the significant
examples in this category is clusters and cages.**

The complex [CpCr(CO),]sP1o (Figure 1) was one of four products produced from the
co-thermolysis of [CpCr(CO)s]. (Cp = n°-CsHs) with P4 (1.5 molar equivalents) in toluene at
80-85 °C for four hours. The average P-P bond lengths (2.21 A) suggest that single bonds
exist in the whole Py core. The core is surrounded by five CrCp(CO), units; each chromium
atom is bound to a phosphorus atom located around the parameter through one formal bond
and through one lone pair of electrons for a total electron count of 18 on each chromium
atom.
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Another successful, higher-temperature, co-thermolysis reaction is reported by treating
RhCp’’(CO), (Cp’’ = 1,3-tBu,CsHj3) with P4 in decalin and also produces a naked Py
complex (Figure 1).3" In this structure the RhCp’’ subunits are preserved and exhibits a
centrosymmetric polycyclic structure. In this structure the apical rhodium atoms (2)
covalently bound to four phosphorus atoms have an electron count of 18 and preside over the
rich -electrons shown from the double bond-like character of the P2—P3 and the P4-P5
(2.143(2) and 2.148(2) A). The two interstitial rhodium atoms (1) bound to P1, P3, and P4
greatly disturb the electron density associated with the P3—P4 bond lengthening it to 2.624(2)
A, meanwhile, having little effect on the P-P bonds associated with P1. A cobalt analog is
also produced using the same procedure.*

C( AN

e
@ rncp ~
‘p 2

Figure 1. Left, structure of [(Cp)CrgCO)2]5P10.3°' 8 Right, structure of [(Cp”’Rh)x(Ps—
Ps)(RhCp™)z], Cp”* = 1,3-'BU;CsHa. ™

Since the arrival of K3P;7 and other naked phosphorus anions,® ** *4® the possibility of

treating nucleophically activated metal chlorides with this anion is explored. In one scenario
iron(11) chloride is treated with LiCp and P7(SiMes)s*" The product (Figure 2),
[(Cp*Fe)s{(n*-Ps)Fe}Pg], is composed of an Fe4Ps polyhedron with a Ps ligand attached to
one of the iron atoms. No notable abnormalities exist other than the slightly elongated P—P
bond lengths (2.326-2.413 A) of the cage caused from the electron withdrawing effects of the
iron atoms and the shortened bond lengths (2.107-2.117 A) contained in the P3 portion from
the m-bond electron density.

Another reactive source for phosphorus is the iron-containing butterfly complex,
[{CpR(OC)oFe}a(u-ntn'-P4)], CpR = iPrsCs. When treated with diphenylethylyne in boiling
toluene the cluster shown in Figure 2 is formed along with an attractive sandwich complex
containing a Pz arrangement. Throughout the skeleton of the P11, the phophorus-phosphorus
bonds are singly bonded (2.181-2.268 A). The most striking feature of this molecule is the
similarity to Hitorf’s phosphorus as the phophorus atoms bind in a similar manner to the
subunits of the polymer.*®
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@r
@ Fe(co),cp™
@ Fe(co)cp™

Figure 2. Left, [(Cp*Fe)s{(n™-Ps)Fe}Pe].*" Right, [{Cp™”’s(CO)sFes}Pul, Cp*” =
C5(in)5.

Direct methods treat a K3P7/2,2,2-crypt solution with [(CgH3-(CH3)3]Cr(CO); in
toluene also give a P;>~ cage while preserving the original negative charge. The chromium
affects the phosphorus-phosphorus bond lengths. The P6-P7 and P5-P4 bond lengths are
slightly constrained (2.113(9)-2.129(9) /f&) from the orbital binding accommodation of the
Cr—P4, Cr-P5, Cr—P6, and Cr—P7 bonds. The n-bond character of P3—P6, P3-P5, P2—P7, and
P2—-P4 bonds is disrupted (2.211(9)-2.238(8) A) in comparison to the preserved m-electron
density of P1-P2 and P1-P3 (2.146(8)-2.125(10) A). The tungsten analog is produced when
the reactant [(CgHa-(CH3)s]W(CO)s is used.*® Other studies show that when K3P- is treated
with [(en)(CO)sW(x?, #*-P7Cr(CO)s]* the same tungsten and chromium ions are isolated
through crystallization.

Just as in the chromium analog, the tungsten species has shortened P6-P7 and P4-P5
bonds from the binding orbital influence of tungsten (2.134(6)—2.136(5)A). Surprisingly, the
same is true for the P1-P2 and P1-P3 bond lengths (2.144(5)-2.150(4) A) as they are not
significantly affected by the W(CO); fragment. This conservation is also observed for the
P3-P6, P3-P5, P2-P7, and P2-P4 (2.215(6)-2.231(4) A). An ethyl group has also been
attached to P1 in related research by alkylation with excess RsN*.> Analogous seven member
clusters with niobium,® nickel,>® and platinum®? attached are also reported.

@®cr(co),

Figure 3. Figure on the left, [P;Cr(CO)s]>" ion, [K(2,2,2-crypt)]33 and ethylenediamine
omitted for clarity.*® Figure on the right, analogous [P7Ni(CO)]*", [K(2,2,2-crypt)]s, and
phosphines omitted for clarity.>®

A method alternative to thermolysis is reported by substituting heat for ultraviolet
light in the successful production of unsubstituted Pg complexes.> Other synthetic aspects

4
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remain similar, namely, a metal carbonyl as a reactant, in this case [Cp’Fe(CO),], (Cp’ =n°-
CsHsMe), the solvent (toluene) as well as treatment with white phosphorus. The resulting
structure (Figure 13) contains a Pg cage with two terminal and two chelating iron fragments.
The chelating iron fragment is covalently bound to one phosphorus atom (5 and 6) and bound
to the lone pair of the other (7 and 8), whereas the terminally bound iron fragment is
covalently bound to one phosphorus (7 and 8) giving each iron atom a valence count of 18
electrons.

When this complex is further treated with additional Fe(CO)s in the presence of
Me3NO or alternatively with Fe,(CO)q (both cases in THF) an even greater substituted species
(Figure 4, 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, P5 and P8, P6, respectively. The remaining iron
ligands are covalently bound to P7 and P8 and datively bound to P5 and P6.

@ Fe(co),cp
Qr

@ Fe(co)cp'
@ Fe(co),

5 @ Fecoxcy «c
P . o)
@ Fe(co).cp @ re(co),

Figure 4. Left, Cp’4Fes(CO)ePs (Cp’ = n°-CsHsMe) >* Right, Cp’sFes(CO)13Ps (Cp’ = n°-
CsHsMe).

1.3. 6 Phosphorus Atoms

Starting with the higher order structures, the employment of LiCp* in conjunction
with P7(SiMe)s and FeCl, at low temperatures yields the cage complex shown in Figure 5.
By strictest definition this complex is naked in the sense that the phosphorus atoms have no
substituents outside of the cage, but the phosphorus atoms also lack lone pairs of 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 limited. The PP bonds lengths (2.268(2)-2.498(2) A)
suggest single bonding throughout the entire cage. The longest (connecting the two P3 motifs)
are likely strained from the iron bond.

An oblique square bipyramidal vanadium-phosphorus polyhedron (Figure 5) is
obtained from a traditional thermal reaction with V(CO),Cp and white phosphorus. This
structure can be thought of as two CpV(u,n3-P3)VCp units. As mentioned above, even though
the phosphorus atoms are formally unsubstituted it is reasonable that all of the lone pairs from
phosphorus participate in the interstitial bonds of the complex. The other remarkable side

5
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product of this reaction is the hexaphosphorus-vanadium-cyclopentadienyl sandwich
complex.”

Figure 5. Left, [(Cp’’Fe)sPs]™ (Cp>>” = CsHoMes), [FeCls(THF)]™ removed for clarity.*’
Right, (VCp)a(P3), complex.>

Since its introduction in 1974, the flat Pg ring has gained considerable attention
because of its isolobalness to benzene.® It is important to note from all proven and theoretical
examples of Pg complexes presented in the literature,® *>>% that only if the symmetry
properties, approximate energy, and shape of the frontier orbitals are similar and the number
of electrons in them are equal, only then can the species be isolobal.®* The phosphorus atoms
in the niobium complex in Figure 6 exemplify isolobility to CH by their flat Pg ring and the
constricted phosphorus-phosphorus bonds (av. = 2.11 A) with only slight distortion.®® Other
metal sandwich complexes containing flat P rings include niobium,®’ tungsten,®
molybdenum,®* vanadium,®® ® and iron.*’

Other examples have six membered rings attached, but are not isolobal to benzene
because they are structurally different. The iron-molybdenum Cp*FePgMoCp* example®® ™
in Figure 6 show the deformity of the six membered ring. Even though the side view of the
complex is distorted, the bond distances (Mo—P3/P6 = 2.44/2.44 A, Mo-P4/P5 = 2.59/2.59 A,
Mo-P1/2 = 2.53/2.54 A, Fe-P4/5=2.29/2.30 A, and Fe-P3/P6 = 2.28/2.28 A) reflect the high
bilateral symmetry of the MoP4FeP, skeleton. It is not clear whether the P1-P6 or the P2—P3
bonds (2.51 Aand 2.50 A respectively) are real or not because they are longer than the
longest reported P—P bonds in the literature at the time (2.46 A)."*
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Figure 6. Left, [(Cp”’Nb)(u-n°n’-Pe)], (Cp’’ = n°-CsHs('Bu),-1,3), hydrogens removed for
clarity.®® Right, [n>-Cp*FePgMon’-Cp*], hydrogens removed for clarity.**

Finally, the titanium containing complex®? (Figure 7) lacks hyperconjugation of
electron density as demonstrated by the chair conformation and the slight elongation of P—P
single bonds (2.23(2)-2.25(2) A). The phosphorus atoms are all chemically equivalent in
CesDs, 0 (**P NMR = 386.7 ppm). All three examples mentioned are undoubtedly different
with respect to the naked Pg ring, but all are synthesized using a combination of metal
carbonyls and white phosphorus under the conditions of thermolysis. There is no special way
of engineering a targeted structure; all structures characterized are completely accidental.

The thorium complex® in Figure 7 is the first bicyclic structure composed of naked
phosphorus atoms. The four member butterfly shaped ring is bound to two phosphorus atoms
(the handle) above and shouldered by two thorium atoms. While view shown in Figure 7
nearly possesses a ¢ plane of symmetry, the view perpendicular (bisecting the butterfly) is
obviously not. All phosphorus-phosphorus bonds are singly bonded (2.18(2)-2.24(1) A) and
the shortest is positioned above the butterfly (the handle) from the orbital constriction of the
thorium metals. It is possible to separate the “handle” as demonstrated by the cobalt
connection of the iron shouldered analog."
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Figure 7. Left, Cp*TiPsTiCp*, hydrogens removed for clarity.®® Right,
Cp,”’ThP¢ThCp,”’(Cp’’ = 1n°-1,3-'Bu,CsH3).*

1.4. 5 Phosphorus Atoms

Unsubstituted five membered rings dominate this field and the only exception listed in
these examples is the double titanium complex with two sets of Ps rings (Figure 8). By strict
definition this complex has ten unsubstituted phosphorus atoms and is more appropriately
placed in the category of ‘>6 naked phosphorus atoms’, however, because of the significance
of this discovery is it more rewarding to discuss it along with other unsubstituted Ps rings. All
the metals listed in the examples of Table 1 are group 6 or 8 transition metals with the
exception of manganese (Entry 22), and it is by no coincidence that all the ligands bound are
either carbonyls or cyclopentadienyl derivatives. These ligands offer better stability through
their m-electron acceptation, and they aid crystallization. Two Ps complexes (GaPs and InPs)
are investigated to help understand GaP and InP semiconducting materials.”
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Entry|R; M;|M,|R,

1 n°>-Cp* Fe Cr (CO)

2 n>-Cp* Fe Mo (CO) Entry[R, M,
3 n-Cp* Cr Cr n-Cp* n™-Cs(Bu):H, Fe
4 ns-Cp Fe Fe nS-Cp nS-Cp* Fe
5 ns-Cp Fe Fe ns-Cs(Me)4Et 115'(:5(tl3u)2|'|3 Fe
6  n-Cp Fe Ru n’-Cp* 15-Co(Et)(Me), Fe
7 n:-Cp Fe Fe nZ-Cp* n°>-Cp* Ru
8 ns-Cp* Fe Ru nS-Cp n°>-C5(Et)(Me), Ru
9 n-Cp* Fe Ru n-Cp* (CO), Cr
10 n>-Cp Ru Ru n°-Cp (CO); Mo
11 7-Cp* Ru Ru n°-Cp* (CO), W
12 (CO); W Si (Me) (CO)s Mn

Table 1. Examples of naked Ps ring containing complexes. Entries 1-2,"* 3,7 4,3 577 g 6

7 7-11," 12 " illustrate the multimetal centered complexes. Entries 13,% % 14,7 8184 15 83.
816-18,” and 19-22"® are not.

Two examples shown in Figure 8 are the titanocene®® and an iron/ruthenium
tripledecker complex (Entry 6).”®”" The most common synthetic procedure is to treat a metal
carbonyl with white phosphorus or a phosphorus-rich metal by thermolysis, ultraviolet light,
or ambient conditions. One notable reactant, X*Ps~ (X = Na, K), although not formally
characterized, can be thought of as a Ps example in itself,®” and successful employment of this
reactant has led to the formation of Entries 12, 19-22, 14, and 15.”% %%

Normal phosphorus-phosphorus single bond lengths are about 2.20 A and under
electronic or steric influences can be elongated to about 2.50 A, however, when the bonds are
constricted to < 2.18 A the inspection must be made to determine if the multiplicity is
increased. This is certainly the case with titanocene (bond lengths 2.147(1)-2.166(1) A), and
with its flat structure it provides a perfect example to the isolobility of P to CH units. The
same can also be said about Entry 6 (2.155(1)-2.159(1) A). The high degree of symmetry
(Dsp) from titanocene is caused from the eclipsed n°-Ps-metal bonds. This is also the case
with Entry 6 where every n° bond is eclipsed yielding its Cs, symmetry only to a difference in
substituents (also bound in an n° fashion). The titanocene orbitals are lower in energy when
compared to those of Cp in ferrocene, and the Ps ligand is a 6-bonded ligand whereas the Cp
is a m-bonded ligand. In this respect carbon and nitrogen have the weakest metal-ligand
bonds, while the bonds of titanocene with analogous Ass and Sbs rings are only slightly
weaker than the phosphorus analog.2® Other theoretical studies for similar Ps—M;—M,—Ps
scenarios (M; = Cd, M, = Zn; M; = Cd, M, = Cd; My = Zn, M, = Zn) show that the bonds are
ionic and, in this instance, the metal-metal bond is free to rotate.®
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Figure 8. Left, [Ti(n°-Ps)2]*", Ph4P* omitted for clarity.®® Right, n°-CpFePsRu-n’>-Cp*, PFs
omitted for clarity (Entry 6, Table 1).* "’

It should also be stressed that five membered flat rings are not always the most stable
species. The iron-molybdenum containing complex (Figure 9, left) possesses a Ps motif that
is structurally interrupted by a tert-butyl group and disconnected. A 1,2-insertion with
'BuC=P into [('‘BusCp)(OC)Mo(u-1*?-P,),-Fe(Cp*Et)] using thermolysis expands the
phosphorus-phosphorus connectivity (P2—P3) providing a questionable bond (2.559(1) A)
while forming an additional adjacent phosphorus-phosphorus bond. The remaining unbound
phosphorus atoms (P1 and P5) remain unbound just as they were in the starting material. The
P4-P5, P4-C, and C-P3 bonds are considerably shorter (2.147(1), 1.760(3), and 1.775(3) A)
than would be expected for their singly bound counterparts. It is reasonable to assume that
there is double bond character associated and that the lone pairs of electrons from phosphorus
atoms 3, 4, and 5 are hyperconjugated.

Further treatment of a ring complex, [Cp*Fe(1°-Ps)], with [ {Cp”’Ru(CO)2}-] using
thermolysis gives multiple cage complexes, one of which is featured in Figure 9 (right). Of
course, the cage offers five naked phosphorus atoms, but all the lone pairs of all the
phosphorus atoms are occupied. Such a variety of multiple phosphorus-phosphorus bonds are
present in this structure from strained single bonds (P1-P3, 2.489(4) /f\; P2-P3,2.504(4) A),
single bonds (P4-P5; 2.207(4) A) and constricted bonds (P3—P4, 2.129(5) A; P1-P2, 2.174(4)
A). These differences are most likely produced from steric effects from the cage being that no
pattern is noticeable for an electronic influence. Other cages are also produced using
thermolysis® ** including the FeCo, analog.*
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Figure 9. Left, n°-Cp(MesEt)FePs(C-"Bu)Mon>-Cp("Pr);.”® Right, n°-Cp*FePs(Ru-n’-
Cp(Bu)2)2.*

The quasi cubic nickel-phosphorus cage®® * (Figure 10) is a product of the

thermolysis of [Cp*Ni(CO)], and P,4. In this case the single phosphorus-phosphorus bonds
are unperturbed from the influence of nickel. One would expect this complex to have greater
potential for dative bond formation because each of the lone pairs of electrons on each
phosphorus atom in this complex is retained.

& Nicp*
@

Figure 10. Structure of (NiCp*)sPs.*

1.5. 4 Phosphorus Atoms

Tetrahedral, white phosphorus can bind to a metal in an n' or an n® fashion. The iron
complex® in Figure 11 shows one such example synthesized from the analogous chloride
containing analog in THF. The chloride ligand is replaced by the n* bound tetrahedral P,
ligand. As one would expect, the iron complex has two sets of similar phosphorus-
phosphorus bonds. The P1-P2, P1-P3, and P1-P4 bonds are shorter (2.159 ‘%‘1) A 2. 166(1) ,
and 2.162(1) A respectively) than the P2—-P4, P3-P4, and P2-P3 (2.203(1) A, (2.236(1) A

11
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and 2.211(1) A, respectively). With evidence of equatorial in-plane & overlap from the 4dy,
with a P4 2Pn* in a related species,’* it is tempting to say this phenomenon is a result of 7-
backbonding from the metal as is it seen in other examples as well,”*®® however, it is not
consistent with every metal complex of this type.*® ' Similar terminally bound tetrahedral
P4 ligands bridging two metals together have also shown a constriction in the P—P bond
shared by the two metals and a lesser effect from the other less proximal P—P bonds.*** 1%
Other complexes are characterized by NMR.*> 103105

Treating RhCI(PPhs); with white phosphorus under low temperature (—78 °C) in
CH.Cl, or Et,0 affords the rhodium complex in Figure 11 where the tetrahedral P, is bound
in an n* fashion.* "* This ligand has a large trans influence as seen from the enormous
elongation of the Rh—ClI bond (2.4095 (14) A). Aside from the other phosphorus-phosphorus
bonds (2.188(3)-2.222(2) A), the P1-P2 bond is significantly lengthened (2.461(2) A) to
accommodate the orbitals of the rhodium metal. Complexes with other terminal P4
metal/substituent combinations,'% totally naked silver bridging two n’-P4 substituents,
and totally naked copper bridging two 1n*-P, substituents'®® show that this is not a result of the

106-110

trans influence shown in the featured rhodium complex. As predicted by density functional
calculations the M—P 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 Ag—P and Ag—C interactions are nearly identical in the

Ag(C,H,)" and Ag(P4)" ions, and botllq1 1Shrink due to the n-backbonding from the phosphorus
l.

atoms and carbons back to the meta

Figure 11. Left, [(C,H4(PPh,),)Cp*Fen'-P.4]", [BPhs]™ and hydrogens removed for clarity.*
Right, CI(PPhs);Rhn?-P,, CH,Cl, and hydrogens removed for clarity.* ™

Four membered naked phosphorus atoms also exist in “butterfly” conformation as
shown by the iron complex in Figure 12. The complex is rendered when iron carbonyl
complex, [{CsH'Bus(CO),Fe}], is treated with white phosphorus by applying thermolysis.®
The selective activation of the P1-P4 bond creates a widened angle between the P1-P3—
P2/P1-P2—P4 planes (84.29(9)°). The P1-P2, P2—P4, P4-P3, and P3—P1 bonds around the
parameter remain single (2.197(2)-2.218(2) A), while constriction occurs in the middle P2—
P3 bond (2.150(3) A). Few butterfly complexes exist, and even as most contain a constricted
center (P2—P3) bond,*** ™ at least one example does not and the other is tethered by
phosphorus.™* ***> Other examples are characterized by NMR.**

The complex [COT]S-C5H3(SiMe)g]z-(u-Pz)g has two sets of phosphorus atoms doubly
bonded to each other (2.054(2) A) and positioned parallel to each other in a near perfect
equator. Analogs with Cp* and CsH.'Bus also exist and the bond lengths and angles are
similar to the featured complex.”**® Although examples like this motif are few, the
significance of the separation is great because if, in fact, the two sets were connected,
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hyperconjugation of the lone pairs of elections would be permitted around a, then formed,
ring. A similar planar P, motif is reported where only three phosphorus atoms are bound.***

Q-
@) Fe(CO)y(CsH,('BU)3) or

 CoCsH3(SiMey),
Figure 12. Right, [Fe(CO)on°-CsH2'Bus]o-p-P4. ¥ Left, [Con-CsHs(SiMe)s]a-(1-P2)2.

One such example of a closed four membered ring is shown by the niobium species in
Figure 13. The molecule is synthesized under ultraviolet radiation by treating Cp*Nb(CO),
with white phosphorus in the presence of hexane at room temperature, and is accompanied by
a disubstituted [{Cp*(CO)Nb},(P,)] and [{Cp*Nb}2(Ps)]. The shortened phosphorus-
phosphorus bonds (2.136(3)-2.180(3) A) imply that they are doubly bonded, and the cyclic
connection deviates only slightly from a perfect square (~3°). By Hiickel’s rule, the featured
planar, cyclic ring possessing 6 conjugated = electrons qualifies this as aromatic (4n+2).1%°
The 2 additional &t electrons are added from the d orbital of the niobium with the correct
symmetry. If niobium is unbound the number of electrons is changed to 4; the species
becomes antiaromatic (4n, n = 2). A tantalum®** and vanadium® *® analog as well as an
unrelated Cs,P, complex?* 12 are the only other examples in the literature.

Five membered heterorings containing four naked phosphorus atoms certainly qualify.
The featured iron centered ring in Figure 13" is, ironically enough, synthesized by treating
the butterfly complex in Figure 12 with P=C'Bu using thermolysis in a toluene solution. The
sandwich complex has close alignment with each of the Cs and P4C rings (~5° distortion), and
the angles around the P,C ring are not ideal (108°), distorting the Cs symmetry. The P4C ring
is, however, flat and each of the P—P and C—P bonds lengths suggest they are double bond in
character (PP av. =2.124(2) Aand C-Pav.= 1.775(4) A) meaning that the lone pairs of
electrons are also hyperconjugated. The SiMes substituent is also tunable and the ‘Bu analog
is reported.'?*
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>

. NbCp*(CO),

@ rec.h.(Bu),

Gc

Figure 13. Left, NbCp*n*-P.,.*" Right, n°-P4C(‘Bu)Fen’-CsH,(‘Bu)s.”

Using the direct method of treating LisP7(DME); with 3 equivalents of [FeCp(CO),Br]
while the synthesis is conducted at —78 °C in a THF solution and gently layered with heptane
precipitates a red crystalline [(Cp*Fe)sPs][FeCls(THF)] cage (Figure 14) covalently bound to
three equivalents of Fe(CO),Cp. In contrast to the previously mentioned example, a slight
reduction in the P-P bond length (0.02 A) is evident in comparison to the non-metal bonded
phosphorus atoms. Other similar cages with four naked phosphorus atoms have also been
reported.'?>1%

An iron-phosphorus heterocage is also reported where two sets of P—P bonds are
situated perpendicular to each other.** The iron cluster (Figure 14, right) is afforded from the
thermolysis of [CpFe(CO);]. with white phosphorus. Planes of symmetry included in this
molecule are Fel-P2-P1-Fe4 and Fe2—P3-P4—Fe3, and the average phosphorus-phosphorus
bond distances are only slightly elongated (Av: 2.306(5) A).

©-

@ ~<(co),cp

Figure 14. Left, [(Cp*Fe)sPs], [FeCls(THF)] is excluded for clarity.*” Right (FeCp)4P,.*

1.6. 3 Phosphorus Atoms

Stopponi and Sacooni heavily dominate (Table 2) in the number of complexes
synthesized containing an unsubstituted P substituent due to their signature triphos (1,1,1-
tris((diphenylphosphino)methyl)ethane) ligand. Introduction is generally imposed by treating
the triphos ligand in a polar solution (ie. THF, alcohol) with the appropriate carbonyl or aqua
substituted metal. The anion is attached to the treated metal or separated from the metal using
a carrier cation. The examples shown in Figure 15 show the mono- and disubstituted (Entries
27 and 11, Table 2) analogous palladium complexes. These P3 rings are especially electron
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rich as noted from their phosphorus-phosphorus bond distances where the monosubstituted
species on the left (Av P-P: 2.115(6) A) and the disubstituted species on the right (Av P—P:
2.136(1) A) indicate that the phosphorus atoms are multiply bonded to each other. The
phosphorus atoms in the triphos ligand are eclipsed in the mono- as well as in the
disubstituted species.*®

The multiple metals employed in the construction of many mono- and disubstituted
triphos featured species are shown in Table 2. The next best ligand is cyclopentadienyl,
which has also been consistently present in the previous categories.

Figure 15. Left, [(triphos)PdPs]*, [BF4]", and hydrogens removed for clarity.** Right,
[(triphos)PdPsPd(triphos)]*, [BPh,]™ and hydrogens removed for clarity.**
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Entry [R; M,
15 triphos Ir
16 triphos Rh
17 Cp*(C0O), Mo
18 CsH4Bu Mo
19 CsHs('Bu), Mo
20 ((Me,CsH3)N('PI)); Mo
21 ((Me,CgHyN(PR); W
22 Cp(CO), W
Entry [R, M, [V, [R; ;31 Cp(CO), Mo
1 triphos Co Cu triphos Cp(CO), cr
. . 25 triphos Ni
2 triphos Co Ag triphos .
. . 26 triphos Pt
3 triphos Rh  Ag triphos 97 triphos Pt
4 triphos Ni Pt (PPhy), 28 triphos Pq
5 triphos Co Pt (PPhy) 29 triphos Co
6 triphos Co Rh triphos 30 triphos Ir
7 triphos Ni Rh triphos 31 triphos Rh
8 triphos Co Ir triphos 32 (CO), Co
9 triphos Rh Rh triphos N
10 triphos Co Ni triphos (OCH, Bu);(CHNH
11 triphos Pd  Pd triphos 33 CHy) w
12 triphos Co Fe triphos 34 Cp* Ni
13 triphos Co Co triphos (O-cylcohexyl),(O-
14 triphos Th Th triphos 35 cyclohexyl-NH(Ar)) Mo

Table 2. Summary of complexes containing a cyclo Ps ligand. 1-3,*** 452692 10%
25-26,44 27-28,1%0 29 145 3031 146 32 147 33 18 34 9 35 19 Triphos = (1,1,1-tris((R-
phosphino)R)ethane) and R = various organic substituents. Counterions are removed for
clarity.

The cyclopentadienyl ligand is also versatile at forming double- and triple-decker
complexes. The thorium complex in Figure 15 is obtained by treating [(n°-1,3-
'Bu,CsHs), Th(n*-C4Hs)] with white phosphorus and MgCl,(OEt), during thermolysis. The
labile alkene detaches and facilitates the formation of a P3 centered triple-decker complex
with a chlorine atom attached to one of the thorium atoms. Aside from the disruption of
symmetry, the chlorine is eclipsed to the phosphorus atoms in the P3 motif.3* The nickel
complex [Cp*Nin3-P3] is the coproduct of a Ps cage complex obtained by treating
[Cp*Ni(CO)], with white phosphorus through thermolysis. The commonality of the
constrained phosphorus-phosphorus bonds of the nickel (av. P-P: 2.100(4) A) and the
thorium (av. P-P: 2.185(9) A) complex shows consistency between the different P3 bearing
complexes.*

Other cluster and ring complexes with P3 configurations are also noted.
Entries 17, 22, and 23 are described in detail in the Results and Discussion section.

143, 150 79, 151, 152
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Figure 15. Left, Th(Cp'Buy).m*:n3-PsThCI(Cp'Bus),.3* Right, Cp*Nin>-Ps.**

1.7. 2 Phosphorus Atoms

The discussion of two naked phosphorus atoms can be trivial unless certain scenarios
are addressed. The iron complex™ in Figure 16 shows two sets of mono substituted
cyclopentadienyl rings in a staggered conformation, each bearing the ability of the electron
rich phosphorus atoms (av. C—P bond len§th: 1.778(1) A) to datively bind to an electrophile.
The disubstituted molybdenum complex™* (right) contains both of its phosphorus atoms in
the same three-membered heterocycle. Surprisingly, the C—P bonds are not shortened
(1.804(2) A), and most of the electron density seems to be localized at the P=P double bond
(2.137(1) A). Similarly, as in the iron complex, the nitrogen containing substituents are

staggered with respect to the atoms of the heterocycle.

.Mo

@ Niprar

P
Cc

Figure 16. Left, Fe(Me,C4P),, hydrogens omitted for clarity.>® Right, n*-P,CMo(N(Ar)'Pr)s
and hydrogens omitted for clarity. Ar = 1-adamantyl, Ar = 3,5-Me,CgH3."**
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The Fe,P, heterocycle dissected by an Fe—Fe bond in Figure 17 offers two lone pairs
located trans from each other. In contrast to the previously mentioned cyclopentadienyl
ligands in Fe(Me4C4P),, the Cp’’’ rings are eclipsed. This metal- phosphorus motif was first
synthesized in 1973 with an analogous cobalt carbonyl® " **” and is also present in
chromium,**® molybdenum,?> 6138140 3nq tungsten complexes.’* The complexes
containing group six elements have formal P-P bonds. The molybdenum and tungsten
species are described in detail in the Results and Discussion section.

@~
er
&cC

Figure 17. (1,2,4-'BusCsH,)Fep-P,Fe(1,2,4-'BusCsH,), hydrogens omitted for clarity.!*®

Many reviews discussing complexes containing naked phosphorus atoms and the
complexes’ reaction abilities are published. % 156159

1.8. Research strategy

The chemistry presented in this thesis focuses on electron rich naked di- and
triphosphorus-containing molybdenum and tungsten complexes and their reactivities toward
selected group 10 and 11 metallic salts. 3038 781151152, 160-173 Tha nroducts are then
characterized by single crystal X-ray diffraction, solid- and solution-state NMR (nuclear
magnetic resonance), IR (infrared radiation), melting point, EA (elemental analysis), as well
as EI-MS and ESI-MS (electron impact, electrospray ionization, mass spectrometry). The
starting materials contain anywhere from 2—6 unsubstituted phosphorus atoms at the binding
sites in the form of rings with the exception of the pure dimer. Inorganic two- and 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. This strategy is not limited to phosphorus, however, the research
conducted in this thesis is. Because of the usual lack of difference in shift between the *H,
3¢, and 3P NMR of the reactants and products, every newly synthesized unknown compound
presented in this thesis is accompanied by a solid-state projection generated from a single
crystal X-ray measurement. For more examples involving arsenic- and sulfur- containing
starting materials, the interested reader may wish to consider other articles.!”**"

18



Introduction

The greatest potential to produce polymers arises from the most phosphorus-rich
complexes. Every naked phosphorus atom has the potential to datively bind to another metal
and if multiple phosphors atoms are present then availability of 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 containing four or greater phosphorus atoms in close
proximity have shown the capacity of producing three-dimensional polymers (ie. spherical
cages, and half cages) whereas, the research presented here; complexes with three and two
phosphorus atoms have only produced linear polymers at best. The reactants for this research
involve late transition metal carbonyls (ie. Cr, Mo, W), group 11 salts, and a new,
successfully tested class of reactants involving ML,Cl, (M = Pd and Pt) species. Other
significant reactions exist that are beyond the scope of this research.
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Il. Results and Discussion

2.1. Reactants

co —Na* ocC CO CO
OC/,, | .\\\CO N _ l. CcO 1/2 FeZ(SO4)3 \ _o‘\
o TN es MO O Mo O
CcO B 1.
oc” | | / o

oc ¢ o
M = Mo, W co
Pas)
.
co ocC CO CO
OCr. | ~CO g V. \ &/ M = Mo
AN + R —==> R—M /M R
oc co / oc \
co oc co
t ocC b CO oC 5
R=Cp'Bu, M=W R=Cp*, M =W, Mo \ N/ \ N
R = Cp*, M = Mo, W P4 ' ' MO/ 1 0 + Mo —= P
v R=Cpt,M=W / \F'/ \ / \FI/
" |[R=CpBuM=W oc co ocC
3 27
oc oc
P. /CO R red yellow
R—M/I—\M—R + R—M/-l}P
/ N \ / \ILl
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

Scheme 1. 1. Reflux for 40 min. in predried diglyme. II. A filtered solution of H,O, acetic
acid, and Fe,(SO,); is added, and stirred approximately 15 minutes. Contents are filtered with
a fritted filter and rinsed with H,O, then cold methanol, and finally pentane. The material
collected on the filter is dried under reduced pressure.”” 111. Refluxed in toluene for 24 h.
Toluene is removed by reduced pressure. A small amount of SiO, and CH,Cl; is used to soak
up the product. This dust is then placed into a column (10" long) and flushed with a
pentane/toluene gradient'’® solution. V. For R = Cp'Bu, M = W, Reflux 18h in decalin.*”
For R = Cp. Cp*; M = Mo,W, Reflux 50 h in xylene. V. Reflux 16 h in xylene; Reflux 16 h
in decalin, for R = Cp'Bu, M = W.**

The reactants used in this research contain 2 and 3 naked phosphorus atoms and are
synthesized by different methods (Scheme 1). Complexes 3 and 27 are synthesized by the
introduction of a cyclopentadienyl substituent to the featured hexacarbonyl followed by
oxidation with Fe,;(SO,4); and, finally, a treatment with white phosphorus. Even though the
tungsten analog is capable of being produced though steps I and 11, the final step 111 is not
active enough to facilitate a reaction. Step V is, therefore, conducted in a solvent with a
higher boiling point to achieve a successful reaction. Steps I and Il are also possible for the
introduction of Cp* to tungsten and molybdenum hexacarbonyl, but since the last step in the
synthesis involves the treatment of white phosphorus in the presence of xylene, 1V is more
efficient rather than spending extra time for evacuation followed by a change in solvent. The
method used for the preparation of 3 and 27 is new. Previous preparations used an indirect
method. % %
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2.2. Reactions with Group 10 Complexes and Tungstenpentacarbonyl

The planar hexagonal PtP4Pt and PdP4Pd 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)PtCIy; cis and trans mixture, Pt(SMe;),Cl,; and
trans Pt(MeSPh),Cl, configuration (Scheme 2). 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 examples of
this have been synthesized using 3 and CuX (X = CI, Br, 1) species.’® Any attempts to react
these products further are foiled by the difficulty of producing tangible amounts 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 trans platinum starting
material showed no sign of polymer. The nickel analog was attempted using trans
NiCly(MeSPh), and crystallized using the same protocol. Repeated X-ray diffraction
experimentation showed the crystal to be amorphous and immeasurable.

The synthesis of this compound is performed by layering a 3/CH,Cl, solution on a
cold (0 °C) PtCl,Lx/CHCI; solution via cannula. The best results for both platinum (49.9%
yield) and palladium (42.3% yield) analogs (Scheme 2) are obtained using the metal species
with the defined sulfur bound ligands rather than the COD substituent, which 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 sulfur substituent of the platinum or palladium containing
starting material. Single brown crystals are obtained for each of the platinum (1) and
palladium (2) ring containing complexes.

Fluxional behavior, common in many Pt-P bound metallic complexes,*¥*% in
solution or the solid-state is not detected, however, the freezing point of DMSO-dg (18.4 °C)
does not allow NMR measurements at the low temperatures where this kind of activity is
typically detected (about —110 °C). The solid-state X-ray structure is in agreement with the
'H, ¢, and *'P NMR. The *'P NMR (Figure 19) detects only one species in solution as well
as the satellite peaks (approximating an AA’BB’X spin system) of the ***Pt isomer (non,
Lpp» = 253.2 Hz and “Jp- p = 2051.1 Hz; 1Jp-p» = 157.8 Hz and 2Jp p = 1629.3 Hz). These
coupling constants are in agreement with those reported in the literature for both J(P—P) and
J(**°Pt-P) bonds. '8¢

[Mo] —[Mo]
%
N
[Mo]=—[Mo] cl cl
%
2 ’/\l + 2 McLL, _CHXCb o \M/ \M/
P—FP 7\ /N
5 ca’” __J o
)z
)
[Mo]—[Mo]
1,2

Scheme 2. Synthesis of 1 and 2. MCl,Lx = (COD)PtClI; (4, cis), Pt(SMe,).Cl (5, cis and
trans mixture), Pt(MeSPh),Cl, (6, trans), Pd(MeSPh),Cl, (7, trans), and Pd(SMe,).Cl, (8, cis
and trans mixture). [Mo] = MoCp(CO)..
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In the solid-state X-ray structure, the center PtCI,P,PtCl, 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 PtCI,P, motif
contributes no deviations from the plane. The Pt—P dative bond lengths (2.2241(18)—
2.2405(20) A; 2.2323 av.)** 182 183.192:199 516 oy pected and are comparable to other examples
in the literature. The Pd—P dative bonds are also comparable to those in the literature and are
slightly constrained (0.1 A) compared to those in the trans position.?*?® The total angular
summation of the six membered Pd,P,P,Pd,P,P ring is approximately 1.04° less than 720°
contributing virtually no bending in the ring along with the angle summation about the
PdCI,P, motif (360°). Other comparisons of strictly datively bound Pt-P?**?!° and pd—p#12%>
(Figure 18) reveal that the larger cone angles generally produce larger dative bonds by the
influence of sterics. The average Pt—P (2.231(2) A) and Pd—P (2.244(3) A) are relatively
small in comparison, however, the average Pd—Cl (2.343(4) A) and Pt-Cl (2.347(2) A)
lengths do not deviate significantly. The P—P bond lengths remain very consistent in
complexes 1 (2.078(3) and 2.074(2) A) and 2 (2.076(5) A) in comparision to the unbound
starting material 3 (2.079(2) A).

R Pt-P PP PtCl  Pd-Cl
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)
Ph,CH3 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 dative M—P and formal M—CI bond
lengths (A). R (cone angle)?'® = Cy (170°), Ph (145°), Ph,CHj; (136°), Et (132°), Me (118°),
M = Pt206-210 and Pd.211_215

Both the platinum and palladium complexes (1 and 2 respectively) possess an
approximate Do, symmetry down the middle when the MoCp(CO), substituents are ignored.
Complex 1 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 PtCI,P4PtCl,
motif one sees that the both of the cyclopentadienyl groups on the upper and lower left
quadrants 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 possess two 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 analogous PdCI,P4PdCl,
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 the plane. This contains 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 (PdP4Pd) ring and the square planar
P,PdClI, groups on either end. The two very close peaks in the IR spectrum of 1 show an
antisymmetric (2014) and a symmetric (1977) stretch just as the IR spectrum of 2 exhibits one
symmetric (1950) and one asymmetric (1908) peak.

\Pt/l% Pt/195
/NN
& pr—rpr ©

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

Figure 19. 3P NMR spectrum of 1 with simplified isotope reference 6 = —123.8 (non, *Jp p
= 253.2 Hz and "Jp- p, = 2051.1 Hz; *Jp-p» = 157.8 Hz and 2Jp- p, = 1629.3 Hz). Mo(CO),Cp
groups connected to the [P] are omitted for clarity.

The solid-state structure of the Pd analog is not in total agreement with the solution
phase *'P NMR. Of the three singlets reported, one is identified as 3 (—43.09 ppm) resulting
from the decomposition of the datively bound phosphorus. The other two signals are
significantly deshielded in comparison to the platinum analog, and given the relatively similar
electronegativity of the two metals, it is 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 (EI-MS) of 1 shows the presence of multiple
species in an inert high voltage environment. The least abundant fragment is the
uncoordinated [PtCl,]" salt followed by the uncoordinated [Cp.Mo,(CO)4P,]" ligand.
Progressive loss of carbonyl groups form the [Cp,Mo,(CO),P,]" and the more abundant
[Cp2Mo2P,]" species, while an increase in carbonyl groups when bound to
platinum(l1)chloride form the more abundant [Pt(CO),Cl,]" ion. The most abundant species
detected is the [Mo(CO)]" ion formed from the decomposition of [Cp,M0,(CO)4Ps].

The EI-MS of 2 also shows the presence of the same uncoordinated
[Cp2Mo,(CO)4P2]" ligand and progressive loss of CO groups including the additional
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presence of [Cp,Mo0,(CO)P,]". The most abundant species is the uncoordinated [Mo(CO)]"
ion and it is accompanied by a greater variety of uncoordinated species ([Pd(CO)Cl,]",
[Pd.Cls]", [MoPd(CO).Cl,]", and [Pd.Cl,]") as it does with the platinum analog.

The positive ion electrospray mass spectrum (ESI-MS) reveals many species of 3
bound to [Pdx(CH3CN)x]" followed by unbound species of [Pdx(CH3CN)x]". Furthermore,
the negative ESI-MS shows the presence of halide containing [PdxClx(CH3CN)x]™ and
[MoxClx(CH3CN)x] ™ species. These two experiments reveal the extreme binding affinity of
palladium to nitrogen and show why electron impact is more suitable because it allows much
smaller concentrations when performed in CH,Cl,. Unfortunately, no data can be collected
from ESI-MS when 1 or 2 is dissolved in a pure CH,Cl, solution.

Complementary syntheses involving the Cp* substituted Mo,P,* basal unit (38) was
used in an attempt to produce analogous structures for species 1 and 2. The obtained crystals
were not of sufficient quality for diffraction and a known side product, (CO),Cp*Mo-p-H-p-
PH,-Mo(CO),Cp*, was obtained in the pursuit of the palladium analog. Further analysis by
ESI-MS showed, however, one instance of an almost complete palladium complex,
[{Cp*zMOz(CO)sz}deC|2]+.

Complex 10 is obtained by layering a 3/THF solution with a solution of 9/THF via
cannula. Single maroon-brown crystals are obtained after the homogeneous solution is
concentrated giving a product yield of 76%. The six membered ring complex of 10 is given
regardless of the stoichiometric ratio of the starting materials. Complex 12 is obtained by an
analogous procedure. Both 10 and 12 are somewhat soluable in THF and marginally soluable
in CH,Cl, but insoluable in CH3CN, hexanes, and pentanes.

[M;—,[M]
OoC P/—P CO
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Scheme 3. Synthesis of 10 and 12. [M] = MoCp(CO); for 10 and WCp(CO), for 12.

The W,P,P,W,P,P ring solid-state structure of 10 is the second example in the
literature,**” however, it is the first example with a completely flat hexagonal (angle
summation 720°) motif. The first example with a W,P,P,W,P P ring contains a bent chair-like
configuration and contains similar W—P (2.508(3) and 2.529(4) A) and slightly longer P—P
(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 two equatorial 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 groups in the upper left and right quadrants point into the plane whereas the
lower left and right point out of the plane. In the absence of the MoCp(CO), substituents the
center of the molecule has an approximate D,, symmetry.

The energy bands detected in the IR spectra (1944 cm™* and 1983 cm™) are not in total
agreement with the solid-state projection as four for the tungsten bound carbonyls and two for
the diphos subunit (3) are expected. Nonetheless, the noticeable broadening of the detected
peaks eludes that multiple bands have overlapping intensity. It is of interest to note that in the
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positive ion EI-MS (CH,Cl,) spectrum, 10 is not detected. A sizable depletion of carbonyls
([Cp2Mo02(CO)o_oP2W]") with tungsten still bound continues on until even after the final W—P
is severed. From this point stability is retained by binding to THF ([Cp2M02(CO)3 4P2(THF)]
") after the loss of two more carbonyls. Following the loss of THF, several species of
unbound [Cp2Mo02(CO)4P,]" are formed. The loss of carbonyl groups are rebound to
molybdenum and tungsten in the form of M(CO)xTHFx.

Switching solvents (CH,Cl,/CH3CN) for the positive ESI-MS affords larger species
([Cp2-3M024(CO)4-12P2 sW1 2]"), including the original complex 10. The negative ion ESI-
MS also shows steady patterns of larger complexes, [CpsM0osPsW(CO)x]” (X =11, 9, 8) and
[Cp2M0oPsW(CO)x]™ (X =8, 9), retaining a P4 subunit while exhibiting one rogue occasion of
[Cp2M0o,P,W(CO)13]". The rest of the species present are simple tungsten and molybdenum
carbonyls.
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Figure 20. Variable temperature **P{*H} NMR spectra of 10 in CD,Cl,/THF (3:1); From top
to bottom: 27, 0, , —80, =110 °C.

The dynamic behavior of 10 in a CD,Cl,/THF solution is detected from the variable
temperature **P{*H} NMR (Figure 20). When the temperature approaches —80 °C and
continues to —110 °C two distinct doublets are produced representing the apparent binding of
THF and subsequent separation of tungsten from the two phosphorus atoms (Scheme 4). The
asymmetric environment is manifested by the two chemically inequivalent phosphorus atoms
(-52.7 (d, P’, Jpp» =477.1 Hz),-109.5 (d, P**, Jp»p> = 477.1 Hz) @ —110 °C) and is in
coexistence with the originally bound species.
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Scheme 4. Proposed equilibrium of 10 and 12 in a CD,Cl,/THF solution. [M] = MoCp(CO),
for 10 and WCp(CO), for 12.

Figure 21. Variable temperature *P{*H} NMR spectra of 12 in CD,Cl,/THF (3:1); From top
to bottom: , —110, -100, -80, —40, —-20, 0, 27 °C.

The same is true of the dynamic behavior 12 in a CD,Cl,/THF solution. When the
temperature approaches —80 °C and continues to —120 the variable temperature **P{*"H} NMR
(Figure 21) displays two distinct doublets (—141.32 (d, P*’, Jp-p- = 479.12 Hz), -153.11 (S), —
215.62 (d, P’, Jp:p» = 479.12 Hz) @ —120 °C) representing the evident binding of THF and
successive separation of tungsten from the two phosphorus atoms (Scheme 4). Complex 12 is
synthesized by layering an 11/THF with a solution of 9/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 complex of 12 is given regardless of the
stoichiometric ratio of the starting materials.

The first 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 chair-like configuration, 12 has similar W-P (2.508(3) and
2.529(4) A) and shorter P—P (2.130(5) A) bond lengths.?*" 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 the carbonyls located opposite and on the tungsten carbonyl subunits together emit
two broad peaks in the IR spectrum. In the absence of the WCp(CO), substituents the center
of the molecule has an approximate Do, symmetry. It is important to realize that even though
all these similarities exist, the *'P NMR detects severe differences in electron density around
the phosphorus atoms of the two analogs regardless of temperature. In spite of the subtle
differences in electronegativity between the tetrahedrally positioned tungsten and
molybdenum, the phosphorus atoms in the tungsten analog (12) are significantly more
shielded than the molybdenum complex (10). The same is true for the palladium (2) and
platinum (3) complexes as the heavier platinum analog even though the electronegativity is
practically equivalent and the metals are located in planar positions.

The positive ESI-MS for 12 contains many species of considerable molecular weight,
none of which contains the original complex. Every group including W, P, Cp, and CO are
subject to change in population in which the highest equivalence of phosphorus present is one
equivalent. Variations of the starting material (11) with additions of carbonyl, tungsten, and
phosphorus atoms are detected in the negative ESI-MS. 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 complexes 1, 2, 10, and 12 is thought to exist in the
trans configuration forming either a monomer, dimer, or polymer (Figure 22). Inspection of
the M—P bond reveals that it is may not be long enough to accommodate the steric bulk of the
MoCp(CO), configuration. Complexes 1 and 2 are bound in a square planar fashion and it is
reasonable to believe 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
10 and 12, a previously reported structure involving datively bound phosphorus atoms to a
W(CO), subunit also confers that a six membered ring is more stable.?*’ Yet, other somewhat
analogous efforts in the literature show only a monosubstituted species.® %
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Figure 22. Explored trans possibility for 1, 2, 10, and 12. M =Pt, Pd, and W. X =Cl for 1
and 2; and (CO), for 10 and 12. [M] = MoCp(CO); for 1, 2, and 10; and WCp(CO), for 12.

X-ray Data Collection for 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 measurements were performed using the omega scan method (A
= 1.5418 A) with a graphite crystal incident beam monochrometer. Cell constants were
obtained from a Full-matrix least-squares on F2.
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Figure 23. Solid-state projection of C,gH,0ClsM040gP4Pt; (1). Hydrogen atoms and CH,Cl,

are removed for clarity.

Results and Discussion

Table 3. Selected Bond Lengths (A) and Angles (°) (1).

Pt(1)-CI(1) 2.3471(18) Pt(1)-Cl2) 2.344(2)
Pt(1)-P(1)  2.2189(19) Pt(1)-P(3)  2.2387(19)
Pt(2)-CI(3) 2.352(2) Pt(2)-CI(4) 2.3457(18)
Pt(2)-P(2)  2.2406(19) Pt(2)-P(4)  2.2241(18)
Mo(1)-P(1) 2.454(2) Mo(1)-P(2) 2.502(2)
Mo(2)-P(1) 2.479(2) Mo(2)-P(2) 2.474(2)
Mo(3)-P(3) 2.4703(19) Mo(3)-P(4) 2.4808(19)
Mo(4)-P(3)  2.459(2) Mo(4)-P(4) 2.488(2)
P(1)-P(2)  2.078(3) P(3)-P(4)  2.074(2)
CI(1)-Pt(1)-CI(2)  91.40(7) CI(1)-Pt(1)-P(1)
CI(1)-Pt(1)-P(3)  86.55(6) CI(2)-Pt(1)-P(1)
CIQ2)-Pt(1)-P(3)  174.92(7)  P(1)-Pt(1)-P(3)
CI(3)-Pt(2)-Cl(4)  90.86(7) CI(3)-Pt(2)-P(2)
CI(3)-Pt(2)-P(4)  88.81(7) CI(4)-Pt(2)-P(2)
CI(4)-Pt(2)-P(4)  178.63(8)  P(2)-Pt(2)-P(4)
P(1)-Mo(1)-P(2)  49.57(6) P(1)-Mo(2)-P(2)
P(3)-Mo(3)-P(4)  49.54(6) P(3)-Mo(4)-P(4)
Pt(1)-P(1)-Mo(1)  142.28(9)  Pt(1)-P(1)-Mo(2)
Pt(1)-P(1)-P(2) 135.41(10)  Mo(L)-P(1)-Mo(2)
Mo(1)-P(1)-P(2)  66.40(8) Mo(2)-P(1)-P(2)
Pt(2)-P(2)-Mo(1)  149.07(9)  Pt(2)-P(2)-Mo(2)
Pt(2)-P(2)-P(1) 131.23(10)  Mo(1)-P(2)-Mo(2)
Mo(1)-P(2)-P(1)  64.03(8) Mo(2)-P(2)-P(1)
Pt(1)-P(3)-Mo(3)  134.18(9)  Pt(1)-P(3)-Mo(4)
Pt(1)-P(3)-P(4) 130.92(10)  Mo(3)-P(3)-Mo(4)
Mo(3)-P(3)-P(4)  65.50(7) Mo(4)-P(3)-P(4)
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Pt(2)-P(4)-Mo(3)  142.40(9)  Pt(2)-P(4)-Mo(4)  136.73(9)
Pt(2)-P(4)-P(3) 135.44(10)  Mo(3)-P(4)-Mo(4) 77.64(6)
Mo(3)-P(4)-P(3)  64.97(7) Mo(4)-P(4)-P(3)  64.48(8)

X-ray Data Collection for 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 scan method (A
=0.71069 A) with a graphite crystal incident beam monochrometer. Cell constants were
obtained from a Full-matrix least-squares on F?

Figure 24. Solid-state projection of C,gH0ClsMo40gP4Pd, (2). Hydrogen atoms are
removed for clarity.

Table 4. Selected Bond Lengths (A) and Angles (°) (2).

Pd(1)-CI(1) 2.3435(31) Pd(1)-CI(2) 2.3419(39)
Pd(1)-P(1) 2.2377(38) Pd(1)-P(2) 2.2506(31)
Mo(1)-P(1) 2.4642(35) Mo(1)-P(2) 2.4653(39)
Mo(2)-P(1) 2.4684(41) Mo(2)-P(2) 2.4759(31)
P(1)-P(2)  2.0758(48)

CI(1)-Pd(1)-CI(2)  93.647(135) CI(1)-Pd(1)-P(1)  87.935(126)
CI(1)-Pd(1)-P(2)  175.919(131) CI(2)-Pd(1)-P(1)  178.273(131)
CI(2-Pd(1)-P(2)  86.236(186) P(1)-Pd(1)-P(2)  92.236(130)
P(1)-Mo(1)-P(2)  49.808(121) Pd(1)-P(1)-Mo(1)  138.934(163)
Pd(1)-P(1)-Mo(2)  132.027(160) Pd(1)-P(1)-P(2)  136.031(201)
Mo(1)-P(1)-Mo(2) 78.313(104) Mo(1)-P(1)-P(2)  65.126(142)
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Mo(2)-P(1)-P(2)  65.362(133) Mo(1)-P(2)-Mo(2) 78.150(105)
Mo(1)-P(2)-P(1)  65.066(146) Pd(1)-P(2)-Mo(1) 132.036(168)
Mo(2)-P(2)-P(1)  64.989(131) Pd(1)-P(2)-Mo(2)  148.126(160)
Pd(1)-P(2)-P(1)  131.213(199)

X-ray Data Collection for 10. A brown-black, 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 scan method (A
=1.5418 A) with a graphite crystal incident beam monochrometer. Cell constants were
obtained from a Full-matrix least-squares on F>.

Figure 25. Solid-state projection of C3sHz0M04016P4W2(C4HgO), (10). Hydrogen atoms and
C4HgO are removed for clarity.

Table 5. Selected Bond Lengths (A) and Angles (°) (10).

W(1)-P(1) 2.5053(13) W(1)}-P(2)  2.5112(13)
Mo(1)-P(1) 2.4405(13) Mo(1)-P(2) 2.5462(13)
Mo(2)-P(1) 2.5472(13) Mo(2)-P(2) 2.4455(12)
P(1)-P(2)  2.0776(18)

P(L)-W(1)-P(2)  89.30(4) P(1)-Mo(1)-P(2)  49.19(4)
P(1)-Mo(2)-P(2)  49.13(4) W(1)-P(1)-Mo(1)  140.18(5)
W(1)-P(1)-Mo(2)  140.84(5)  W(1)-P(1)-P(2) 135.70(7)
Mo(1)-P(1)-Mo(2) 74.39(4) Mo(1)-P(1)-P(2)  68.06(5)
Mo(2)-P(1)-P(2)  62.88(5) W(1)-P(2)-Mo(1)  143.68(5)
W(1)-P(2)-Mo(2)  137.99(5)  W(1)-P(2)-P(1) 135.00(7)
Mo(1)-P(2)-Mo(2)  74.33(4) Mo(1)-P(2)-P(1)  62.76(5)
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Mo(2)-P(2)-P(1)  67.99(5)

X-ray Data Collection for 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 measurements were performed using the omega scan method (A = 0.71073 A) with a
graphite crystal incident beam monochrometer. Cell constants were obtained from a Full-
matrix least-squares on F2.

Figure 26. Solid-state projection of C3sH20016P4sW5s (12). Hydrogen atoms and C4,HgO are
removed for clarity.

Table 6. Selected Bond Lengths (A) and Angles (°) (12).

W(3)-P(2) 251108) W(3)-P(1) 2.5151(8)
W(2)-P(2) 2.4437(9)  W(2)-P(1) 2.5523(9)
W(1)-P(2) 25516(8)  W(1)-P(1)  2.4504(9)
P(1)-P(2)  2.0945(11)

P(2)-W(3)-P(1) 89.76(3) P(2)-W(2)-P(1) 49.51(3)
P(2)-W(1)-P(1) 49.46(2) W(3)-P(2)-W(2)  140.32(3)
W(3)-P(2-W(1)  141.153)  W(3)-P(2)-P(1) 135.41(5)
W(2)-P(2)-W(1)  74.19(2) W(2)-P(2)-P(1) 67.94(3)
W(1)-P(2)-P(1) 62.75(3) W(3)-P(1)-W(2)  144.05(4)
W()-P(1)-W(1)  138.093)  W(3)-P(1)-P(2) 134.82(5)
W(2)-P(1)-W(1)  74.06(2) W(2)-P(1)-P(2) 62.55(3)
W(1)-P(1)-P(2) 67.79(3)
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2.3. Reactions with Group 11 Salts

Inorganic polymers have always been a fascinating field. Recently, multidimensional
polymers and fullerene-type structures, derived from delocalized electron-rich phosphorus-
bound metal substrates have attracted much attention.'®?2%?" still, there is no denying that
this field is in its infancy. Although examples in the literature show it is possible for bidentate
hosphorus ligands to simultaneously bind to the copper atom of a CupX, (X = Cl228:2% g2t
35-233 | |168, 231, 235, 237, 239-243y qquare motif, none of these include any triphosphorus species. It
is thus, in the author’s interest t0 pursue exploration into these complexes. Previously
performed research has shown that reactions with similar electron rich motifs have the
potential of forming polymeric species.!”® 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 crystal X-ray diffraction.

2.3.1. Dimers Synthesized From a Triphosphanotungsten and CuX (X = Cl, Br, I)

The syntheses of complexes 14-16 (Scheme 5) are performed by carefully layering a
solution of CuX/CH3CN (X = Cl, Br, 1) over a solution of 13/CH,Cl, with a cannula in a 2:1
ratio and placing the solution in a dark environment for two days at room temperature. The
contents are then filtered with a fritted filter, layered with pentane, and cooled to 5 °C to give
yellow crystals. The yield of 14 is somewhat lower due to the formation of a dark brown
byproduct (21) that contains no traces of phosphorus. The product is separated by fractional
crystallization. Likewise, the syntheses of the analogous molybdenum containing complexes
18-20 are similar in almost every aspect other than crystallization and, of course, a 17/CH,ClI,
solution is used as the reactant.*® All crystals of complexes 18-20 are obtained by slow
depolarization of the solution by gentle layering with ether while only 18 and 20 are
crystallized at a lower temperature (—28 °C). Complexes 18-20 are only slightly soluable in
CH3CN, CH,CI;, and THF, but they are insoluble in hexanes and pentane.
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Scheme 5. Synthesis of 14-16. X =Cl, Br, I. [W] = W(CO),Cp*. Analogous reactions are
also performed 18-20. X = Cl, Br, I. [Mo] = Mo(CO),Cp*. The complexes are isostructural
with the exception of 20; 20 is a polymer.

Complex 13 is synthesized by a known reaction,?** however, it is not previously
characterized by single crystal solid-state diffraction. The solid-state projection (Figure 27)
shows tungsten bound by two carbonyl groups, pentamethylcyclopentadienyl, and the electron
rich cyclotriphosphorus.
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X-ray Data Collection for 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 using the omega scan method (A = 1.54184 A) with a
graphite crystal incident beam monochrometer. Cell constants were obtained from a Full-
matrix least-squares on F2.

Figure 27. Solid-state projection of C1,H150,P3W (13). Hydrogen atoms are removed for
clarity. Selected bond lengths (A): P1-P2 2.1558(1), P1-P3 2.1378(1), P2—P3 2.1831(0)

Complexes 14-16 possess carbonyl and pentamethylcyclopentadienyl substituents
oriented in opposite directions just as in the original starting material. Each have
approximately C,, symmetry and contain a perfectly planar Cu,X, rhombus (X = Cl, Br, 1)
configuration (angle summation of 360°). In comparison to the starting material (13, 2.183(9)
A), the P1-P2 bond lengths of the CuCl (14, 2.283(3) A), CuBr (15, 2.2785(15) A), and the
Cul (16, 2.2717(16) A) containing complexes are significantly longer (~0.1 A) due to the
slight weakening of the bond caused by the Cu* ion. The elongation (~0.1 A) is also present
in complexes 18 (CuCl analog, 2.2908(9) A) and 19 (CuBr analog, 2.2785(9) A) relative to
their starting material (2.1703(8) A). This elongation consequently causes a P1-P3—P2 bond
angle increase (~3°) while the other phosphorus-phosphorus (P1-P3 and P2—P3) bond lengths
remain consistent. The tungsten-carbonyl and molybdenum-carbonyl angles are also
increased (~3-4° for 14-16 and ~2—4° for 18-20) in comparison to the starting material, but
the tungsten-carbon and molybdenum-carbon bond lengths associated with the
pentamethylcyclopentadienyl group (C3—C7) remain constant. Each of the Cu,X; rings
contain an average CuX bond length that is elongated as the halide increases in atomic
number (14, Cl = 2.305(2); 15, Br = 2.431(1); 16, | = 2.585(1); 18, Cl = 2.328(1); 19, Br =
2.436(1); 20, 1 = 2.620(3) A). The elongations for 14-16 (CI 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 for 18-20 (Cl to Br = 4.6%, Br to | = 7.5%). As one would expect, the
distance between the copper atoms actually decreases when one compares the chloride
containing analogs with the bromine containing species (14 and 15, -0.044 A; 18 and 19, —
0.404 A). The same pattern also exists for the bromine to iodine containing species (15 and
16, -0.026; 19 and 20, -0.211 A).
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Previously synthesized molybdenum-arsenic complexes are the most similarly known
analogs other than the ones presented in this thesis. Molybdenum-arsenic analogs for each of
the three copper halide species (CI, Br, and I) also show instances of elongation by the
complimentary As1-As2 bonds.**® Yet, these complexes demonstrate an intermolecular
CuAs binding mode which is not present in complexes 14-16. It should be emphasized that
even thou similarities exist, none of the analogous reactants presented and cited react
analogously; proving this is extremely difficult without a solid-state projection.

X-ray Data Collection for 14. A light yellow, flat prism having approximate dimensions of
0.17 x 0.09 x 0.03 mm, was mounted on an Oxford Diffraction Gemini Ultra diffractometer.
All intensity measurements were performed using the omega scan method (A = 1.54184 A)
with a graphite crystal incident beam monochrometer. Cell constants were obtained from a
Full-matrix least-squares on F>.
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Figure 28. Solid-state projection of C,4H3,Cl,Cu,04PsW, (14). Hydrogen atoms are
removed for clarity.
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X-ray Data Collection for 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 were performed using the omega scan method (A = 1.54184 A) with a
graphite crystal incident beam monochrometer. Cell constants were obtained from a Full-
matrix least-squares on F2.

Figure 29. Solid-state projection of C,4H30BroCu,04PsW, (15). Hydrogen atoms are
removed for clarity.

X-ray Data Collection for 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 performed using the omega scan method (A = 0.71073 A) with a
graphite crystal incident beam monochrometer. Cell constants were obtained from a Full-
matrix least-squares on F>.

Figure 30. Solid-state projection of C,4H3,Cu,l,04PsW; (16). Hydrogen atoms are removed
for clarity.
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Table 7. Selected bond lengths (A) and angles (°) of compounds 13-16.

13 14 15 16
Cu(1)-X(1) 2.267(2) 2.3989(8) 2.5547(6)
Cu(1)-P(1) 2.312(2) 2.2998(13)  2.3522(12)
Cu(1)-P(2) 2.280(2) 2.3178(12)  2.3531(12)
Cu(1)-X(1)’ 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)-Cu(1)-P(1) 131.91(8) 125.21(4) 124.90(4)
X(1)-Cu(1)-P(2) 127.59(9) 131.07(4) 126.51(3)
X(1)-Cu(1)-X(1)’ 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(1)'—Cu(1)-P(1) 117.80(8) 120.64(4) 112.95(3)
X(1)’~Cu(1)-P(2) 122.67(8) 113.07(4) 108.62(3)
Cu(1)-X(1)~Cu(1)’ 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) 58.21(5) 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 (20) is indeed fascinating! Considering the two
analogous systems, evidence suggesting that the electronegativity difference of molybdenum
(Pauling = 2.16) and tungsten (Pauling = 2.36) affect the configuration. The greater amount
of electron density around the phosphorus atoms of the molybdenum analog allows this
species to host two singlely bound copper atoms instead of one copper atom bound to two
different phosphorus atoms on the same cyclotriphosphorus subunit. This added electron
density, thus, increases the average length of the Cu—X bonds found in the molybdenum
containing analogs (14 and 18 = 0.024 A, 15 and 19 = 0.005 A, 16 and 20 = 0.0343 A), which
is advantageous in accommaodating the steric bulk of the Cp* substituents. More importantly,
this occurs with the least electronegative halide (iodine), which greatly reduces copper’s
relative electron deficient behavior.

The solid-state projections of complexes 14-16 are not in total agreement with the
NMR spectra. A single peak is present in the *'P NMR spectrum at room temperature, which
means that the electron density of the phosphorus atoms is delocalized and resonates at a
faster rate than the radio frequency pulse of the spectrometer. At lower temperatures this
resonance slows. It is detectable and attributable to a change in the dative bond configuration
between the copper and the phosphorus atoms. One bonded or two simultaneously bonded
phosphorus atoms would create two separate peaks in the 3P NMR spectrum.

The 3P MAS-NMRs for 14-16 (Figure 34) are in agreement with the low temperature
1P NMR in the case that two peaks are shown representing the bound and unbound
phosphorus atoms. In contrast, the phosphorus atom peaks demonstrate a gradual deshielding
as the halide is increased in atomic number. This is caused from the increased phosphorus-
halide distance (as the atomic number of the halide increases) from which proximal electron
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density from the lone pairs originates. Even though shouldered peaks are noticed for 15 and
16, the integration of the two major peaks is 2:1 for the bound and unbound phosphorus
atoms, respectively, just as in the spectrum for 14. One source of subtle differences in
chemical environments is the distance between the phosphorus atoms and the carbonyl
groups. The two affected complexes (15 and 16) both have significant differences in their
average P—O (0.0874 A) and P—C (0.0623 A) bond lengths that are surprisingly the same for
both complexes. These averages (PO, 0.05185 A and P-C, 0.04275 A) are not so different
for 14 so any shouldering is not detected and the peak is only slightly broadened. The bound
P1 and P2 phosphorus atoms are significantly more shielded than the unbound P3 (~107 ppm)
for complexes 14-16. This shows that even though the bond length is increased (~0.1 A) it is
not an electronegative effect induced by the copper. The P1 and P2 phosphorus atoms have,
in fact, more electron density and the bond is elongated because of the strain of the copper
bonding orbitals.

Very small instances of shouldering are noticed in the ®°Cu MAS-NMR for 14-16
(Figure 35) from minute occurrences of chemical inequality, however, given the symmetry of
the X-ray projection the only source could be the arrangement of atoms given in the crystal
packing of neighboring unit cells. While complexes 14 and 16 are consistent with each other
a large upfield shift (~50 ppm) is noticed for 15.

Wﬂrwwwmwwmwwwmwww

Figure 31. Variable temperature *'P{*H} NMR spectra of 14 in THF-ds/CH,Cl, (2:1); From
top to bottom: 27, 0, —40, -80, =120 °C. -120 °C, ¢ =-313.2 (b), —407.0 (b).
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Figure 32. Variable temperature **P{"H} NMR spectra of 15 in THF-ds/CH,Cl, (2:1); From
top to bottom: 27, 0, —40, 80, —120 °C. ~120 °C, & = —318.4 (b), ~393.2 (b), —406.3 (b).
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Figure 33. Variable temperature **P{*H} NMR spectra of 16 in THF-ds/CH,Cl, (2:1); From
top to bottom: 27, 0, —40, -80, =120 °C. -120 °C, ¢ =-314.1 (b), —423.7 (b).
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Figure 34. *'P MAS-NMR spectra for 14-16 (202.405 MHz, spinning frequency 25 kHz,
RT): 16 (violet), 15 (green), and 14 (blue). The asterisks mark the sidebands.
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Figure 35. ®*Cu MAS-NMR spectra for 14-16 (142.105 MHz, spinning frequency 25 kHz,
RT): 16 (green), 15 (red), and 14 (blue).

The positive ion electrospray mass spectrum (ESI-MS) for 14 reveals many species of
13 bound to a multiple array of copper chloride, acetonitrile, and ammonium species.
Deviations of this pattern include the most abundant species of [Cux.1Clx(CHsCN),]" (X =
1,2) and one instance of CuCl bound to 13 with a loss of one CO group to form
[CuCICp*W(CO)P3]". Furthermore, the negative ESI-MS shows the presence of only copper
halides in the form [CuxClx+1]™ (X = 1-7).

The positive ESI-MS for the bromide analog (15) also shows instances where 13 is
bound to a variety of ammonium, copperbromide, ethylhydroxyl, and acetonitrile species.
Other species involving 13 without the cyclotriphosphorus group 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 intact 15 is detected and bound to Cu” in one case and
[Cu(CuCH3CO),]" in the other. Every signal, except for one (exception, CuBr,"), in the
negative ESI-MS contains complex 13 in combination with ammonium, copperbromide, and
ethylhydroxyl groups.

Of the tungsten containing complexes 14-16, 16 is the most susceptible to dissociation
when passed through a high potential electrical field. The positive and negative ESI-MS
show no detection of 16 or 13. The largest fragment seen is 13 without the
cyclotriphosphorus substituent. All other species are miscellaneous combinations of
ammonium, copperiodide, ethylhydroxyl, and acetonitrile.

While a steady increase in thermal decomposition temperature is noticed from the
melting points of complexes 14-16 (14 = 95-97, 15 = 96-100, 16 = 153), complexes 18-20
(18 = 167, 19 = 153, 20 = 180-187) show a slight deviation for the bromine analog.
Nevertheless, in accordance with their solid-state structures, two carbonyl signals are recorded
in the IR spectra for all the species.

2.3.2. Phosphorus Free Negatively Charged Polymer

Never before has this means of synthesis produced a polymer absent of phosphorus,
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 species reported in the literature are externally
charged inorganic compounds composed of metal oxides in which the material is, many times,
layered and excited by an external source.”**** The unexpectedly synthesized inorganic
polymer (21) hosts a plethora of novel characteristics, as it is unprecedented in both charge,
structure, as well as the tungsten-copper-carbon cage subunit. Never before in the literature
has a crystal substructure, containing a pattern of a WCus bound backbone integrated by
carbon atoms, ever been reported, yet many other examples include sulfur, selenium, nitrogen,
halides (CI, Br), and phosphorus.*

The reaction sequence for the featured product involves an unexpected rearrangement
in which phosphorus is totally eliminated (Scheme 6). Tungsten is formally reduced from 0
to —1 while retaining an 18 electron count and, thus, contains the 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.

Polymer 21 is the byproduct of 14 obtained by layering a CuCI/CH3CN 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 separated and collected. The crystals are readily soluble in CH3CN, slightly in
CHCl3, even less in CH,Cl,, and not appreciably in pentane.

i Cambridge Crystal Database.
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Scheme 6. Synthesis of polymer 21. [W] = WCp*.

The solid-state structure of 21 (Figure 36) shows the Cv symmetric copper-carbon-
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 similarly oriented with every second subunit. Although each of the tungsten-C
(carbonyl) bond lengths (1.991(3), 1.997(3), and 2.001(2) A) remain unchanged from the
starting material (1.995(19) and 2.009(17) A)***, a copper—C (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 (1.650-1.868 A),***%* some bonds have similar lengths,?®® % however,
it is not the longest example present in the literature.”®” ?® The lengthening can be accounted
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 Cu—C (carbonyl) and not the chlorides.?®>?®® The W—Cu (2.6074(2)-2.6761(5) A) and
Cu—Cu (2.7547-2.7589(6) A) bond lengths are also in agreement with the W—Cu (2.602—
3.134, mean 2.729 A) and Cu—Cu (2.295-3.575, mean 2.747 A) values registered in the
Cambridge Crystal Database.

Two types of Cu—Cl bonds are present; there is the apical Cu(3)-CI(3) (2.1505(9) A)
located on the WCujz unit and the analogous bridging Cu(1)-Cl(1) (2.2671(9) A) and Cu(2)—
CI(2) (2.2435(9) A) units. The extra electronic density of the WCus unit and the steric
hindrance supported by the bridging unit account for the difference in the Cu—CI bond’s
length (0.1 A). The angle summation of the Cu,Cl, bridging units (360°) demonstrates that
the motif is perfectly planar.
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X-ray Data Collection for 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 performed using the omega scan method (A =0.71073 A)
with a graphite crystal incident beam monochrometer. Cell constants were obtained from a
Full-matrix least-squares on F%.

Figure 36. Solid-state projection of C13H15CI3Cu3O3W (21). Cp* units connected to
tungsten; Cu”(acetonitrile), units; and hydrogen atoms omitted for clarity. Selected bond
lengths [A] and angles [°]: W(1)-Cu(1) 2.6761(5), W(1)-Cu(2) 2.6638(4), W(1)-Cu(3)
2.6074(4), W(1)-C(11) 1.991(3), W(1)-C(12) 1.997(3), W(1)-C(13) 2.001(2), Cu(1)-CI(1)
2.3843(10), Cu(1)-C(12) 2.182(2), Cu(1)-C(13) 2.150(3), Cu(1)-CI(1) 2.2671(9), Cu(2)-
Cl(2) 2.4151(11), Cu(2)-C(11) 2.182(2), Cu(2)-C(13) 2.162(3), Cu(2)-Cl(2) 2.2435(9),
Cu(3)-CI(3) 2.1505(9), Cu(3)-C(11) 2.193(3), Cu(3)-C(12) 2.231(3), O(11)-C(11) 1.172(4),
0(12)-C(12) 1.171(4), O(13)-C(13) 1.176(3), Cu(1)-Cu(3) 2.7589(6), Cu(2)-Cu(3)
2.7545(7), CI(1)-Cu(21)-CI(1) 95.06(3), Cu(1)-CI(1)-Cu(1) 84.94(3), CI(2)-Cu(2)-CI(2)
93.77(4), Cu(2)-Cl(2)-Cu(2) 86.23(4).
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Figure 37. Proximal sites for Cu”(acetonitrile); on 21. [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 proximity 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 pattern (Figure
37). For clarity, these are displayed with lines representing each of the CH3 groups on the
terminal ends of the copper*(acetonitrile) molecules. The counter cations are in close
proximity to the chlorides on every other Cl,Cu, ring and every non-ring bound chloride
(noted as CI3 in Figure 36) and are, in addition, simultaneously bound to other polymer units
in the same fashion.

Also in agreement with the solid-state projection, three different peaks representing
the copper* (acetonitrile) counter cation are detected in the *H NMR as being unbound, and
two other peaks that are proximal. The second sets of shifted acetonitrile signals in the *H
and *C NMR (2.37 ppm, 2H and 2.20 ppm, 1H; 109.18 ppm, CN and 1.88 ppm, Me in the
13C) agree with the solid-state projection and shows that this configuration also remains in
solution. Two carbonyl peaks detected in the **C NMR, one bonded to both CuCl bridges
(C13-013, 235.79 ppm) and other two bound to one CuCl bridge (C11-0O11 and C12-012,
220.46 ppm), are also in agreement with the solid-state 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 solid-state projection. In spite of the high degree of
crystallinity shown from the solid-state projection the polymer is cracked at relatively low
temperatures (melting point, 112 °C). It seems clear from the largest cations detected in the
positive ion electrospray ionization (510.1 (76) Cp*,W(CO),", 849.1 (76)
CuCI[Cp*W/(C0),],") 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 From a Tungsten(l))diphosphorus and CuX (X = ClI, Br, I)
The isotactic dicarbonylcyclopentadienyltungsten(l)diphosphorus (11) containing
polymers presented are only the third examples of their kind and are only comparable to their

chromium and molybdenum analogs. ®® %172 The syntheses of polymers 2224 are
performed by slowly layering a cold (0 °C) CuX/CH3CN (X = ClI, Br, 1) solution on a cold (0
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°C) solution of 11/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 (Scheme 7). Each of the copper halide containing species are
isostructural to each other forming an extended array of repeating units bound in a trans
configuration affording the formation of three polymers. A further investigation on the
reactivity of these polymers is futile mainly because of the lack of solubility in aprotic
solvents including hexane, pentane, CH,Cl,, THF, chloroform, and DMSO.

Al
CH3CN/CH,Cl, P F’ X
2n CuX + 2n \ [W] » \:Cu c
(W] room temperature A X 12
22: X=Cl
[W]AW] 23: X =Br
n 24: X =1

Scheme 7. Synthesis of 22, 23, and 24. [W] = WCp(CO)s,.

The basal unit (11) has been previously synthesized,** but the solid-state crystal
structure is not reported. The structure (Figure 38) forms a tetrahedral WP, framework in
which cyclopentadienyl and carbonyl substituents are attached to the tungsten. The electron-
rich phosphorus atoms provide lone pairs of electrons in which electrophillic metals can
attach.

X-ray Data Collection for 11. 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 measurements were performed using the omega scan method (A = 0.71073 A) with a
graphite crystal incident beam monochrometer. Cell constants were obtained from a Full-
matrix least-squares on F2.

Figure 38. Solid-state projection of C14H1004P2W> (11). Hydrogen atoms and C4HgO are
removed for clarity. P-P bond length: 2.0951(18) A.
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The cyclopentadienyl and carbonyl groups for complexes 22—-24 are located in
opposite directions just as in the original starting material (11) and each of the Cu,X, rhombi
(X =Cl, Br, ) configurations have an angle summation of 360°. In contrast, inspection of the
angle summations of the Cu,P4 rings reveals that they are not perfectly flat. Slight differences
from of the ideal 720° are seen in each of the CI (719.0°), Br (719.4°), and 1 (719.6°) analogs.
Even though all three polymers are, for practical purposes, eclipsable in their conformations,
only 22 belongs to a point group other than its identity (C,). The cyclopentadienyl and
carbonyl substituents of polymers 23 and 24 are not superimposable under any other
symmetry operations. Although, the P-P bond length of the basal unit (11) is virtually
unaffected when it is bound to the Cu® ion, the bond length is slightly elongated 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 increase in the Cu—P bond length of approximately 0.02 A
from the CI, Br, and | containing polymers. The CuX; rings contain an average Cu-X bond
length that is elongated as the halide increases in atomic number (22, Cl = 2.344(1) A; 23, Br
=2.471(1) A; 24,1 =2.640(1) A), which is similar to the increase in van der Waals radii (Cl
to Br = 5.5%, Br to | = 6.4%), however, no pattern is noticed in distance between the copper
atoms (22 = 4.930(2), 23 =4.941(2), 24 =4.858 (2) A). Incidentally, the pattern of the
Cu:---Cu---Cu linearity is increasingly interrupted as the atomic number of the halide is
increased (22 = 180.00(0)°, 23 = 176.61(4)°, 24 = 168.49(3)°). The P-P bond lengths slightly
increase (~0.01 A) as the metal of the basal unit changes from chromium, molybdenum, and
the featured tungsten analogs.®® "2 Other significant bond lengths (Cu—P, Cu—X) do not
exhibit any pattern of change.

X-ray Data Collection 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 scan method (A = 1.54184 A) with a graphite
crystal incident beam monochrometer. Cell constants were obtained from a Full-matrix least-
squares on F>.
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Figure 39. Solid-state projection of C14H1,CICuO4P,W, (22). Hydrogen atoms are removed
for clarity.
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X-ray Data Collection for 23. A red-orange, 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 the omega scan method (A = 1.54184 A) with a
graphite crystal incident beam monochrometer. Cell constants were obtained from a Full-
matrix least-squares on F2.
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Figure 40. Solid-state projection of C14H10BrCuO4P,W; (23). Hydrogen atoms are removed
for clarity.

46



Results and Discussion

X-ray Data Collection for 24. A red-orange, 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 omega scan method (A = 1.54184 A) with a
graphite crystal incident beam monochrometer. Cell constants were obtained from a Full-
matrix least-squares on F2.
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Figure 41. Solid-state projection of C14H10ICuO4P,W, (24). Hydrogen atoms and C,H3N are
removed for clarity.

Table 8. Comparison of selected bond lengths (A) and angles (°) in compounds 22—24.

22 (X =Cl) 23 (X = Br) 24 (X =1)
PP 2.087(2) 2.093(2) 2.100(2)
Cu-P 2.2669(15) 2.2861(19) 2.3069(17)
2.2920(15) 2.2923(19) 2.3070(17)
Cu-X 2.3417(14) 2.4669(11) 2.6089(9)
2.3460(14) 2.4755(11) 2.6708(9)
P-Cu-P 99.59(7) 102.85(7) 107.18(5)
105.55(7) 102.85(7) 107.70(5)
P1-Cu-X 109.30(4) 112.20(5) 107.18(5)
116.81(4) 112.31(6) 111.88(5)
P2-Cu-X 113.83(4) 112.86(6) 107.70(5)
115.61(4) 113.62(5) 117.79(5)
X-Cu-X 99.27(6) 103.33(4) 105.57(3)
99.52(6) 103.33(4) 105.57(3)
Cu-X-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 the crystallographic y-axis of complexes 22, 23, and 24.
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Figure 43. View of the structures of 2224 perpendicular to the faces of the Cu,X; rings.
Tungsten atoms and their ancillary ligands are omitted for clarity.

The fine differences in complexes 22—24 are not only obvious in the side view and the
view down the y-axis, but they also have an effect on the *'P MAS-NMR spectrum.
Differences in signals are noticed 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 bonded and nonbonded copper distances for 22 (0.0251 and 0.1109 A) and 23 (0.0062 and
0.1424 A) are significant, but the difference in 24 is virtually unchanged for the bonded
copper and can be considered chemically equivalent, however, the nonbonding distance is
considerably different (0.2416 A). The second most influential atom in the polymers is
tungsten and even though the average W-P1 and W—P2 distance deviations are small in 22
(0.003 A), the differences in 23 (0.0151 A) and 24 (0.0144 A) are significant. Other sources
of divergence include the average carbon (22, 0.0535; 23, 0.0386; 24, 0.0270 A) and oxygen
(22,0.1739; 23, 0.1775; 24, 0.0236 /f&) distances.

From this data it would seem that the strongest influence on the difference of chemical
shift between the P1 and P2 atoms is caused from the most abundant carbon and oxygen
atoms. The greatest difference in distance, however, comes from the oxygen. This is noticed
from the comparison of the *'P MAS-NMR spectra of 22—24 (Figures 44-46) as 22 and 23
have two sets of markedly different peaks and that of 24 is 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 simulation does not show the
13pp coupling.

The greatest influence on the chemical shift of the phosphorus atoms comes from the
positioning of the oxygen atom located on the carbonyl groups. Both of the phosphorus
atoms in the iodide analog (24) are shifted upfield relative to 22 and 23 and they have the
lowest average distance from the oxygen atoms (22, P1 = 4.1550, P2 = 4.3289 A; 23,P1=

49



Results and Discussion

43272, P2 = 4.1497 A; 24, P1 = 4.0434, P2 = 4.0670 A). This means that the closer the

oxygen atom is to the phosphorus the more shielded it is and, thus, the more upfield the signal
is shifted.
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Figure 44. *'P MAS-NMR spectra for 22. Top spectrum (blue), experimental; bottom
spectrum (red), simulated. *'P MAS-NMR (121.49 MHz, spinning frequency 30 kHz, RT) ¢
=-169.03 ("Jpp = 411.99 Hz; YJcup = 1057.94, 1057.95 Hz; P1), —291.31 ({Jpp = 427.18 Hz;
LJewp = 1070.15, 1078.29 Hz; P2). *'P MAS-NMR (simulated) § = —169.08 (*Jpp = 432.53

Hz; YJcup = 1060.12, 1060.09 Hz; P1), —291.48 (*Jpp = 428.28 Hz; “Jcyp = 1075.52, 1075.71
Hz; P2). Spinning side bands = *.
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Figure 45. *'P MAS-NMR spectra for 23. Top spectrum (blue), experimental; bottom
spectrum (red), simulated. **P MAS-NMR (121.49 MHz, spinning frequency 30 kHz, RT) &
=-172.63 ({Jpp = 474.55 Hz; "Jcup = 962.32, 974.52 Hz; P2), —302.24 (Jpp = 515.75 Hz; YJcup
=1066.08, 1082.36 Hz; P1). *'P MAS-NMR (simulated) 6 = —173.18 (}Jpp = 470.16 Hz;
13w = 1000.00, 1000.00 Hz; P2), —302.21 (*Jpp = 458.25 Hz; *Jcue = 1000.00, 1000.00 Hz;
P1). Spinning side bands = *.
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Figure 46. *'P MAS-NMR spectra for 24. Top spectrum (blue), experimental; middle
spectrum (red), simulated; bottom spectrum (purple and aqua), separated contributions of the
simulated peak. 3P MAS-NMR (121.46 MHz, spinning frequency 30 kHz, RT) § = —187.75
("Jpp = 472.91 Hz; Jcyp = 890.90, 903.10 Hz; P1 and P2). *'P MAS-NMR (simulated) 6 = —
169.92 (*Jcwp = 891.77, 887.63 Hz; P1 and P2). Separated peaks of *'P MAS-NMR
(simulated) Purple =P1, Aqua = P2. Spinning side bands = *.

The most noteworthy peaks in the positive ion electrospray for 22 possess the intact
basal unit (11) or some variation of it. The [Cu{Cp,W.(CO)xP2}]" (X =3 and 4)
accommodates only one loss of CO while other species like [CuCI{Cp,W,(CO),P,}]" and
[CusClL{CpsW4(CO)3P,}]" vary the number chloride, 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 ESI-MS for the bromide analog (23) also shows the basal unit in multiple
combinations with NH, and CH3CN 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 [CuBr{Cp,W»(CO)P,}]" and
[CuyBr{CpsW4(CO)sP4}]" are present. Finally, the faint presence of the intact product is
identified in accompaniment with (NH4)(CH3CO).

The ESI-MS for the iodide analog (24) also shows the basal unit in multiple
combinations with NH, and CH3CN while experiencing variations in the number of CO
groups. The [(NH4)21(CH3CN),{Cp2W,(CO)4P,}]" species replaces Cu with NH, followed by
the transition to Cu,+:Cl, (n = 1,2) containing species. The carbonyl count is unaltered in the
monosubstituted species and is consistently reduced to one in the disubstituted species. Only
one instance of NH, alternate for Cu is present in the disubstituted species.

The IR spectra for 22—24 show 5 bands with the exception of 24 having one of the
bands overlapping with another. One would expect 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 molecules 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. While the '‘Bu substituted unbound and bound unit are
analogous to formations of the unsubstituted species, only the isotactic, bromine containing
polymer is successful in crystallization whereas the chlorine, bromine, and iodine polymers
are obtained for the unsubstituted species. This phenomenon demonstrates the trend of
increasing difficulty in crystallization as heavier substituted subunits are reacted.

The subunit is synthesized in a two-part, modified procedure. First, tungsten
hexacarbonyl is treated with ‘Bu-cyclopentadiene while refluxing for 18 h in decalin forming
[Mo(*Bu-CsH,)(CO)s]..2™® Then, the mixture is charged with white phosphorus and refluxed
for another 16 h. After the mixture is cooled and the solvent is evaporated the contents are
purified on a column of Si0,.2"® The polymer is formed by gently layering a cold (0 °C)
25/CH,Cl, solution with a CuBr/CH3CN solution. The complex is crystallized by
concentration, layering with pentane, and cooling (4 °C) in darkness for 7 days (Scheme 8).
Attempts to synthesize the CuCl and Cul analogs using the same procedure proved to be
inconclusive due to lack of single crystals produced. All substance produced was amorphous
and immesurable by X-ray diffraction.

[\,\,]7[\/\/]
A
RT—,P  CH3;CN/CH,CI
2n CuBr + 2n \\f/ ° 2 > \C/

(W] W] room temperature AN F)/ \Br'
25

26

_-B

Cu

Scheme 8. Syntheses of 26 [W] = W(Cp-'Bu)(CO), .
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The synthesis or characterization of complex 25, the basal subunit, has never before
been reported. The solid-state projection (Figure 47) shows tungsten bound by two carbonyl
groups, tert-butylcyclopentadienyl, and the electron rich diphosphorus in a tetrahedral WP,
framework. The lone pair on the phosphorus atoms provides attachment sites for metals.

X-ray Data Collection for 25. A yellow, rod having approximate dimensions of 0.090 x
0.040 x 0.010 mm, was mounted on an Oxford Diffraction Goniometer Xcalibur
diffractometer. All intensity measurements were performed using the omega scans method (A
=0.71073 A) with a graphite crystal incident beam monochrometer. Cell constants were
obtained from a Full-matrix least-squares on F2.

Figure 49. Solid-state projection of C2,H2604P2W- (25). Hydrogen atoms are removed for
clarity. Selected bond lengths (A): P-P 2.0983(24), W-W 3.0171(6).

The cyclopentadienyl and carbonyl groups for the unbound and bound unit are
consistently located in opposite directions. Each of the Cu,X, rhombi for the polymer (26)
are perfectly flat as shown from their angle summations (360°). On the other hand the Cu,P4
rings deviate (angular summation, 717.7°) from the ideal 720°. This deviation is more
noticeable in Figure 50 which depicts the perpendicular faces of the Cu,X; rings. This is
further proven by the lack of linearity (164.5°) of the Cu---Cu---Cu component; the breach is
most severe when one compares it to the other unsubstituted polymers. If these slight
deviations are ignored, the polymer exhibits C, symmetry. The P—P bond length is virtually
unchanged when the unbound unit is compared to the polymer. The Cu-Br—Cu angle of the
'‘Bu substituted polymer (26) is greatly reduced (25°) in comparison to the nonsubstituted
analog (23) from the added steric bulk while the Cu-Br bond length remains constant.

X-ray Data Collection for 26. A red to orange, flat rod having approximate dimensions of
0.2869 x 0.0303 x 0.0120 mm, was mounted on an Oxford Diffraction Goniometer Xcalibur
diffractometer. All intensity measurements were performed using the omega scans method (A
= 1.54184 A) with a graphite crystal incident beam monochrometer. Cell constants were
obtained from a Full-matrix least-squares on F2.
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Figure 48. Solid-state projection of C,,H26BrCuO4P,W; (26). Hydrogen atoms are removed
for clarity. Selected bond lengths (A) and angles (°): P-P 2.0973(20), Cu—P2 2.2938(18),
Cu—P1 2.3113(17), Cu-Br 2.4964(9), Cu-Br’ 2.4560(9), P1-Cu—P2 105.98(6), P1-Cu-Br
111.24(5), P1-Cu-Br’ 122.81(5), P2—Cu-Br 106.84(5), Cu-Br’ 2.4560(9), P2—Cu-Br’
106.99(5), Br—Cu—Br’ 102.05(3), Cu—Br—Cu 77.96(3), Cu---Cu---Cu 164.50(3).
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Figure 50. Structure of 26 perpendicular to the faces of the Cu,Br, rings. Tungsten atoms
and their ancillary ligands are omitted for clarity.

One fortunate and expected corollary from the presence of the ‘Bu group is increased
solubility in common solvents such as THF, CH,Cl,, and CH3CN while remaining insoluble
in unsubstituted hydrocarbons like hexane or pentane. The greater differences and increased
solubility allow NMR studies at both low temperature and room temperature. When
temperatures are lowered to —80 °C, the resonance in solution is slower than the radio
frequency pulse and four specific peaks are formed that represent the four chemically
inequivalent phosphorus atoms. Even at room temperature variances between the unbound
unit and the polymer are noticed in the *H NMR; the signals for the cyclopentadienyl ring and
the ‘Bu groups are split from the polymer’s lack of symmetry in comparison to the unbound
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unit. One instance of splitting is also noted for the 'Bu group in the *C{*H} NMR of the
polymer in comparison to the unbound unit.

LTTTNTPAPRPR T o T CTEr Ry m——
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Figure 51. Variable temperature **P{"H} NMR spectrum of 26 in THF-dg/CH,Cl, (3:1);
From bottom to top: 27, 0, -20, 80, =110 °C. -110 °C, 6 = -180.95 (s), —218.14 (s), —
303.00 (s), —319.90 ().

The 'Bu group substitution adds enormous stability in comparison to the unsubstituted
cyclopentadienyl analogs. The positive ESI-MS shows no instance of the
{('BuCp)2W2(C0)4P,} basal unit being damaged under measurement, every peak reported is
attributed to the formula CunBry_1{(‘BuCp)2W2(CO)4P2}x. This increased stability is also
manifested by a higher melting point (220-222 °C) when compared to the unsubstituted
bromine analog (120-122 °C). Meanwhile, the negative ESI-MS 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 species that contain CO groups. The other major species are the expected
Cun_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
consistent 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 experienced by all of these
similar species.

2.3.4. Polymers and Dimer Synthesized from reactions of Tungsten(l))diphosphorus
and Triphosphanometal (metal = W and Mo) with AgX (X = PFg~, CF3SOy)

The formation of inorganic polymers using silver salts in combination of tri- and
diphosphorus species is barely reported*® 1% ¥ even though attempts have already been
made.?"*%"® Besides the aforementioned reference,'® no crystal structures are present in the
literature containing a single silver atom hexa- or pentabound to phosphorus atoms. In this
double boon of discoveries, polymers 29 and 32 are virtually unprecedented. Complexes 29
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and 30 are obtained by slowly layering a solution of CH,Cl, and 27 or 11, respectively, with a
solution of Ag*(CF3SQOs3)” in CHsCN. Similarly, 31 and 32 are obtained by layering a cold
solution (0 °C) of CH,Cl, and 11 or 28, respectively, with a solution of Ag*(PFs)” (in the case
of 31, 0 °C). Crystallization is obtained for 29 and 30 by slow evaporation of the solvent
under reduced pressure and 30 is additionally cooled to 0 °C in a dark environment whereas
31 and 32 are crystallized by cooling (0 °C) in a dark environment without concentration.
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Scheme 9. Syntheses of 29, 30, 31, and 32.
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Complex 27 is synthesized by a known reaction,** however, it is not previously
characterized by single crystal X-ray diffraction. The solid-state projection (Figure 52) shows
tungsten bound to two carbonyl groups, cyclopentadienyl, and the electron-rich
cyclotriphosphorus. It is readily soluable in CH,ClI, but moderately soluable in toluene and
pentane.

X-ray Data Collection for 27. A yellow, plate having approximate dimensions of 0.240 x
0.120 x 0.030 mm, was mounted on a Goniometer Xcalibur diffractometer. All intensity
measurements were performed using the omega scans method (A = 1.54184 A) with a graphite
crystal incident beam monochrometer. Cell constants were obtained from a Full-matrix least-
squares on F2.

Figure 52. Solid-state projection of C;Hs0,PsW (27). Hydrogen atoms are removed for
clarity. Selected bond lengths (A) and angles (°): P1-P2 2.1578(18), P2-P3 2.1480(23), P1-
P32.1522(21), P1-P2-P3 59.978(71), P1-P3-P2 60.238(73), P2—P1-P3 59.784(72).

Complexes 29-32 possess carbonyl and cyclopentadienyl substituents oriented in
opposite directions just as in the original starting materials. Polymer 29 is eclipsed perfectly
along the z-axis and exhibits a C; rotation. If one were to ignore the orientations of the
carbonyl and cyclopentadienyl groups, a higher order, Sg symmetry would be assigned,
however, the orientation of these groups is different from every second silver atom. The
center AgPs configurations of each unit are pseudooctahedral from the angular distortion (up
to 10°) caused by the steric effects of the MoP3 subunits. 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) A). The longer bond is on the same side as the Cp ring in all cases and is,
therefore, a result of increased steric influence. On the other hand the P—P bond distances and
P—P—P angles (60 + 1°) are identical to all the other subunits, and the average PP bond length
is only slightly elongated (0.01 A) in comparison to the unbound subunit*® as a result of
electron donation to silver. The Agl-P1 bond length (2.7945(15) A) is longer than any of the
tetrahedral structures reported*®® 2% and is, in fact, legit because the polymer chain would
not exist without it.

The second polymer, 32, composed of analogous WP3 subunits and silver salts,
(Ag'PFe¢) is a true testament to the unpredictable behavior and structure produced. This
structure has no higher symmetry other than its identity. Even though each silver atom is

59



Results and Discussion

consistently bound to one phosphorus atom on two subunits and two atoms 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 bound to one silver has two phosphorus atoms creating two
different Ag—P bonds; a subunit bound to two silver atoms bind two phosphorus atoms to one
silver atom and one to the other silver atom; and finally a subunit bound to three silver atoms
has two bonds to one silver involving two phosphorus atoms and the same two phosphorus
atoms have one bond each to two other silver atoms while the third phosphorus of the subunit
remains unbound. The subunits 1-3 possess 2 short (2.145-2.161 A), which are similar in
length to the unbound unit, and 1 long (2.220-2.238 A) P—P bond lengths and the fourth
possesses 2 long and 1 short bond lengths whereas the previously mentioned complex 29 has
only shorter (2.126-2.155 A) P—P bond lengths. The complementary silver-phosphorus bond
lengths are also exact for each identical subunit. Several Ag—P bond lengths (Agl-P2, Agl-
P5, Ag1-P10, Ag2—P7) are longer (>2.79 A) than the range previously reported by tetrahedral
structures®® 2% and complexes 30 and 31 all contain Ag—P bond lengths which are well
within this preestablished range (2.34-2.77 A). These extraordinary bond lengths are a result
of poor metal orbital overlap caused by the constrained P-Ag—P bond angles with the
exception of Ag1-P10 which is a result of steric hindrance.

Polymer 30 has an array of syndiotactically arranged triflate groups imbedded in the
backbone of the structure tethering two silver atoms together by means of two oxygen atoms.
Each of these Ag—O bonds differ in length (2.3870(136) A and 2.4851(205) A) and reflect the
difference in the two distinct sets of Ag.P4 rings. The O-S-0O bond angle is affected by this
as each of the angles are different from each other and the largest of these angles is the
021CS-022 (132 °). The backbone of this polymer shows that every other Ag,P, ring is
consistently pointing down and the other is pointed up and is accompanied by a difference in
P—P (2.100(4) and 2.084(6) A) and Ag—P (Ag1-P1 2.477(3), Agl-P2 2.437(3) Ag2-P5
2.497(4), Ag2-P6 2.459(4) A) bond lengths whereas the triflate containing rings have the
same P-P and Ag-P bond lengths throughout the entire structure. The three sets of P—P
(2.092(5) A) lengths have an average bond length that is practically identical to the P—P
(2.095(2) A) bond length of the unbound unit. Each of the seven-atom, triflate-containing
rings are indeed not flat, however, both of the chemically different six-atom Ag,P4 rings are
as observed from their angle summations (720°). The pseudotetrahedrally bound silver atoms
orient each adjacent ring perpendicular to the latter in the chain, and amid all of these patterns
this structure has no higher symmetry other than its identity.

Complex 31 is a single molecule with a nearly flat Ag,P, core (angle summation
718°). The core has a mirror plane perpendicular to the ring bisecting the two silver atoms
and the side units have a C, rotation, but the entire molecule itself has no symmetry other than
its identity. The P—P bond lengths around the ring (2.1063(21) A) are similar to those in the
rings of polymer 30 as well as the unbound unit, and they are shorter (0.05 A) than the units
outside the ring. The inner silver-phosphorus bonds (Agl-P3 2.4714(17) A and Agl-P4
2.4819(13) A) are shorter than those of the external ones (Agl-P1 2.6874(13) A and Ag1-P2
2.6085(16) A). This evidence suggests that the relatively elongated Ag—P bonds are a result
of steric strain on the metal bonding orbitals as the P—P bond constrains the P-Ag—P angle.
With an electronic effect, withdrawn electron density would be expected to contribute,
strengthen, and ultimately shorten the Ag—P bonds. This pattern is also noted for the
molybdenum analog.’®® The pseudotetrahedral structure of the silver atoms places the P—P
bond of the side unit not in a right angle, but closer to 45° instead.
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X-ray Data Collection for 29. A yellow, hexagonal column having approximate dimensions
of 0.238 x 0.048 x 0.032 mm, was mounted on an Oxford Diffraction Gemini Ultra
diffractometer. All intensity measurements were performed using the omega scan method (A
= 1.5418 A) with a graphite crystal incident beam monochrometer. Cell constants were
obtained from a Full-matrix least-squares on F?.

Figure 53. Top: Solid-state projection of C,;H15AgM0306Pg (29). Bottom: Backbone of the
solid-state projection of C»;H1sAgMo0306Pg with the exclusion of Cp and CO groups. Triflate
counterions and hydrogen atoms are removed for clarity. Selected bond lengths (A) and
angles (°): P1-P2 2.1263(15), P2-P3 2.1553(21), P1-P3 2.1409(19), Agl-P1 2.7945(15),
Agl-P2 2.6574(11), P1-P2-P3 59.997(56), P2—P1-P3 60.675(57), P1-P3-P2 59.328(64).
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Figure 54. Side view down the crystallographic y-axis of 29.

X-ray Data Collection for 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 scan method (A
= 1.5418 A) with a graphite crystal incident beam monochrometer. Cell constants were
obtained from a Full-matrix least-squares on F>.
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Figure 55. Top: Solid-state projection of C4,H30Ag2012PsW5s (30). Bottom: Backbone of
the solid-state projection of C4,H30Ag201,PsWs With the exclusion of Cp and CO groups.
Triflate counterions, acetonitrile units, and hydrogen atoms are removed for clarity. Selected
bond lengths (A) and angles (°): P1-P2 2.1002(44), P3-P4 2.0912(45), P5-P6 2.0837(50),
Agl-P1 2.4766(33), Agl-P2 2.4365(33), Agl-P3 2.4549(32), Ag2-P4 2.4424(32), Ag2—-P5
2.4965(40), Ag2-P6 2.4591(36), Agl-022 2.4851(205), Ag2-021 2.3870(136), S1-021
1.3776(140), S1-022 1.2910(221), S1-023 1.5388(150), P1-Agl-P2 116.596(112), P3—
Agl-022 102.878(382), P4-Ag2-021 111.690(338), P5-Ag2-P6 119.357(129), 021-S1-
023 100.205(865), 022-S1-023 110.743(1016), 021-S1-022 131.734(1062).

X-ray Data Collection for 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 the omega scan method (A = 0.71073 A) with a
graphite crystal incident beam monochrometer. Cell constants were obtained from a Full-
matrix least-squares on F>.
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Figure 56. Solid-state projection of CsgH0Ag2016PgWs (31). PFg™ counterions, acetonitrile,
dichloromethane, and hydrogen atoms are removed for clarity. Selected bond lengths (A) and
angles (°): P1-P22.1611(18), P3-P4 2.1063(21), Agl-P1 2.6874(13), Agl-P2 2.6085(16),
AQl1-P32.4714(17), Agl-P4 2.4819(13), P1-Agl-P2 48.139(47), P3—-Agl-P4 120.214(47).

X-ray Data Collection for 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 the omega scan method (A = 1.5418 A) with a
graphite crystal incident beam monochrometer. Cell constants were obtained from a Full-
matrix least-squares on F>.
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Figure 57. Top: Solid-state projection of C,gH20Ag20sP1, W, (32). Bottom: Backbone of
the solid-state projection of C,gH20Ag20gP1,W, With the exclusion of Cp and CO groups, the
large numbers in boxes show identical subunits. PFs~ counterions and hydrogen atoms are
removed for clarity. Selected bond lengths (A) and angles (°): P1-P22.2217(21), P2—P3
2.1399(33), P1-P3 2.2166(24), PA-P5 2.2384(24), P5-P6 2.1606(28), P4-P6 2.1503(33), P7—
P8 2.2196(26), P8—P9 2.1531(24), P7-P9 2.1521(30), P10-P11 2.2322(25), P11-P12
2.1541(34), P10-P12 2.1445(26), Agl-P1 2.6554(19), Agl-P2 2.7963(17), Agl-P3
2.6401(22), Agl-P4 2.6243(18), Agl-P5 2.7946(22), Agl-P10 2.8417(18), Ag2-P6
2.6535(16), Ag2-P7 2.7892(23), Ag2-P8 2.6033(22), Ag2-P10 2.7662(23), Ag2—-P11
2.6826(20), P1-P2-P3 61.057(86), P1-P3-P2 61.294(83), P2-P1-P3 57.65(8), P4-P5-P6
58.494(79), PA-P6-P5 62.562(84), P5—P4-P6 58.944(82), P7—P8-P9 58.941(93), P7-P9-P8
62.070(95), P8-P7—-P9 58.989(91), P10-P11-P12 58.505(85), P10-P12-P11 62.569(93),
P11-P10-P12 58.926(84), P1-Agl1-P2 48.013(48), P4-Ag1-P5 48.671(55), P7-Ag2—P8
48.460(65), P10-Ag2-P11 48.510(63).
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Other phenomena are detected in solution-state, low-temperature **P NMR of
complexes 29 and 32. Complex 30 is not soluble enough to conduct low temperature 3P
NMR in CD,ClI; or CD,CI,/THF, and complex 31 is not soluble enough in CD,Cl,, THF,
DMSO, or CD3Cl to perform any solution-state NMR at room temperature or low
temperature. One peak is detected at room temperature for 29 in the solution and solid-state
%'p NMR, and at low temperature solution-state (—120 °C) there are two signals that integrate
two to one. At this temperature the electronic resonance about the silver-phosphorus bonds is
slower than the radio frequency pulse of the *P NMR and the two chemically inequivalent
phosphorus atoms are discernable. The two bound to silver are represented by the larger of
the two peaks (—386.0 ppm) and the unbound is represented by the smaller (-301.3 ppm). A
single peak representing the resonance is also detected at room temperature for 32 and then
disappears at temperatures —40 to —80 °C; it reappears again at —100 °C 32 ppm upfield from
the other measurements while other peaks become more visible at lower temperatures. Three
other prominent peaks include a doublet, a triplet, and a septet. The resonance of the
phosphorus atoms on subunits 2, 3, and 4 is uninterrupted as the temperature is lowered. The
doublet represents the two unbound phosphorus atoms on subunit 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 the Ag2—P7 since it is the weaker of
the two (2.7892(23) A). This effect is apparent at 0 °C and is the most distinct at —20 °C. The
PFs~ counter anion is not detected in the F NMR, but it is detected in the 3P NMR as a
septet, and the triflate anion for 29 and 30 is also detectable.

Diagnostic *'P NMR studies conducted at room temperature show little differences in
comparison to the unbound units. Complexes 29 and 32 show very little differences in their
chemical shifts and the peaks are still singlets; complex 30 also shows a singlet, but it is
relatively shielded (about 31 ppm) perhaps by the differences in dielectric constants of the
solvent. The IR is also consistent for all the silver complexes with their corresponding
unbound units showing two peaks in the carbonyl region.

The 3P MAS-NMR spectrum for 30 (Figure 60) is reported in spite of the insufficient
solubility for low temperature solution-state *P NMR experiments. A 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 atoms as noted by the 1:1
integration of the two peaks and, of course, the lack of others. The phosphorus atoms P1, P2,
P5, and P6 are represented at —268 ppm because their positions in identical subunits and
because of the relatively greater shielding caused from the smaller P---x electron distance of
the oxygen atoms. The remaining P3 and P4 are less proximal and, thus, downfield (-201

ppm).
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Figure 58. Variable temperature **P{*H} NMR spectra of 29 in THF-ds/CH,Cl, (3:1); From
bottom to top: 27, 0, -40, -80, -120 °C.
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Figure 59. Variable temperature **P{*H} NMR spectra of 32 in THF-ds/CH,Cl, (3:1); From
bottom to top: 27, 0, —20, —40, -80, —100 °C.
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Figure 60. *'P MAS-NMR spectrum for 30 (161.9 MHz, spinning frequency 23 kHz, RT).
The asterisks mark the sidebands.

Astonishingly, the MoP3 subunit remains in one piece throughout the analysis of the
positive ESI-MS for complex 29 in CH3CN and CH,CI,/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 ESI-MS. The positive ion ESI-MS for 30 is not as populated, but every species
in the CH3CN and CH,Cl,/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 WP, subunit bond to triflate in the CH3CN solution.

Analogous complexes with the Ag'PF¢™ salt are not as robust; not all cases have a
silver bound to the complex and the subunits are vulnerable to deterioration. Complex 31
does contain deteriorated isolated and silver bound species, but also shows the tendency to
lose CO (most commonly 2) and also to breakdown to the more stable tungstenhexacarbonyl.
The counterion (PFg") also shows a great binding affinity for CH3CN as depicted in the
negative ESI-MS and in one instance is bound to silver and the deteriorated subunit.
Complex 32 is markedly more robust under positive ESI-MS showing only two instances of
carbonyl loss and every species except for one is accompanied by silver. Only the counterion
(PF¢") is detected in the negative ESI-MS.

2.4. Phosphorus Free Monomers

Research related to structures containing a WCls unit is largely motivated by the
development of tungsten-nitrogen bonds for the characterization of catalytic intermediates.>*
230.281-2% |ncidentally, this pursuit also includes tungsten bound to thio,**® oxo,2"*% and
alkyne®* 2% groups, however, no instance of a tungsten-cyclopentadienyl connection is
proven by X-ray crystallography. WCp*Cls(SbCls); (33) is synthesized by layering a cold (0
°C) tungstencyclotriphosphorus (28)/CH,CI, solution with an antimonypentachloride
(11)/CH,CI, solution. Two chlorides from each equivalent of 11 are ionically exchanged to
tungsten reducing antimony +5 to its more stable +3 formal charge (Scheme 9). The

destination of phosphorus is unknown, but it was not included in the product, 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 SbCls) it is possible that PCly is
created.

2 g "1 3(SbCly)
P

1:1
[\N]/—l}P + 3 SbCljy >

\ |, CH20|2/CH2C|2 I/I/ \\\CI
P
CI( ~¢,
13 L CI i
P ;
W /—l}P + SnCl,(S-Pr) e
WIS 25712 T, Cl,/CHL0H
5 mco
Sn \
13 CI/, Co
cl
P\ P 11
/| + CoCl,(PPh,-nPr),
[W] [V\/] CH2C|2/CH2C|2 OC“/' "”CO
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35

CHLCLICHCN e

P P ) - >;< =
\\é/ + AgClO, 1 - |
W W

37

Scheme 9. Synthesis of 33, 34, 35, 36. [W] = W(CO).Cp*.

X-ray Data Collection for 33. A red-brown, prism having approximate dimensions of 0.220
x 0.170 x 0.100 mm, was mounted on an Oxford Diffraction Gemini Ultra diffractometer. All
intensity measurements were performed using the omega scan method (A = 0.71073 A) with a
graphite crystal incident beam monochrometer. Cell constants were obtained from a Full-
matrix least-squares on F>.
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Figure 61. Solid-state projection of C19H15sClsW(Cl3Sb)s (33). Hydrogen atoms are removed
for clarity. Selected bond lengths (/f&) and angles (°): W-CI1 2.3644(6), W—CI2 2.3310(7),
W-CI3 2.3426(7), W-Cl4 2.3751(7), W—CI5 2.4826(7), W—C1 2.4057(29), W-C2
2.4663(30), W-C3 2.4929(31), W-C4 2.4624(32), W-C5 2.4158(30), Sh3-CI31 2.3849(8),
Sbh3-CI32 2.3700(8), Sh3—CI33 2.3479(9), Sh2—Cl21 2.3896(8), Sh2—Cl22 2.3757 (8), Sh2—
Cl23 2.3457(9). CI5-W-CI1 78.560(24), CI5-W-CI2 78.035(25), CI5-W-CI3 77.363(23),
CI5-W-Cl4 77.907(24).

There are many striking structural deviations in 33 shown by the X-ray projection.
Perhaps the most obvious is the angle constriction (11.4-12.6°) of the equatorial chloride
ligands from the ideal 90° caused by the steric hindrance from the Cp*. Second, the W-C
bonds distances of the Cp* ligand vary (2.4057(29)-2.4929(31) A). This is a direct result of
the proximal alignment of the equatorial chloride ligands as the carbons closer to these
chloride ligands are elongated greater. The electron density of the lone pair stored in the P2
orbital of the chloride obviously donates to an antibonding orbital of the W—C bond (t1, (6¥)),
and, accordingly, weakens the W—C bond. If this were purely only an electronegative effect,
the inner ring C—C bonds would also be significantly distorted, which is not true in this case.
This donation does not vary the related equatorial W—CI bond lengths in the same way,
however, the axial W—Cl is drastically elongated (0.108-0.152 A) in comparison and is
caused from Jahn-Teller distortion (Figure 62). To avoid unequal occupation of the ey (*)
and the tyq binding orbitals, the structure of 33 distorts separating the X°-y? (b1g) and z° (a1g)
binding orbitals (formerly ey) as well as the xz (ey) and yz (eg) orbitals from the xy (b,g) orbital
(formerly tyg). With the loss of degeneracy, the newly formed e4 binding orbital is, thus,
completely and equally occupied.
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Figure 62. Molecular orbitals () for 33 under the influence of Jahn-Teller distortion.

Symmetry labels of the atomic orbitals are capitalized and the labels of the molecular orbitals
are in lower case. w orbitals are omitted for clarity. Adapted from Messler and Tarr’s
“Inorganic Chemistry 2" Eg. 28

Complexes proven by single crystal X-ray diffraction containing a W—Sn—CI motif are
common in the literature and some examples are very similar in comparison (Table 9).398312
In comparison to the known complexes in the literature, 34 has the shortest W—Sn bond length
which is directly dictated by the m donor or acceptor ability of the substituent connected to Sn.
Throughout all of the examples tungsten is consistently bound to 3 highly m accepting
carbonyls and tin is bound to one slightly & donating CI". The first three examples are the
shortest because of the highest population of the © donating C1™ groups for R’’, and R’ serves
as a control by possessing organic substituents, yet, it is interesting to note that the Cp
substituent is relatively more © accepting than the Cp*. The next two examples have a longer
W-Sn bond length as the chloride substituent count is reduced to two and R’ remains constant
and, as a result, the t-Bu and Os3(CO);,Cl substituents have little difference in @ acceptor

71



Results and Discussion

abilities. Nevertheless, the last entry also has the same R’ value, but the W—Sn bond is the
longest since the PACN(Me), group is a stronger 7 acceptor than the C1” is a  donor, thus the
net effect is a w acceptor ligand. The second and third to the last examples also embody the
greater 1 accepting abilities of the Cp ligand in comparison to the Cp* ligand.

oC
.CO

'l
-
-,

R' W Sn R’

{ |

oC Cl

R’ R” W-Sn bond length (A)
Cp* Cl, Cl 2.7034(5)
((Me)CNN(CO),PhCp Cl, Cl 2.7138(9)

Cp Cl, Cl 2.7244(3)

Cp Cl, t-Bu 2.7518(6)

Cp Cl, Os3(C0O)1,Cl 2.7557(68)

Cp* Me, Me 2.7865(3)

Cp Bu, Bu 2.7960(5)

Cp Cl, PhACN(Me), 2.8204(3)

Table 9. Closely related complexes and their substituents’ effect on the W—Sn bond lengh.3*®

312

Complexes 34, 35, and 36 show the same differences of W—C bond lengths associated
with the Cp* ligand because of electron donation of different carbonyls, and electron
withdrawing effects of SnCls, chloride, and hydrogen ligands. As previously mentioned, the
carbonyl group has an effect, but it is smaller than the heteroligands which effect the W-—C
elongation in the following order H>CI>SnCl;. The SnCl; ligand has the largest inductive
force of electron withdrawal as the threefold presence of chloride accentuates the
electronegativity. The tungsten then becomes more positive and withdraws more electron
density from the Cp* group causing the W—C bond to possess greater electron density.
Another consideration is the steric hindrance of the ligand (cone angle = 118°) could also
cause the W—C bond to lengthen. Elimination of tin to a pure chloride ligand contains no
cone angle and a lesser electron withdrawal effect. Consequently, this creates a longer W-C
bond. The final and most effective ligand is the hydride, which is too small and near to
tungsten to be formally detected by X-ray diffraction, however, the similarity of the OC-W-
CO angles with the other complexes certainly confirms its presence. It has no electron
withdrawing capacity and, thus, the largest W—C bond is present. The movement of electron
density away from the W—C bond causes an increase of electron density in the Cp* ring and
the C—C bonds of the rings are shortened as the W—C bonds are lengthened.
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X-ray Data Collection for 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 the omega scan method (A = 1.54178 A) with a
graphite crystal incident beam monochrometer. Cell constants were obtained from a Full-
matrix least-squares on F2.

Figure 63. Solid-state projection of C13H;5C1s03SnW (34). Hydrogen atoms are removed for
clarity. Selected bond lengths (A) and angles (°): Sn—Cl4 2.3543(16), Sn—CI5 2.3532(17),
Sn—ClI6 2.3532(18), Sn—W 2.7034(5), W—-C21 2.2813(67), W-C22 2.3305(56), W-C23
2.3630(61), W-C24 2.3517(64), W—C25 2.2944(68). Sn—W-C5 75.404(195), Sn—-W-C4
73.910(193), C5-W-C6 77.467(268), C6-W-C4 79.327(265). SnCl; cone angle = 118°.

X-ray Data Collection for 35. A clear crystal was mounted on an Oxford Diffraction Gemini
Ultra diffractometer. All intensity measurements were performed using the omega scan
method (A = 1.54178 A) with a graphite crystal incident beam monochrometer. Cell constants
were obtained from a Full-matrix least-squares on F.
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Figure 64. Solid-state projection of C13H;5ClO3W (35). Hydrogen atoms are removed for
clarity. Selected bond lengths (A) and angles (°): W-CI1 2.4995(8), W—C11 2.3294(11), W—
C12 2.2950(9), W—C13 2.3021(7), W—-C14 2.3671(7), W-C15 2.4079(10). CI1-W-C1
79.001(13), C1-W-C2 79.222(12), C2-W-C3 77.737(13), C3-W-C1 78.178(11).

X-ray Data Collection for 36. A clear crystal was mounted on an Oxford Diffraction Gemini
Ultra diffractometer. All intensity measurements were performed using the omega scan
method (A = 1.54184 A) with a graphite crystal incident beam monochrometer. Cell constants
were obtained from a Full-matrix least-squares on F.

Figure 65. Solid-state projection of C13H1503W (36). The pink atom marks the position of
the undetected hydrogen atom. Hydrogen atoms are removed for clarity. Selected bond
lengths (A) and angles (°): W—-C1 2.4108(0), W—-C2 2.3704(0), W—C3 2.3097(0), W—C4
2.3090(0), W—C5 2.3783(0). C13-W-C11 77.808(0), C11-W-C12 77.591(0).
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1. Experimental

3.1. General Remarks

3.1.1. Atmosphere and Solvents

All manipulations are performed using standard Schlenk and dry-box techniques under
an atmosphere of nitrogen or argon. All solvents are degassed and distilled from appropriate
drying agents under an atmosphere of dry, oxygen-free nitrogen prior to use. CH,ClI, and
CH3CN is distilled from CaH,. 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 following reactants are acquired commercially (company) and stored under an
inert atmosphere as received: Cp (Aldrich), AgSO3;CF; (Fluka), AgPFg (Aldrich), CuCl
(Strem), CuBr (Strem), and Cul (Aldrich). The complexes 3, 27,17"270 43135 73143156
8,31431> 9 318 and 11°* as well as compounds Cp*,3*" 318 NaCp,*"" and ‘BuCp®™® are
synthesized from known methods.

3.1.3. Characterization Methods

The melting points are measured with mercury and recorded on a Biichi, SMP-20 and
are uncorrected. The infrared spectroscopy is recorded on a Varian, Scimitar FTS 800. These
instruments are provided by the work group of professor doctor Manfred Scheer.

Elemental analyses are performed on an Elementar, Vario EL I1l and the electrospray
ionization is performed with a Thermo Quest Finnigan TSQ 7000. All nuclear magnetic
resonance spectra are recorded on a Bruker AVANCE-400 NMR spectrometer. Samples are
referenced against TMS (*H, **C), CFCl; (*°F), and 85% H3PO. (*'P) as external standards.
Chemical shifts are reported in ppm, according to the J-scale, and the coupling constants J in
Hz. The NMR spectra are processed using the 1D-WINNMR program. All X-ray
crystallographic analyses are performed by the X-ray crystallography department of the
University of Regensburg. The data were collected on an Oxford Diffraction Gemini Ultra or
Goniometer Xcalibur CCD diffractometer. The structures are solved using either SIR-97°%or
SHELXS-97°%! and refined using SHELXL-97*! with anisotropic displacements for non-
hydrogen atoms. Hydrogen atoms are located in idealized positions and refined isotropically
according to the riding model. Pictorial representations of the structures are generated using
the Diamond program.®?? These instruments and services are provided by the University of
Regensburg Central Analytic Department.

The solid-state *'P MAS-NMR spectra of compounds 22—24 and 29 were recorded by
Dr. Christian Groger (research group of Prof. Dr. Dr. Kalbitzer, University of Regensburg) on
a Bruker AVANCE300 solid-state spectrometer in 2.5 mm probes. All spectra are acquired at
121.50 MHz at spinning rates of 30 kHz, and samples are referenced against NaH,PO, as an
extern%lzgtandard. All 3P MAS-NMR simulations were performed on a 2008 version of
DMfit.
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The solid-state *'P MAS-NMR and ®*Cu MAS-NMR spectra of 14-16 and 30 were
recorded by Dr. Jinjun Ren (research group of Prof. Hellmut Eckert, University of Minster).
The solid-state *'P MAS-NMR spectrum of 14-16 were recorded on a Bruker DSX500 solid-
state spectrometer in 2.5 mm probes. The spectra were acquired at 202.41 MHz using single-
pulse acquisition spinning rates of 25 and 30 kHz. A rotor synchronised Hahn spin-echo
sequence, generated with 90° pulse lengths of 1.8 us and relaxation delays of 2 minutes (256
scans), was used to record the spectra. The solid-state **P MAS-NMR spectrum of 30 was
recorded on a Bruker DSX400 solid-state spectrometer in 2.5 mm probes. The spectrum was
acquired at 161.90 MHz using single-pulse acquisition spinning rates of 25 and 30 kHz. A
rotor synchronised Hahn spin-echo sequence, generated with 90° pulse lengths of 4.4 ps and
relaxation delays of 10 minutes (264 scans), was used to record the spectrum. The samples
were referenced against 1M HsPO, as an external standard. The ®®Cu MAS-NMR spectra of
14-16 were recorded on a Bruker DSX500 solid-state spectrometer in 2.5 mm probes. The
spectrum was acquired at 142.11 MHz using a single-pulse acquisition spinning rate of 25
kHz. A rotor synchronised Hahn spin-echo sequence, generated with 30° pulse lengths of 1
us and relaxation delays of 2 seconds (1024 scans), was used to record the spectra. The
samples were referenced against Cul as an external standard.

3.2. Protocol

Bis(1P,2P-bis(dicarbonylcyclopentadienylmolybdenum(l))diphosphorus-
«°P,P)bis(dichloroplatinum(11)) (1). A solution of 3 (100 mg, 0.202 mmol) in CH,Cl, (10
mL) is added at room temperature to a solution of 4, 5, or 6 (0.202 mmol) in CH,CI, (10 mL),
and the color of the mixture changes from orange into brown instantly. Further stirring for 2
days at 25 °C leads to the formation of the product, which is collected via filtration, washed
with CH,Cl;, (3 x 5 mL), and dried under vacuum. Single brown X-ray quality crystals are
obtained by layering the Mo,P,/CH,ClI, solution over a cold (0 °C) 4, 5, or 6/CH,ClI, solution.

Product yield (relative to 3 using 5): 0.076 g, 49.9%.

M.P.: 147 °C (decomposition).

'H NMR (400.13 MHz, DMSO-ds, 27 °C): 6 =5.91 (s, 20 H, Cp).

BC{*H} NMR (100.63 MHz, DMSO-dg, 27 °C): 6 = 218.518 (s, CO), 89.12 (s, Cp).

31pIH} NMR (161.94 MHz, DMSO-dg, 27 °C): 6 = ~123.82 (non, Jp p»» = 253.2 Hz and
p pr = 2051.1 Hz; 'Jp p» = 157.8 Hz and 2Jp» p = 1629.3 Hz).

IR (KBr): v = 3093 (W), 2014 (vs; CO), 1977 (vs; CO), 1632 (w), 1419 (w), 1260 (w), 1071
(W), 1022 (w), 834 (m), 548 (w), 487 (m), 432 (m).

Positive ion EI-MS (CHsOH, RT): m/z (%) = 496.058 (9) [Cp,Moa(CO)4Ps]*, 439.9 (12)
[szMOz(CO)szT, 384.0 (41) [Cp2M02P2]+, 322.01 (14) [Pt(CO)gC'gT, 267.1 (3) [PtC|2]+,
124.1 (100) [Mo(CO)]".

Elemental analysis: Calculated (%) for C,sH20M040gP4Pt,Cl, (1693.89): C 21.25, H 1.42;
found: C 21.93, H 1.48.
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[MOszCp*PtC|2]2.

Positive ion ESI-MS (CH3CN/CH,Cl,, + 10 mmol/L NH;"CHsCO™, RT): m/z (%) = 653.0
(100) [Cp*2M02(CO)4P2NH4]", 625.1 (75) [Cp*2M02(CO)3P2NH,4]", 597.1 (16)
[Cp*2M02(CO)2P2NH4]+, 569.1 (45) [Cp*zMOz(CO)PzNH4]+.

Negative ion ESI-MS (CH3CN/CH,Cly, + 10 mmol/L NH;"CHsCO™, RT): m/z (%) = 597.9
(34) [(NH4)10(CH3CO)4Cl7]7, 179.0 (64) [NH4CI(CH3CO)(CH3CN),]", 133.1 (16)
[NH4(CH3CO),COJ".

Positive ion EI-MS (CHsOH, RT): m/z (%) = 578.2 (6) [Cp*2M02(CO),P2]", 526.2 (38)
[Cp*,Mo,P,]", 496.3 (100) [Cp*,Mo,P]", 458.3 (73) [Pt,Cl,]*, 265.2 (37) [PtCI,]".

Bis(1P,2P-bis(dicarbonylcyclopentadienylmolybdenum(l))diphosphorus-
«°P,P)bis(dichloropaladium(l1)) (2). A cold (0 °C) solution of 7 (61 mg, 0.202 mmol) in
CH.Cl, (10 mL) is layered with a solution of 3 (100 mg, 0.202 mmol) in CH,Cl, (10 mL), and
the color of the solution turns dark instantly. After about one week small brown X-ray quality
crystals are formed. Substitution of 7 with 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, DMSO-ds, 27 °C): 6 =5.98 (s, 20 H, Cp).

BC{*H} NMR (100.63 MHz, DMSO-dg, 27 °C): 6 = 225.93 (s, CO), 86.47 (s, Cp).
$1prIH1 NMR (161.98 MHz, DMSO-dg, 27 °C): 6 = 0.086 (s), —43.09 (5), —84.26 (S).

IR (KBr): v = 2963 (w), 1950 (s, CO), 1908 (s, CO), 1417 (w), 1261 (s), 1095 (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 EI-MS (CH3;OH, RT): m/z (%) = 496.1 (10) [Cp2Mo0,(CO).4P,]", 440.1 (21)
[Cp2Mo0,(CO),P2]", 412.1 (6) [Cp2Mo0,(CO)P,]", 384.2 (72) [Cp2Mo,P,]", 355.1 (14)
[Pd,Cl4]", 330.1 (12) [MoPd(CO),Cl,]", 319.3 (10) [Pd,Cl5]", 205.3 (38) [Pd(CO)Cl,]", 124.2
(100) [Mo(CO)Y".

Positive ion ESI-MS (CHsCN/CH.Cly, RT): m/z (%) = 1184.7 (22)
[szMOz(CO)2P2Pd3(CH3CN)9]+, 1151.6 (13) [szMOz(CO)2P2Pd5(CH3CN)3]+, 1053.6 (17)
[Cp2MOZ(CO)ZPZPd(CHgCN)11]+, 807.3 (13) [szMOz(CO)szPd(CHgCN)5]+, 583.2 (72)
[Pd>(CH3CN)o]*, 542.2 (100) [Pda(CHsCN)g]", 501.1 (79) [Pda(CH3CN).]*, 454.3 (36)
[Pda(CHsCN)T*.

Negative ion ESI-MS (CHsCN/CH,Cl,, RT): m/z (%) = 531.0 (72) [(PdCl,)s]", 513.0 (86)
[MOCIs(CHCN)s] ", 459.0 (35) [PACI5(CHsCN)g]", 421.3 (39) [M0,Cls(CH3CN)s], 391.0
(26) [MOCls(CHsCN),]", 372.3 (100) [PACI«(CHsCN)s]", 294.1 (54) [PACls(CHsCN),]".

Elemental analysis: Calculated (%) for CysH20M0408P4Pd,Cly: C 24.97, H 1.50; found: C
24.98, H 1.52.
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[MOzpch*PdC:'z]z.

Positive ion ESI-MS (CH3CN/CH,Cl,, + 10 mmol/L NH,"CH3CO~, RT): m/z (%) = 1338.8
(3) [{Cp*2M0,(CO),P2},PdCI,]*, 676.0 (25) [Cp*2M0,(CO)4P,CHsCN] *, 631.9 (51)
[Cp*2M02(CO)sP]*, 603.9 (100) [Cp*2M02(CO)4P]", 569.0 (62) [Cp*2M02(CO)P2+NH,4]".

Negative ion ESI-MS (CH3CN/CH,Cly, + 10 mmol/L NH,"CH3sCO™, RT): m/z (%) = 599.9
(16) [(NH4)10(CH3CO)4Cl7]7, 454.9 (100) [Pd,ClsCO], 222.9 (54)

[NH,CI(CHsCO)(CH3CN)s]", 179.0 (85) [NH4CI(CH3CO)(CH3CN),]", 133.1 (19)
[NH4(CH3CO),COJ".

Bis(1P,2P-bis(dicarbonylcyclopentadienylmolybdenum(l))diphosphorus-
k’P,P)bis(tetracarbonyltungsten(0)) (10). A solution of 3 (100 mg, 0.202 mmol) in THF (5
mL) is layered with a solution of W(CO)sTHF (9) in THF (0.028 M, 7.2 mL). The solution is
concentrated and cooled to 5 °C giving maroon-brown X-ray quality crystals.

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

M.P.: 145-148 °C (decomposition).

IH NMR (400.13 MHz, CD,Cl,, 27 °C): d = 5.32 (s, 20 H, Cp), 3.68 (m, THF), 1.82 (m,
THF).

BC{*H} NMR (100.63 MHz, CD,Cl,, 27 °C): § = 191.43 (s, CO), 87.25 (s, Cp), 68.15 (s,
THF), 25.98 (s, THF).

31pIH} NMR (161.95 MHz, CD,Cl,, 27 °C): § = -43.12.

3'P{*H} NMR (CD,CI/THF (3:1), 161.98 MHz, 27 °C): 5 = —41.63 (5).
3'P{*H} NMR (CD,CI/THF (3:1), 161.98 MHz, 0 °C): § = —41.79 (s).
3'P{*H} NMR (CD,CI/THF (3:1), 161.98 MHz, -40 °C): 6 = -41.63 ().

3pLIH} NMR (CD,Cl/THF (3:1), 161.98 MHz, —80 °C): & = —43.11 (s), -51.42 (d, P’, Jp+p~
=503.99 Hz), ~106.01 (d, P”’, Jpp = 503.99 Hz).

$1p{'H} NMR (CD,CIly/THF (3:1), 161.98 MHz, —110 °C): 6 = —44.20 (s), —52.66 (d, P’, Jpp»
= 477.11 Hz), -109.53 (d, P>, Jp-p = 477.11 Hz).

IR (KBr): v = 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) cm ™.

Positive ion EI-MS (CH.Cl,, RT): m/z (%) = 819.6 (6) [CpsMo,(CO)sP,W]*, 789.5 (2)
[CpaM0,(CO)sP,W]*, 763.6 (4) [CpaM0oo(CO)-P,WT*, 734.6 (3) [CpM02(CO)P W], 679.6
(7) [szMOZ(CO)4P2W]+, 651.6 (26) [szMOZ(CO)gpz\/\/]+, 623.9 (9) [szMOZ(CO)2P2W]+,
595.8 (9) [CpoM0>(CO)P, W], 567.7 (52) [CpoM0s(CO)4P2(THF)]" or [CpsMo,P, W], 537.8
(16) [szMOZ(CO)3P2(THF)]+, 495.8 (13) [szMOZ(CO)4P2]+, 439.8 (23) [szMOZ(CO)2P2]+,
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412.9 (3) [Cp2M02(CO)P,]", 381.9 (72) [Cp2Mo0,P,]", 353.8 (17) [M0o(CO)4(THF),]", 351.9
(51) [W(CO)¢]", 268.0 (100) [W(CO)]*, 240.0 (33) [W(CO),]", 212.0 (32) [W(CO)]", 207.1
(41) [Mo(C0O)4]", 151.1 (15) [Mo(CO),]".

Positive ion ESI-MS (CHzC'z/CHgCN, RT)Z m/z (%) = 1584.9 (8) [Cp4MO4(CO)15P4WZ]+,
1405.8 (16) [CpsM04(CO)12P4W-]", 820.0 (31.3) [Cp2Mo,(CO)sP,W]", 680.6 (100)
[szMOz(CO)4P2W]+.

Elemental analysis: Calculated (%) for CsgH20M04016P4W>(C4HgO),: C 30.58, H 2.10;
found: C 29.90, H 2.24.

Bis(1P,2P-bis(dicarbonylcyclopentadienyldiphosphorustungsten(l))-
K’P,P’)bis(tetracarbonyltungsten(0)) (12). A solution of 11 (0.050 g, 0.074 mmol) in THF
(5 mL) is layered with a solution of W(CO)sTHF in THF (0.028 M, 2.7 mL). The solution is
concentrated and cooled to 5 °C for 7 days giving X-ray quality maroon-brown crystals.
Product yield (relative to 11): 0.059 g, 77.2%

M.P.: 155-160 °C (decomposition).

IH NMR (400.13 MHz, CD,Cl,, 27 °C): d = 5.32 (s, 20 H, Cp), 3.68 (m, THF), 1.84 (m,
THF).

BC{*H} NMR (100.63 MHz, CD,Cl,, 27 °C): § = 191.78 (s, CO), 84.25 (s, Cp), 68.28 (s,
THF), 25.98 (s, THF).

$1pIH} NMR (161.98 MHz, CD,Cl,, 27 °C): 6 = —152.45.

3Ip{'H} NMR (CD,Cl,/THF (3:1), 161.98 MHz, 27 °C): § = -151.21 (s).

31p{'H} NMR (CD,Cl,/THF (3:1), 161.98 MHz, 0 °C): 6 = —151.04 (s).

31p{'H} NMR (CD,Cl,/THF (3:1), 161.98 MHz, —20 °C): 6 = —115.89 (s), —151.01 (s).
31p{'H} NMR (CD,Cl,/THF (3:1), 161.98 MHz, —40 °C): 6 = —115.86 (s), —151.21 (9).

3pLIH} NMR (CD,Cl/THF (3:1), 161.98 MHz, —80 °C): & = ~115.86 (s), ~151.21 (S), —
212.77 (d, P*, Jpp = 454.82 Hz).

$pf'H} NMR (CD,Cl,/THF (3:1), 161.98 MHz, —100 °C): 6 = —141.00 (d, P**, Jp-p- = 456.69
Hz), —152.69 (s), —214.41 (d, P, Jp-p- = 456.69 Hz).

3p{'H} NMR (CD,Cl/THF (3:1), 161.98 MHz, ~110 °C): § = —141.15 (d, P**, Jp-p: = 454.56
Hz), ~152.98 (s), ~215.04 (d, P’, Jpp- = 454.56 Hz).

$1p{'H} NMR (CD.CIly/THF (3:1), 161.98 MHz, —120 °C): 6 = —141.32 (d, P*’, Jp-p = 479.12
Hz), -153.11 (s), —215.62 (d, P*, Jpp» = 479.12 Hz).

IR (KBr): v=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 ESI-MS (CHsCN, RT): m/z (%) = 1406.2 (100) [CpsWs5(CO)7P]".
Negative ion ESI-MS (CH3CN, RT): m/z (%) = no peak.

Positive ion ESI-MS (CH,Cl/CHsCN, RT): m/z (%) = 1746.2 (13) [CpsWe(CO)s]", 1703.0
(8) [CpsWs(CO)11P]", 1451.0 (45) [CpsW4(CO)13P]", 1406.2 (100) [CpsWs(CO)7P]".

Negative ion ESI-MS (CH,CI,/CH3CN, RT): m/z (%) = 1057.7 (63) [Cp,W3(CO)gP4]", 703.0
(100) [szWz(CO)5P2]_,

Elemental analysis: Calculated (%) for C3sH20M04016PsW>(C4HgO): C 23.93, H 1.41;
found: C 24.36, H 1.49.

1CI,2Cl-bis(dicarbonyl(pentamethylcyclopentadienyl)cyclotriphosphanotungsten(0)-
«’P,P’copper(1))-p-dichloride (14). A solution of 13 (0.050 g, 0.161 mmol) in CH,Cl, (10
mL) is layered with a solution of CuCl (0.032 g, 0.322 mmol) in CH3CN (10 mL) and placed
in a dark environment for 2 days at 22 °C. The contents are filtered with a fritted filter,
concentrated, layered with pentane (2 mL), and cooled to 5 °C giving yellow plate-like X-ray
quality crystals.

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

M.P.: 95-97 °C (decomposition).

'H NMR (400.13 MHz, CDCls, 27 °C): 6 = 2.20 (s, 20 H, Cp*), 2.00 (s, 10 H, Cp™).

B3C{*H} NMR (100.63 MHz, CDCls, 27 °C): § = 220.46 (s, CO), 106.54 (s, Cp* (C)), 11.54
(s, Cp* (CHa)).

1P HY NMR (161.95 MHz, CD,Cl,, 27 °C): § = -374.91 (s, Ps).

1P H} NMR (THF-dg/CH.Cl, (2:1), 161.98 MHz, 27 °C): 6 = —375.08 (5).

31pfIH} NMR (THF-dg/CH.Cl, (2:1), 161.98 MHz, 0 °C): § = -376.80 (s).

$1pfIH} NMR (THF-dg/CH.Cl, (2:1), 161.98 MHz, —40 °C): J = no signal.

1P H} NMR (THF-dg/CH.Cl, (2:1), 161.98 MHz, —80 °C): § = -407.25 (s).

1P H} NMR (THF-dg/CH.Cl, (2:1), 161.98 MHz, —120 °C): 6 = —313.16 (b), —406.97 (b).
Solid-state *'P MAS-NMR (202.41 MHz, 27 °C): 6 = —290 (s, 1 P), —392 and —399 (s, 2 P).
Solid-state ®*Cu MAS-NMR (142.11 MHz, 27 °C): 6 = —4.0 and —12.2 (s).

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

1096 (S)i 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 ESI-MS (CH3CN, RT): m/z (%) = 1046.7 (9)

[CusCls{Cp "W(CO),Ps}(CHsCN),]*, 978.9 (10) [CusCls{Cp W(CO),Ps}CHsCNNH,]*, 947.2
(20) [CusCl{Cp"W(CO),P3}(CHZCN),]", 879.2 (15) [CusCli{Cp " W(CO),P3}NH,]", 824.2
(70) [CusCls{Cp"W(CO),P5}CHsCNNH,4]*, 781.1 (12) [CusCls{Cp W(CO),Ps}NH,]*, 624.1
(21) [CuCI{Cp W(CO),P3}CH3CNNH,4]*, 608.2 (48) [CuCI{Cp W(CO),P5}CH3;CN]*, 585.9
(31) [CuCI{Cp "W(CO),P3}NH,]", 567.1 (21) [CuCI{Cp W(CO),P5}]", 537.1 (58)
[CUCI{Cp"W(CO)P3}]*, 486.1 (99) [{Cp W(CO),Ps}NH,4]*, 342.7 (98) [CusClo(CH3CN),]",
244.8 (100) [Cu,CI(CHsCN),]".

Negative ion ESI-MS (CH3CN, RT): m/z (%) = 726.4 (2) [Cu;Clg]", 628.5 (6) [CusCl+]",
530.6 (47) [CusCls]™, 430.6 (5) [Cu4Cls], 332.6 (3) [CusCl4]™, 232.7 (6) [Cu,Cls]™, 134.9
(100) [CuCl,T".

Elemental analysis: Calculated (%) for Cy4H30Cl,Cu,0O4PsW,: C 25.42, H 2.67; found: C
25.68, H 2.74.

1Br,2Br-bis(dicarbonyl(pentamethylcyclopentadienyl)cyclotriphosphanotungsten(0)-
«’P,P’copper(1))-p-dibromide (15). A solution of 13 (0.050 g, 0.161 mmol) in CH,Cl, (10
mL) is layered with a solution of CuBr (0.046 g, 0.322 mmol) in CH3CN (10 mL) and placed
in a dark environment for 2 days at 22 °C. The contents are filtered with a fritted filter,
concentrated, layered with pentane (2 mL), and cooled to 5 °C giving yellow plate-like X-ray
quality crystals.

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

M.P.: 96-100 °C (decomposition).

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

BC{*H} NMR (100.63 MHz, CD,Cl,, 27 °C): § = 219.31 (s, CO), 103.91 (s, Cp* (C)), 11.63
(s, Cp* (CHa)).

31pIH} NMR (161.95 MHz, CD,Cl,, 27 °C): 6 = -369.01 (s, Ps).

3P H} NMR (THF-dg/CH.Cl, (2:1), 161.94 MHz, 27 °C): 6 = —369.22 (5).
31pfIH} NMR (THF-dg/CH.Cl, (2:1), 161.94 MHz, 0 °C): § = —373.42 (s).
1P H} NMR (THF-dg/CH.Cl, (2:1), 161.94 MHz, —40 °C): 6 = -383.60 (s).

3prIH} NMR (THF-dg/CH,Cl, (2:1), 161.94 MHz, —80 °C): 6 = ~320.46 (b), —397.25 (),
403.58 (b)

$pf'H} NMR (THF-dg/CH,Cl, (2:1), 161.94 MHz, —120 °C): § = —318.44 (b), —393.15 (b), —
406.29 (b).

Solid-state *'P MAS-NMR (202.41 MHz, 27 °C): d = —295 (s, 1 P), —394 and —402 (s, 2 P).

Solid-state ®®Cu MAS-NMR (142.11 MHz, 27 °C): 6 = -58.3 and —68.2 (s).
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IR (KBr): v =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 ESI-MS (CH,Cl,/CH3CN/CH30H + 10 mmol/L NH;"CHsCO~, RT): m/z (%) =
1499.5 (8) [CuBr{Cp"W(C0),P3},Cu(CuCH3C0),]*, 1283.4 (13)

[CuBr{Cp "W(CO),Ps},Cu]", 1249.4 (9) [CuBr{Cp"W(CO),P3}>(CuCHsCO)]", 1185.4 (41)
[CuzBr{Cp*W(CO)ng}ZCH3CN]+, 947.3 (20) [{Cp*W(CO)z}E(CH3CN)2(NH4)zBr]+, 849.1
(83) [{Cp W(CO),}2NH4(CH3CN),]", 822.1 (40) [CusBrs{Cp W(CO),}NH,]", 488.0 (100)
[{Cp W(CO)2P3}NH,]".

Negative ion ESI-MS (CH,Cl,/CH3CN/CH30H + 10 mmol/L NH; CH3CO™, RT): m/z (%) =
1527.2 (9) [{Cp W(CO),P3}2Cu,Br,4]", 703.0 (33) [Br{Cp 'W(CO),Ps}NH,(CH3;CO),]", 631.1
(59) [{Cp W(CO),P3}Br]", 222.7 (100) [CuBr,]",

Elemental analysis: Calculated (%) for C24H30BroCu,0O4PeW,: C 23.57, H 2.47; found: C
23.40, H 2.49.

11,21-bis(dicarbonyl(pentamethylcyclopentadienyl)cyclotriphosphanotungsten(0)-
«’P,P’copper(1))-p-diiodide (16). A solution of 13 (0.050 g, 0.161 mmol) in CH,Cl, (10
mL) is layered with a solution of Cul (0.062 g, 0.322 mmol) in CH3CN (10 mL) and placed in
a dark environment for 2 days at 22 °C. The contents are filtered with a fritted filter,
concentrated, layered with pentane (3 mL), and cooled to 5 °C giving yellow plate-like X-ray
quality crystals.

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

M.P.: 110 °C (decomposition).

'H NMR (400.13 MHz, CDCls, 27 °C): 6 = 2.20 (s, 20 H, Cp*), 2.00 (s, 10 H, Cp™).

13C{lH} NMR (100.63 MHz, CDCls, 27 °C): 6 = 214.22 (s, CO), 103.30 (s, Cp* (C)), 11.50
(s, Cp* (CHy)).

$pf'H} NMR (161.94 MHz, CDCls, 27 °C): 6 = —379.14 (s, P3).

3'P{*"H} NMR (THF-dg/CH,Cl, (2:1), 161.98 MHz, 27 °C): § = -381.17 (s).

31p{'H} NMR (THF-dg/CH,Cl; (2:1), 161.98 MHz, 0 °C): 6 = —382.46 (s).

S'P{*H} NMR (THF-dg/CH.Cl, (2:1), 161.98 MHz, 40 °C): J = ~384.35 (s).

31p{*H} NMR (THF-dg/CH,Cl; (2:1), 161.98 MHz, —80 °C): 6 = no signal.

S'P{*H} NMR (THF-dg/CH.Cl, (2:1), 161.98 MHz, 120 °C): 6 = -314.09 (b), —423.68 (b).
Solid-state *'P MAS-NMR (202.41 MHz, 27 °C): 6 = —297 (s, 1 P), —404 (s, 2 P).

Solid-state ®>Cu MAS-NMR (142.11 MHz, 27 °C): 6 = —0.7 and —14.4 (s).
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IR (KBr): v="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 (w) cm ™.

Positive ion ESI-MS (CH,Cl,/CH3CN/CH30H + 10 mmol/L NH;"CHsCO™, RT): m/z (%) =
1301.4 (0.6) [{W(CO),Cp*},(CuCH3CO)sNH,]*, 1069.2 (1.9)
[{W(CO),Cp*}(CuCH3CO)s]", 907.1 (1.4) [{W(CO),Cp*}CuCHsCO)s]*, 733.2 (82)
[{W(CO)ch*}CUZ|NH4(CH3CO)2]+, 719 (16) [{W(CO)ch*}(NH4CH3CO)5CH3CN]+, 531.0
(12) [(CUCH3CO)s]", 503.0 (6) [(Cul)2(NH,CH3CO),]*, 476.0 (12) [(NH4l)sCHCN]*, 397.0
(16) [(NH4|)2CUCH3CO]+, 383.0 (100) [CU4(CH3CO)3]+, 369.0 (61) [(NH4)4|2CH3CO]+.

Negative ion ESI-MS (CH,Cl,/CH3CN/CH30H + 10 mmol/L NH; CH3CO, RT): m/z (%) =
407.7 (41) [CuCH3CONH4I,COJ7, 380.7 (15) [CuCH3CONHq4l,]7, 316.7 (100) [Cul,]™, 127.0
a2)[1.

Elemental analysis: Calculated (%) for Cy4H3l,Cu,0O4PsW,: C 21.89, H 2.30; found: C
21.64, H 2.40.

1CI,2ClI-(tri-p-carbonyl-dicopper-
(chloro)copper(pentamethylcyclopentadienyl)tungstenate(1-)-k*CI*,CI>-dichloride-
tetraacetonitrilecopper(l) (21). [Identical procedure for 14] A solution of 13 (0.050 g,
0.161 mmol) in CH,CI, (10 mL) is layered with a solution of CuCl (0.032 g, 0.322 mmol) in
CH3CN (10 mL) and placed in a dark environment for 2 days at 22 °C. The contents are
filtered with a fritted filter, concentrated, layered with pentane (2 mL), and cooled to 5 °C
giving dark brown X-ray quality crystals.

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

'H NMR (400.13 MHz, CDClj, 27 °C): 6 = 2.05 (s, 15 H, Cp*), 2.00 (s, 9 H, CHs— unbound
acetonitrile), 2.20 (s, 1 H, CH3—ClI bound acetonitrile, unbound H), 2.37 (s, 2 H, CH3-Cl
bound acetonitrile, bound H).

BC{*H} NMR (100.63 MHz, CDCls, 27 °C): § = 235.79 (s, CO, acetonitrile side), 220.46 (s,
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, CHg, bound acetonitrile), 11.54 (s, Cp*, CHj3),
1.880 (s, CH3, unbound acetonitrile).

IR (KBr): v =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 (m) cm ™.

Positive ion ESI-MS (CH3CN + 10 mmol/L NH; CH3CO™, RT): m/z (%) = 849.1 (76)
[CUCI{Cp"W(CO),}],", 510.1 (76) [Cp 2W(CO),]", 459.2 (42) [{Cp W(CO),}(CH3CN),]*,
444.1 (100) [CusCls(CH3CN),]", 416.1 (24) [{Cp W(CO),}CHCN]*, 403.1 (44)
[CU3C|2(CH2C|2)NH4(CH3CO)]+.

Negative ion ESI-MS (CHsCN + 10 mmol/L NH,"CH30™, RT): m/z (%) = 232.7 (68)
[Cu.Cls]7, 134.9 (100) [CuCl,]".
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Elemental analysis: Calculated (%) for C,;H,7ClsCusN4OsW: C 27.18, H 2.93; found: C
27.67, H 3.31.

Bis(1P,2P-bis(dicarbonylcyclopentadienyltungsten(l))diphosphorus-kP,P’copper(1))-p-
dichloride (22). A solution of 11 (0.050 g, 0.0742 mmoles) in CH,Cl, (10 mL, 0 °C) is
slowly layered with a solution of CuCl (0.015 g, 0.148 mmoles) in CH3CN (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. Maroon X-ray quality crystals 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) ¢ = —169.03 (*Jpp = 411.99
Hz; YJcup = 1057.94, 1057.95 Hz; P1), —291.31 (\Jpp = 427.18 Hz; “Jcyp = 1070.15, 1078.29
Hz; P2).

3P MAS-NMR (simulated) 6 = —169.08 (*Jpp = 432.53 Hz; *Jcwp = 1060.12, 1060.09 Hz;
P1), —291.48 (*Jpp = 428.28 Hz; Ncwp = 1075.52, 1075.71 Hz; P2).

IR (KBr): v =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
(VW%, 866 (w), 847 (m), 799 (s), 703 (w), 606 (w), 575 (w), 545 (w), 511 (m), 474 (s), 438 (m)
cm .

Positive ion ESI-MS (CHsCN + 10 mmol/L NH; CH3CO", RT): m/z (%) = 1406.8 (7)
[Cu,Cl{CpsW4(CO)sP,}", 775.7 (18) [CuCI{Cp,W,(CO),P,}]*, 738.8 (23)
[Cu{Cp,W2(CO)4P,}]", 711.8 (23) [Cu{Cp,W>(CO)3P,}]", 287.8 (29)
[(NH4)3(CH3CO)3CH3sCNCu]”, 285.8 (43) [(NH4)4(CH3C0),CH3CN]", 246.7 (16)
[(NH4)3(CH3CO)sCu]", 244.7 (22) [(NH,)4(CH3sCO),]", 198.8 (12)
[(NH4)2CI(CH3CO)CH,Cl,]", 185.8 (13) [(NH4)2(CH3CO),Cu]", 152 (100) [CuNH4CI]",
144.9 (39) [Cu(CO)NH,4CI]", 117.0 (12) [CUuNH,4CI]".

Negative ion ESI-MS (CHsCN + 10 mmol/L NH,"CH3sCO", RT): m/z (%) = 214.6 (23)
[(NH.)2(CH3;CO),CI(CO).]", 212.5 (14) [Cu(NH.)(CH3CO),Cl]", 162.6 (15) [CuCly(CO)],
160.6 (17) [NH4(CH3CO)2(CO),]", 136.8 (13) [NH4CI(CH3CO)CH3CN], 134.7 (42)
[CuCl,]7, 132.7 (34) [NH4(CH3CO),COT, 125.7 (27) [(CH3CO)(CH3CN),]", 123.7 (32)
[NH4(CH3sCO)CI]", 105.9 (21) [NH4(CH3CO),] .

Elemental analysis: Calculated (%) for C,gH2oCl.Cu,0gP,W,: C 21.81, H 1.31; found: C
22.05, H 1.52.

Bis(1P,2P-bis(dicarbonylcyclopentadienyltungsten(l))diphosphorus-kP, P ’copper(1))-p-
dibromide (23). A solution of 11 (0.050 g, 0.0742 mmoles) in CH,Cl, (10 mL, 0 °C) is
slowly layered with a solution of CuBr (0.021 g, 0.148 mmoles) in CH3CN (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 X-ray quality crystals 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) 6 = -172.63 (*Jpp = 474.55
Hz; Ycup = 962.32, 974.52 Hz; P2), —302.24 (*Jpp = 515.75 Hz; YJcup = 1066.08, 1082.36 Hz;
P1).

3P MAS-NMR (simulated) 6 = —173.18 (}Jpp = 470.16 Hz; Jcyp = 1000.00, 1000.00 Hz;
P2), —302.21 (*Jpp = 458.25 Hz; *Jcwp = 1000.00, 1000.00 Hz; P1).

IR (KBr): v =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) cm ™.

Positive ion ESI-MS (CHsCN + 10 mmol/L NH; CH3CO"~, RT): m/z (%) = 1695.0 (1)
[(NH4)(CH3CO)CUZBI'2{CD4W4(CO)8P4}]+, 1551.0 (6) [CUzBrz{Cp4W4(CO)5P4}]+, 1407.0
(14) [CuBr{Cp,W>(CO)P.}]", 775.7 (100) [(NHz){CpzW2(CO)sP2}(CH3CN),]" or
[(NH4){Cp2W,(CO)7P;}]", 747.8 (17) [(NH4){Cp2W2(CO)3P2}(CH3CN)]" or
[(NH2){Cp,W2(CO)6P}]", 719.7 (13) [(NH4){Cp2W(CO)sP2}]" or
[(NH4){Cp,W,(CO),P,}(CH3CN),]", 375.6 (50) [Cus(CH3CO),(NH,)Br]", 334.6 (13)
[(NH4)5(CH3CO)5CO]+, 277.8 (27) [CU3(CH3CO)2]+, 259.7 (22) [CU(NH4)zBr2]+.

Negative ion ESI-MS (CH3sCN + 10 mmol/L NH4"CH3CO", RT): m/z (%) = 410.5 (2)
[(NH4)sCu(CH3CO)4Br(CHsCN)J", 366.5 (4) [(NH4)Cu(CH3CO)Br,(CH3CN),], 313.5 (7)
[(NH4)2Cu(CH3CO)4Br(CH3sCN)J, 268.5 (20) [Cu(CH3CO)Br(CH3CN),]", 222.6 (100)
[CuBr,]".

Elemental analysis: Calculated (%) for CgH20Br.Cu,0gPsW,: C 20.62, H 1.24; found: C
22.65, H 1.61.

Bis(1P,2P-bis(dicarbonylcyclopentadienyltungsten(l))diphosphorus-k*P,P’copper(1))-p-
diiodide (24). A solution of 11 (0.050 g, 0.0742 mmoles) in CH,Cl, (10 mL, 0 °C) is slowly
layered with a solution of Cul (0.028 g, 0.148 mmoles) in CH3CN (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 X-
ray quality crystals are collected.

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

3P MAS-NMR (121.46 MHz, spinning frequency 30 kHz, RT) d = —187.75 (*Jpp = 472.91
Hz; "Jcw = 890.90, 903.10 Hz; P1 and P2).

3P MAS-NMR (simulated) 6 = —169.92 ({Jcye = 891.77, 887.63 Hz; P1 and P2).
IR (KBr): v = 3118 (w), 2963 (W), 2361 (w), 2285 (W), 2251 (w), 1986 (s; CO), 1973 (s; CO),

1916 (s; CO), 1867 (s; CO), 1417 (m), 1261 (m), 1105 (m), 1060 (m), 1025 (w), 1012 (m),
?16 (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 ESI-MS (CH3CN + 10 mmol/L NH, CH3CO™, RT): m/z (%) = 1596.8 (2)
[Cuslo{CpsW4(CO)P4}]", 1551.0 (1) [(NH4)Cu12{CpsW4(CO)P4}]", 1406.9 (8)
[CU2|{CD4W4(CO)P4}]+, 967.7 (10) [CU2|(CH3CN){CD2W2(CO)4P2}]+, 919.7 (6)
[(NH4)21(CH3CN)2{Cp,W2(CO)4P5}]", 775.8 (100) [NH4(CH3CN)o{Cp,W,(CO)4P2}]", 747.9
(7) [NH4(CH3CN)2{Cp2W>(CO)3P2}]", 719.9 (6) [NH4(CH3CN){Cp,W2(CO)-P}]".

Negative ion ESI-MS (CHsCN + 10 mmol/L NH; CH3CO™, RT): m/z (%) = 698.4 (5)
[Cusls]™, 650.5 (7) [(NH4)Cuzla]™, 604.4 (4) [(NH4)2Culs]™, 506.5 (9) Cuzls, 460.5 (11)
[CulsNH4]", 414.5 (5) [Culy(CO),CH3CN], 360.6 (9) [(NH4)2(CH3CO),1(CO)4], 316.6 (100)
[Cul,]7, 270.5 (100) [NH4l,]", 222.5 (42) [I(CO),CH3CNT, 126.8 (27) [1]".

Elemental analysis: Calculated (%) for CgH20l2Cu,0OgP4sW4(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 (25). In a 100-mL,
two-necked, round-bottomed flask equipped with a magnetic stirring bar, argon inlet, and a
reflux condenser connected to a mineral oil bubbler, [W('Bu-CsH4)(CO)]» (1.6 g, 2.0 mmol)
is dissolved in n-decalin (60 mL). White phosphorus (0.5 g, 4.0 mmol) is added at room
temperature 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. CH,Cl, and SiO, are added and stirred until the
contents are removed from the glass and then concentrated under reduced pressure forming a
black-brown powder. The powder is applied under argon to a column (25 x 2.0) cm, which is
filled with SiO; and pentane. Elution with pentane-toluene (10:1) affords a faint yellow
fraction, which after evaporation to dryness gives yellow crystals of W(‘Bu-CsHs)(CO)(°-
P3). Further elution with pure toluene afford a red fraction, which after evaporation to dryness
gives X-ray quality red crystals of the featured complex, W('Bu-CsHs)(CO)2(u-7°-P).

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

'H NMR (400.13 MHz, CD,Cly, 27 °C): 6 = 5.19 (q, Jun = 1.78 Hz, 2 H, Cp), 1.28 (s, 10 H,
‘Bu).

BC{*H} NMR (100.63 MHz, CD,Cl,, 27 °C): § = 212.53 (s, CO), 118.03 (s, Cp), 86.02 (s,
Cp), 82.43 (s, 'Bu), 32.23 (s, 'Bu).

$pf'H} NMR (161.98 MHz, CD,Cl,, 27 °C): § = —150.73 (s).

IR (KBr): v = 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 (s), 800 (s), 703 (W), 676 (w), 570 (m), 551 (w), 530 (m),
503 (m), 481 (m), 466 (m), 447 (m), 402 (m) cm ™.

Elemental analysis: Calculated (%) for C,H2604P2W,: C 33.70, H 3.34; found: C 33.49, H
3.73.
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Bis(1P,2P-bis(dicarbonyl(t-butylcyclopentadienyl)tungsten(l)) diphosphorus-
k’P,P’copper(1))-p-dibromide (26). A cold (0 °C) solution of 25 (0.050 g, 0.0693 mmoles)
in CH,Cl, (10 mL) is slowly layered with a solution of CuBr (0.020 g, 0.0693 mmoles) in
CH3CN (10 mL). After 2 days of diffusion, the solution is concentrated, layered with pentane
(appr. 4.5 mL), and placed in a cold (4 °C) environment for 7 days giving X-ray quality
crystals.

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

'H NMR (400.13 MHz, CD,Cls, 27 °C): § = 5.34 (t, Jun = 2.06 Hz, 2 H, Cp), 5.32 (t, Jun =
1.04 Hz, 2 H, Cp), 1.97 (s, 1 H, 'Bu), 1.30 (s, 9 H, 'Bu).

BC{*H} NMR (100.63 MHz, CD,Cl,, 27 °C): § = 220.98 (s, CO), 119.56 (s, Cp), 88.27 (s,
Cp), 83.66 (s, Cp), 32.30 (s, 'Bu), 32.22 (s, 'Bu).

3'P{*"H} NMR (161.95 MHz, CD,Cl,, 27 °C): 6 = ~196.16 (s).

3'P{*H} NMR (THF-dg/CH.Cl; (3:1), 161.94 MHz, 27 °C): § = —235.54 (s).
3'P{*H} NMR (THF-dg/CH.Cl, (3:1), 161.94 MHz, 0 °C): 6 = —236.34 (s).
3'P{*H} NMR (THF-dg/CH.Cl; (3:1), 161.94 MHz, —20 °C): 6 = —237.39 (s).

3pLIH} NMR (THF-dg/CH,Cl, (3:1), 161.94 MHz, -80 °C): 6 = ~183.59 (5), —220.61 (s), -
299.64 (s), —318.88 ().

$pf'H} NMR (THF-dg/CH,Cl; (3:1), 161.94 MHz, 110 °C): 6 =—180.95 (s), —218.14 (5), —
303.00 (s), —319.90 (s).

Positive ion ESI-MS (CH,Cl,/CH3CN, RT): m/z (%) = 2988.2 (1)
[CusBra{(BuCp)2W2(CO)4P2}s]", 2844.4 (1) [CusBrs{(‘BUCP)2W(CO)4P}s]", 2701.7 (1)
[CusBr{(‘BuCp),;W,(CO)4P,}3]", 2558.6 (1) [Cu-Br{('BuCp),W,(CO)4P-}s]*, 2062.6 (2)
[CU4Br3{(tBUCp)2W2(CO)4P2}2]+, 1918.8 (4) [CU3Brz{(tBUCp)2W2(CO)4P2}z]+, 1775.0 (16)
[CusBr{('BuCp),W(CO)4P-},]", 1631.3 (48) [Cu{(‘BuCp),W(CO)4P,},]*, 887.8 (100)
[Cu{('BUCP)2W,(CO)4P;}CHZCN]".

Negative ion ESI-MS (CH,Cl,/CH3CN, RT): m/z (%) = 510.5 (1) [Cu3Br4]", 366.5 (6)
[Cu,Brs], 266.6 (6) [CuBr,CH3CNT]", 234.8 (60) [(CO)(CH3CN)s], 222.7 (100) [CuBr,]",
178.7 (9) [(CO)2(CH3CN)3]".

IR (KBr): v =2962 (w), 2906 (W), 2364 (s), 2345 (w), 1999 (s; CO), 1943 (s; CO), 1919 (s;
CO), 1859 (s; CO), 1839 (s; CO), 1479 (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) cm ™.

Elemental analysis: Calculated (%) for C,HosBrCuO4P,W,: C 28.49, H 2.83; found: C
28.09, H 2.73.
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Tris(dicarbonylcyclopentadienylcyclotriphosphanomolybdenum(0)-
K’P,P)silver(triflate (29). A solution of 27 (0.095 g, 0.306 mmoles) in CH,Cl, (10 mL) is
slowly layered with a solution of Ag*(CFsSO3)™ (0.040 g, 0.153 mmoles) in CH3CN (10 mL).
After a period of 7 days a yellow-orange solution is observed with precipitate. The precipitate
is separated with a fritted filter and the supernatant is collected. This orange solution is
evaporated slowly under reduced pressure as orange X-ray quality 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, CD,Cl,, 27 °C): 6 = 5.39 (s, 15 H, Cp).

BC{*H} NMR (100.63 MHz, CD,Cl,, 27 °C): § = 221.33 (s, CO), 86.98 (s, Cp).

$pfIH} NMR (161.95 MHz, CD,Cl,, 27 °C): 6 = —355.33 (5).

$pfIH} NMR (THF-dg/CH,Cl, (3:1), 161.94 MHz, 27 °C): 6 = —356.73 (5).

$p{'H} NMR (THF-dg/CH,Cl; (3:1), 161.94 MHz, 0 °C): 6 = —359.23 (s).

$pf'H} NMR (THF-dg/CH,Cl; (3:1), 161.94 MHz, —40 °C): § = —360.19 (5).

$pf'H} NMR (THF-dg/CH,Cl; (3:1), 161.94 MHz, —80 °C): & = —362.33 (9).

pf'H} NMR (THF-dg/CH,Cl, (3:1), 161.94 MHz, —120 °C): 6 = —301.36 (s (br), 1 P,
unbound), —386.02 (s (br), 2 P, silver bound).

9F NMR (282.38 MHz, CD,Cl,, 27 °C): 6 = ~77.79 (s, CFs, triflate).

'H NMR (400.13 MHz, CD3CN, 27 °C): § = 5.42 (s, 15 H, Cp).

BC{'H} NMR (100.63 MHz, CD:CN, 27 °C): ¢ = 221.33 (d, 1.95 Hz, CO), 87.66 (s, Cp).
3p{'H} NMR (161.94 MHz, CD5CN, 27 °C): § = -357.42 (s).

9F NMR (282.38 MHz, CD5CN, 27 °C): § = —78.06 (s, CFs, triflate).

Solid-state 3'P MAS-NMR (121.45 MHz, 27 °C): & = -346.545 (s).

IR (KBr): v = 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 ESI-MS (CHsCN, RT): m/z (%) = 1296.7 (1) [Ag{CpMo(CO),P3}sAgCF;S0O5]",
1081.2 (2) [Ag{CpMo(CO),P3}sCH3CN]", 1027.6 (4)
[Ag{CpMo(CO),P3}>AgCF3S0OsCH3CN]", 986.6 (5) [Ag{CpMo(CO),P3s},AgCF5SO3]",
726.7 (26) [Ag{CpMo(CO),Ps}.]", 459.9 (100) [Ag{CpMo(CO),Ps}CHsCN]", 418.9 (12)
[Ag{CpMo(CO),P3}]".

Negative ion ESI-MS (CH3CN, RT): m/z (%) = 149.1 (100) CF3;SO5".
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Positive ion ESI-MS (CH,CI,/CH3CN, RT): m/z (%) = 1081.4 (4)
[Ag{CpMo(CO),P3}sCH3CN]", 1027.6 (2) [Ag{CpMo(CO),Ps},AgCF3SO3CH3CN]", 986.6
(3) [Ag{CpMO0(CO),P3}>,AgCF3S03]", 726.6 (55) [Ag{CpMo(CO),P3}-]", 459.7 (100)
[Ag{CpMO(CO)2P3}CH3CN]+, 418.7 (28) [Ag{CpMo(CO)ng}]+

Negative ion ESI-MS (CHCl,, RT): m/z (%) = 148.9 (100) [CF3SO3]".
Elemental analysis: Calculated (%) for CyHisAgFsMo3OgPgS: C 22.26, H 1.27, S 2.70;
found: C 22.55, H 1.43, S 2.18.

Tris(1P,2P-bis(dicarbonylcyclopentadienyltungsten(l))diphosphorus-
K*P,P’,P”’)bis(disilver(1)-k*0,0 -triflate)triflate (30). A solution of 11 (0.050 g, 0.074
mmoles) in CH,Cl, (10 mL) is slowly layered with a solution of Ag*(CF3SO3)™ (0.019 g,
0.074 mmoles) in CH3;CN (10 mL). After a period of 7 days the contents 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 orange X-ray quality
crystals.

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

M.P.: =118-121 °C (decomposition).

'H NMR (400.13 MHz, CDsCN, 27 °C): § = 5.42 (s, 15 H, Cp).

BCc{*H} NMR (100.63 MHz, CDsCN, 27 °C): 6 = 85.77 (s, Cp).

31p'H} NMR (161.93 MHz, CDsCN, 27 °C): 6 = —183.74 (9).

$'F NMR (282.38 MHz, CD4CN, 27 °C): 6 = —78.08 (s, CFs, triflate).

Solid-state *'P MAS-NMR (161.90 MHz, 27 °C): 6 = —201 (s, 1 P), —268 (s, 1 P).

IR (KBr): v=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) cm ™.

Positive ion ESI-MS (CH3sCN, RT): m/z (%) = 1451.1 (90) [{CpsW2(CO)4P>}»Ag]", 820.0
(100) [CpaW2(CO)4P2AgCHSCN]*.

Negative ion ESI-MS (CH:CN, RT): m/z (%) = 148.9 (100) [CFsSOs]", 821.0 (0.30)
[{Cp2W2(CO)4P2}CF3803]_ .

Positive ion ESI-MS (CH,Cl/CHsCN, RT): m/z (%) = 819.9 (100)
[Cp2Wa(CO)aP,AGCHICNT', 1451.2 (57) [{CpaW2(CO)4P,}Ag]"

Negative ion ESI-MS (CHCl,, RT): m/z (%) = 148.9 (100) [CF3SO3]".

Elemental analysis: Calculated (%) for CggsHeoAQsF12036P12S4W12: C 20.89, H 1.20, S 2.54;
found: C21.23,H 1,51, S2.19.
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Bis(1P,2P-bis(dicarbonylcyclopentadienyltungsten(l))diphosphorus-kP-

kP, P’silver()hexafluorophosphate (31). A solution of 11 (0.050 g, 0.0742 mmoles) in
CH,Cl, (10 mL) is slowly layered with a solution of Ag*(PFe)” (0.019 g, 0.0742 mmoles) 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, prismatic X-ray quality crystals.

Product yield (relative to 11): 0.105 g, 78.3%

M.P.: = 226-232 °C (decomposition).

IR (KBr): v =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 ESI-MS (CHsCN, RT): m/z (%) = 1451.1 (100) [Ag{Cp,W(CO),P2}>]", 819.7
(11) [AgCH3CN{Cp,W(CO),P,}1", 702.9 (5) [{Cp.W(CO)3P,}]", 671.8 (10)
[{Cp2W(CO)2P2}]", 349.1 (19) [W(CO)e] "

Negative ion ESI-MS (CH3CN, RT): m/z (%) = 966.9 (86) [AgPFs{Cp,W(CO),P,}CH3;CNT",
392.0 (14) [PFs(CH3CN)s]", 328.8 (100) [PFs(CO),CH3CNCH,CI,]", 312.8 (38)
[PFeCH3CNCH,ClI,]".

Elemental analysis: Calculated (%) for: C 21.06, H 1.27; found: C 21.07, H 1.40.
Bis(dicarbonylcyclopentadienylcyclotriphosphanotungsten(0)-
k’P,P)silver(1)hexafluorophosphate (32). A solution of 28 (0.050 g, 0.128 mmoles) in
CH,Cl, (10 mL, 0 °C) is slowly layered with a solution of Ag*(PFg)™ (0.032 g, 0.128 mmoles)
in CH3CN (10 mL) using a thin walled cannula and placed in a dark environment at room
temperature (22 °C). After a period of seven days the contents are filtered and the solution is
cooled (5 °C) in darkness by which yellow, plate-shaped X-ray 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, CD,Cl,, 27 °C): 6 = 5.35 (s, 20 H, Cp)

BC{*H} NMR (100.61 MHz, CD,Cl,, 27 °C): 5 = 84.109 (s, Cp).

$1p'HY NMR (161.98 MHz, CD,Cl,, 27 °C): 6 = -402.07 (s, P3).

YF NMR (282.40 MHz, CDCly, 27 °C): 6 = no signal.

$p{'H} NMR (THF-dg/CH,Cl, (3:1), 161.98 MHz, 27 °C): 6 = —1.23 (s), -15.97 (), -141.56
(sep, 710 Hz), —399.18 (s),.

3pLIH} NMR (THF-dg/CH,Cl, (3:1), 161.98 MHz, 0 °C): § = -3.99 (d, 930 Hz), ~15.95 (t,
972 Hz), ~141.68 (sep, 710 Hz), —400.06 ().
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3pf*H} NMR (THF-dg/CH,Cl, (3:1), 161.98 MHz, —20 °C): § = —3.92 (d, 930 Hz), —15.90 (t,
976 Hz), —141.75 (sep, 710 Hz), —400.68 (5).

$1pf'H} NMR (THF-dg/CH,Cl; (3:1), 161.98 MHz, —40 °C): 6 = -3.83 (d, 929 Hz), -15.75 (t,
968 Hz), —141.82 (sep, 711 Hz), —401.38 (s).

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

$pf'H} NMR (THF-dg/CH,Cl, (3:1), 161.98 MHz, 100 °C): 6 = —3.64 (d, 928 Hz), —15.58
(t, 960 Hz), —~141.93 (sep, 712 Hz), -432.54 (s).

IR (KBr): v=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 ESI-MS (CHsCN, RT): m/z (%) = 190.0 (100) [Ag(CH3CN),]", 519.79 (16)
[Ag{CpW(CO)Ps}CH3CN]", 547.8 (32) [Ag{CpW(CO),Ps}CH3CN]", 905.65 (9)
[{CpW(CO)P3}{CpW(CO)zP3}2]", 1557.0 (0.4) [Ag2PFs{CpW(CO),P3}s]".

Negative ion ESI-MS (CH3CN, RT): m/z (%) = 145.1 (100) [PF¢]".

Elemental analysis: Calculated (%) for CgH20Ag205P12W4(PFs),2: C 16.04, H 0.96; found: C
15.73, H 1.01.

Pentachloro(pentamethylcyclopentadienyl)tungsten(Vhtris(trichloroantimony(l11)) (33).
A solution of 13 (0.050 g, 0.107 mmoles) in cold (0 °C) CH,ClI, (10 mL) is slowly layered
with a solution of SbCls (0.014 mL, 0.107 mmoles) in CH,Cl, (10 mL) which gives a red
solution. The solution is concentrated and placed in a cold (4°C) dark environment for 7
days. Maroon X-ray quality crystals are produced.

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

Tricarbonyl(trichlorotin(1V))(pentamethylcyclopentadienyl)tungsten(ll) (34). A solution
of 13 (0.050 g, 0.107 mmoles) in cold (0 °C) CH,Cl, (10 mL) is slowly layered with a
solution of SnCl,(S—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 clear, X-ray quality crystals.

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

Tricarbonylchloro(pentamethylcyclopentadienyl)tungsten(ll) (35). A solution of 37
(0.050 g, 0.0615 mmoles) in cold (0 °C) CH,Cl, (10 mL) is slowly layered with a solution of
CoCly(PPhznPr), (0.036 g, 0.0615 mmoles) in CH,Cl, (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, X-ray quality crystals.
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Product yield (relative to 37): 0.005 g, 18.5%

Tricarbonyl(pentamethylcyclopentadienyl)tunsten(l) (36). A solution of 37 (0.050 g,
0.0615 mmoles) in cold (0 °C) CH,CI, (10 mL) is slowly layered with a solution of AgCIO,
(0.012 g, 0.0615 mmoles) in CH3CN (10 mL). The solution is allowed to diffuse for a
minimal of 14 days in a dark environment producing clear, X-ray quality crystals. The same
product results when AgCIlOy is substituted with (CoCICp*), or AgF.

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

4.1. Conclusions

The first six member Pt,P,P,Pt,P,P and Pd,P,P,Pd,P,P six member rings are
synthesized, characterized, and proven by solid-state 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 formation of
monomeric or trans configurations. These complexes are afforded through the treatment of 3
with the appropriate ML,Cl, complex (M = Pt, Pd) [1] or tungsten pentacarbonyl (9) with [2],
[3]. The NMR analysis also shows that each species except for 1 exhibits dynamic behavior
in solution.

An analogous set of CuX (X = Cl, Br, 1) bridged molybdenum- and tungsten-
cyclotriphosphorus complexes (14-16) is synthesized, characterized, and proven by solid-
state diffraction. A copper halide/acetonitrile solution is layered on a solution of 13/CH,CI,
[7] of which the phosphophorus free byproduct (21) of the CuCl treatment exhibits
extraordinary properties. The solution-state **P NMR analysis shows that each of the
copperhalide bridged tungsten-cyclotriphosphorus species exhibits dynamic behavior in
solution while the **P MAS-NMR clearly defines different chemical environments for each
phosphorus atom. In addition, concrete evidence from the difference in electronegativity of
molybdenum and tungsten is thought to be the reason for the formation of the molybdenum-
Cul polymer (20) and, furthermore, why the same accomplishment for the tungsten analog is
not obtained.

The first phosphorus free polymer (21) obtained from the treatment of a
cyclotriphosphorus or even a diphosphorus metal complex with CuCl [8] is synthesized,
characterized, and proven by solid-state X-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
byproducts. The unprecedented backbone, negative charge, and presence of counterion
activity make this complex truly unique in this field of chemistry.

An analogous set of CuX (X = Cl, Br, 1) linked, isotactic tungsten-diphos inorganic
polymers (22-24) is synthesized, characterized, and proven by solid-state diffraction. This is
made possible by layering a copper halide/acetonitrile solution on a 11/CH,ClI; solution [6].
The solid-state NMR proves that the asymmetry induced by the unordered Cp and CO groups
place the phosphorus atoms in chemically inequivalent environments. Asymmetry is also
present in the 'Bu substituted bromine analog (26) [9]. The ‘Bu group provides greater
solubility and allows the species to be studied in solution-state NMR at room and low
temperature. The low temperature NMR and X-ray diffraction confirms the asymmetry as all
the phosphorus atoms are shown to be in different environments.

The first two examples of a silver atom bound to 6 phosphorus atoms are presented;
these are also the first cyclotriphosphorus containing silver polymers reported. Ironically, the
subunits (MP3, 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 nature. The
molybdenum containing cyclotriphosphorus complex (27) creates a relatively simpler
homogeneous polymer (29) [11], whereas the polymer (32) involving the tungsten species
(28) contains four chemically different subunits [10]. Using the WP, subunit (11), a unique,
triflate-incorporated polymer (30) [4] and a flat Ag,P,4 ring (31) [5] are formed using the same
procedure and different reactants, silver triflate and hexafluorophosphate, respectively. All of
these reactions are carried out by layering a silver salt/acetonitrile solution on a solution of
subunit (starting material)/CH,ClI..
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Scheme 10. Summary of all reactions involved in the synthesis of phosphorus containing
products. [1] Synthesis of 1 (Pt) and 2 (Pd). MCl,Lx = (COD)PtCl, (4, cis), Pt(SMe,),Cl; (5,
cis and trans mixture), Pt(MeSPh),Cl, (6, trans), Pd(MeSPh),Cl, (7, trans), and Pd(SMe;),Cl,
(8, cis and trans mixture). [Mo] = MoCp(CO),. [2] [Mo] = MoCp(CO),. [3] [W] =
WCp(CO),. [4] [W] =W(CO).Cp. [5] [W]=W(CO),Cp. [6] [W]=W(CO),Cp. Syntheses
of 22-24. X =ClI (22), Br (23), | (24). [7] Syntheses of 14-16. X = CI (14), Br (15), | (16).
[W] = W(CO),Cp*. [8] A byproduct involved exclusively to the sythesis of 14, [W] = WCp*.
[9] [W] = W(Cp-'Bu)(CO),. [10] W(CO),Cp. [11] [Mo] = MoCp(CO),.

Finally, an analogous set of phosphorus free complexes containing varieties of WCp*
is reported while in the pursuit of searching for new, compatible reactants. Unorthodox
reactions with 37 and 13 produce text book examples of Jahn-Teller distortion and steric
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effects associated with ligand substitution. This also reinforces the theory that basal units
with larger substituents hinder the formation of phosphorus containing complexes.

4.2. Proposal

The success of this research has been limited to phosphorus rings with 6 or fewer
phosphorus atoms per binding site, but the complexes involving more than 6 phosphorus
atoms in the introduction have not been tested for reactivity. As the possibilities of
phosphorus-rich structures wane, new subunits containing heterocycles involving mixed
group 15 elements (except for N) demonstrate potential for forming new polymers.*’*"® In
addition, new reactants must be explored just as the new platinum and palladium salts
mentioned in this thesis.

More importantly is the lack of exploration of related antimony and bismuth subunits.
For selection purposes, established subunits should be analogous or similar to the previously
successful subunits. The complexes should contain a homogenous ring or if the ring is
heterogeneous the varied atoms should be group 15 (except for N). The ring should be bound
to a metal carbonyl and the molecule should contain no counterions (the reactants can contain
counterions). The most successful ancillary ligand has been cyclopentadienyl or some
variation, but heavier substituents on this ligand generally cause more difficulty in
crystallization. Some appropriate examples of subunits containing antimony and bismut
%19 rings are already established, however, this area still remains relatively underdeveloped.

h316-
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VI. Appendix

6.1. List of Abbreviations

°C = degrees centigrade, Celsius

A = angstrom (1 x 10™° m)

Ar = aryl

av. = average

Bu = butyl

Cy = cyclohexane

e =electron

EA = elemental analysis

EI-MS = electron impact mass spectrometry
ESI-MS = electrospray ionization mass spectrometry
Et = ethyl

h = hour

HOMO = highest occupied molecular orbital
IR = infrared

K = Kelvin

M = metal

M.P. = melting point

Me = methyl

MO = molecular orbital

nm = nanometers

NMR = nuclear magnetic resonance

non = nonet

Ph = phenyl

ppm = parts per million

R = organic substituent

RT = room temperature

‘Bu = tert-butyl

THF = tetrahydrofuran

UV, uv = ultraviolet

X = halogen

NMR

{IH} = proton decoupled

at = apparent triplet

b = broad

d = doublet

dd = doublet of doublets

dt = doublet of triplets

Hz = hertz

| = nuclear-spin quantum number
J = coupling constant, Hz

m = multiplet
p = quintet
q = quartet

REDOR = Rotational Echo Double Resonance
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REAPDOR = Rotational-Echo Adiabatic-Passage Double-Resonance
s = singlet

sep = septet

t = triplet

td = triplet of doublets

o = chemical shift in ppm

X-ray

V = unit cell volume

Z = number of formula units in the unit cell
o = unit cell angle between b and ¢

B = unit cell angle between a and ¢

v = unit cell angle between a and b

a = unit cell axis

b = unit cell axis

¢ = unit cell axis

I

w = weak

m = medium
s = strong

vV = very

b = broad
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6.2. Index of Species

Mol [Mo]

|
[Mo]—"[Mo]  [Mo] = MoCp(CO);,

IUPAC name: Bis(1P,2P-bis(dicarbonylcyclopentadienylmolybdenum(l))diphosphorus-
2P, P")bis(dichloroplatinum(l1))
ID Number: 1

[Mo] &~ [Mo]

X

|
MMl [Mo] = MoCp(CO),

IUPAC name: Bis(1P,2P-bis(dicarbonylcyclopentadienylmolybdenum(l))diphosphorus-
k2P, P")bis(dichloropaladium(II))
ID Number: 2

Unit short name: MoP;
IUPAC name: Bis(dicarbonylcyclopentadienylmolybdenum(l))diphosphorus
ID Number: 3

(COD)PtClI,
IUPAC name: Cyclooctadienylplatinum(Il) chloride
ID Number: 4

Pt(SM92)2C|2
IUPAC name: Bis(dimethylsulfide)platinum(ll) chloride
ID Number: 5
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Pt(MeSPh),Cl,
IUPAC name: Bis(methylphenylsulfide)platinum(ll) chloride
ID Number: 6

Pd(MeSPh)2C|2
IUPAC name: Bis(methylphenylsulfide)palladium(ll) chloride
ID Number: 7

Pd(SM62)2C|2
IUPAC name: Bis(dimethylsulfide)palladium(Il) chloride
ID Number: 8

W(CO)sTHF
IUPAC name: Tungstenpentacarbonyltetrahydrofuran
ID Number: 9

Mol [Mo]

Mol“Mol  [Mo] = MoCp(CO),
IUPAC name: Bis(1P,2P-bis(dicarbonylcyclopentadienylmolybdenum(l))diphosphorus-

2P, P ")bis(tetracarbonyltungsten(0))
ID Number: 10

oc\ o /co
1\
@ /SN @
ocC co

Unit short name: WP,

IUPAC name: Bis(dicarbonylcyclopentadienyltungsten(l))diphosphorus
ID Number: 11
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W] W]

WI=WI [W] = WCp(CO),

IUPAC name: Bis(1P,2P-bis(dicarbonylcyclopentadienyltungsten(l))diphosphorus-
2P, P ")bis(tetracarbonyltungsten(0))
ID Number: 12

Unit short name: WP3*
IUPAC name: dicarbonyl(pentamethylcyclopentadienyl)cyclotriphosphanotungsten(0)
ID Number: 13

P\ /CI\ /P
/189> — 41\
W] _\l_ p—C U\ /C u P&/‘ W]
p Cl p _ *
[W] = W(CO)Lp

IUPAC name: 1Cl,2ClI-
bis(dicarbonyl(pentamethylcyclopentadienyl)cyclotriphosphanotungsten(0)- «°P,P ‘copper(l))-
u-dichloride

ID Number: 14

P Br
[W]WP Cu /CU\P W]

P o P [W]=W(CO),Cp*

IUPAC name: 1Br,2Br-
bis(dicarbonyl(pentamethylcyclopentadienyl)cyclotriphosphanotungsten(0)- °P,P ‘copper(l))-
u-dibromide

ID Number: 15
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P P
/1% — ¢\
[W]-—P/CU CU\P W

\F|>/ VAR

P [W] = W(CO),Cp*

IUPAC name: 11,2I-
bis(dicarbonyl(pentamethylcyclopentadienyl)cyclotriphosphanotungsten(0)- «°P,P ‘copper(l))-
p-diiodide

ID Number: 16

Unit short name: MoP3*
IUPAC name: dicarbonyl(pentamethylcyclopentadienyl)cyclotriphosphanomolybdenum(0)
ID Number: 17

P
/l\/ / \ /|\
Ny C”\ / &7[Mo]
P P [Mo] = Mo(CO),Cp*

IUPAC name: 1ClI,2CI-
bis(dicarbonyl(pentamethylcyclopentadienyl)cyclotriphosphanomolybdenum(0)-
«?P,P ‘copper(1))-p-dichloride

ID Number: 18

Br
P
|\ /Cu Cu< AN

\|/ Nt | /[MO]
[Mo] = Mo(CO),Cp*

[MO]

IUPAC name: 1Br,2Br-
bis(dicarbonyl(pentamethylcyclopentadienyl)cyclotriphosphanomolybdenum(0)-
«?P,P ‘copper(1))-p-dibromide

ID Number: 19
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\
/
PN
\
\

— — " [Mo] = Mo(CO),Cp*

IUPAC name: 11,2I-
bis(dicarbonyl(pentamethylcyclopentadienyl)cyclotriphosphanomolydenum(0)-

«?P,P ‘copper(1))-p-diiodide
ID Number: 20

— —— Cu(acetonitrile),"

cly
N = />

- =" [W] = W(CO).Cp*

IUPAC name: 1CI,2CI-(tri-p-carbonyl-dicopper-
(chloro)copper(pentamethylcyclopentadienyl)tungstenate(1-)-k*CI*, CI?-dichloride-
tetraacetonitrilecopper(l)

ID Number: 21

\\
/
AN
/

- " [W] = WCp(CO),
IUPAC name: Bis(1P,2P-bis(dicarbonylcyclopentadienyltungsten(l))diphosphorus-

«?P,P ‘copper(1))-p-dichloride
ID Number: 22
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B [W]7[\m
A
/ N B
"Cu Cu
P P/ \Br
]

p2

IUPAC name: Bis(1P,2P-bis(dicarbonylcyclopentadienyltungsten(l))diphosphorus-
«°P,P ‘copper(1))-p-dibromide
ID Number: 23

B W]
/ AN !

"Cu Cu

N Nt

M

IUPAC name: Bis(1P,2P-bis(dicarbonylcyclopentadienyltungsten(l))diphosphorus-
«?P,P ‘copper(1))-p-diiodide
ID Number: 24

/

\

" [W] =WCp(CO),

\_/

=" [W] =WCp(CO),

OC\ b /CO

/1N

But @—~/W\F|)—/W\—@)~t8u
OoC Cco

Unit short name: W,P,('Bu)
IUPAC name: bis(dicarbonyl(t-butylcyclopentadienyl)tungsten(l))diphosphorus
ID Number: 25

W]
A
P P

\\ _-Br,
u

P P/C \Br
¥
(W] W]

- =" [W] = W(Cp-Bu)(CO)

C

/u\

IUPAC name: Bis(1P,2P-bis(dicarbonyl(t-butylcyclopentadienyl)tungsten(l)) diphosphorus-
2P, P 'copper(1))-p-dibromide
ID Number: 26
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Unit short name: MoP;
IUPAC name: dicarbonylcyclopentadienylcyclotriphosphanomolybdenum(0)
ID Number: 27

@_ >

Unit short name: WP;
IUPAC name: dicarbonylcyclopentadienylcyclotriphosphanotungsten(0)
ID Number: 28

12+ 2x triflate™
[MO] pA MO]

2\

[M
NN
\P [N0] X
_ g‘P’\_4,rAg"§Z;ﬁ//Ag
[Mo] P<s7’
p——P P
\/ \/

“—[Mo] [Mo] |p [Mo] = Mo(CO).Cp

IUPAC name: tris(dicarbonylcyclopentadienylcyclotriphosphanomolybdenum(0)-
«°P,P)silver(Itriflate
ID Number: 29

[W] F |2+ 2xtriflate—

F—C~F
A/\ \o\g/o
/[W]

oml,
P/ \P\/ \ / "
- -0 [W] = WCp(CO).

IUPAC name: Tris(1P,2P-bis(dicarbonylcyclopentadienyltungsten(l))diphosphorus-
«>P,P’,P""\bis(disilver(1)-x*0,0 triflate)triflate
ID Number: 30
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(WIS IW] 2+ PRy

—P P—TW
"N |§Ag/ \Ag~/ >[\IN]
[W]QP\\ \ / 7 P/[ ]
P—P
\\/1
i Wi W]

- [W] = WCp(CO).
IUPAC name: Bis(1P,2P-bis(dicarbonylcyclopentadienyltungsten(l))diphosphorus- «P-

kP, P silver(l)hexafluorophosphate
ID Number: 31

~ T2+ 2xPFg

=" [W] = WCp(CO),

IUPAC name: Bis(dicarbonylcyclopentadienylcyclotriphosphanotungsten(0)-
kP, P)silver(l)hexafluorophosphate
ID Number: 32

7 3x SbCly

C|//I"W"‘\\CI
™| el
Cl

IUPAC name:
Pentachloro(pentamethylcyclopentadienyl)tungsten(VI)tris(trichloroantimony(l11))
ID Number: 33

e

c1 OC W nco

~.¢
a- A\
Cl

IUPAC name: tricarbonyl(trichlorotin(IV))(pentamethylcyclopentadienyl)tungsten(ll)
ID Number: 34
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ne

OCHII'W'-:I”CO

Cl =0

IUPAC name: tricarbonylchloro(pentamethylcyclopentadienyl)tungsten(ll)
ID Number: 35

e

OC“"'W""’ICO

H CO

IUPAC name: tricarbonyl(pentamethylcyclopentadienyl)tungsten(l)
ID Number: 36

\/l\ &
/\I/\

Unit short name: W,P,*
IUPAC name: bis(dicarbonyl(pentamethylcyclopentadienyl)tungsten(l))diphosphorus
ID Number: 37

OC\ b /CO
GrMo/l—\MOAO
A
ocC CcoO

Unit short name: Mo,P,*
IUPAC name: bis(dicarbonyl(pentamethylcyclopentadienyl)molybdenum(l))diphosphorus
ID Number: 38

\ \
@_/i:/

Unit short name: WP5('Bu)
IUPAC name: (dicarbonyl(t-butylcyclopentadienyl)cyclotriphosphanotungsten(0)
ID Number: 39
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6.3 Crystallographic Data Tables

Table 6.3.1.

1+ 2(CH,Cl)

Empirical Formula
Formula weight
Crystal size

Crystal description
Crystal color
Crystal system
Space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

Measurement device type
Measurement method
Temperature

Wavelength
Monochromator

6 range for data collection
Index ranges

ngHzoC|4MO40gP4Pt2(CH2C|2)2
1693.89 g/mole

0.109 x 0.043 x 0.013 mm

thin plate

brown

triclinic

P1

a=10.9921(18) A  a=85.871(14)°
b=11.901(3) A B =73.894(13)°
c=18.030(2) A y=77.701(16)°
2213.8(7) A®

2, 2.541 Mg/m®

26.722 mm™*

1576

Oxford Diffraction Gemini Ultra
omega-scan

150(1) K

1.5418 A

graphite

2.551t062.77°
-12<h<12,-13<k<13,-20<1<20

Reflections collected / unique 18383 /6978 [R(int) = 0.0323]
Reflections greater 1>2\s(l) 4838
Absorption correction semi-empirical from equivalents

Max. and min. transmission 1.34719 and 0.45976
Refinement method Full-matrix least-squares on F
Data / restraints / parameters 6978 /0 /505

Goodness of fit on F? 0.891

Final R indices [1>2sigma(l)] R1=0.0314, wR2 = 0.0759
R indices (all data) R1=0.0491, wR2 = 0.0799
Largest diff. peak and hole 1.611 and -0.842 e A

Table 6.3.1-a. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(AZ x 10°) for 1. Uy, is defined as one third of the trace of the orthogonalized U;; tensor.

Atom X y Z Ueq

Pt(1) 7439(1) 6497(1) 1487(1) 20(2)
Pt(2) 7577(1) 3351(1) 3586(1) 20(2)
Mo(1) 5746(1) 3415(1) 1592(1) 21(1)
Mo(2) 8753(1) 2811(1) 1132(2) 21(1)
Mo(3) 6264(1) 7128(1) 3949(1) 19(1)
Mo(4) 9267(1) 6407(1) 3434(1) 21(1)
CI(2) 7718(2) 8409(1) 1385(1) 30(2)
Cl(2) 6987(2) 6632(2) 283(1) 34(1)
CI(3) 8027(2) 3243(2) 4794(1) 30(2)
Cl(4) 7584(2) 1375(2) 3639(1) 32(1)
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P(1) 7269(2) 4665(2) 1565(1) 21(1)
P(2) 7258(2) 3381(2) 2410(1) 20(1)
P(3) 7707(2) 6482(1) 2674(1) 20(1)
P(4) 7623(2) 5216(1) 3529(1) 20(1)
o(1) 5805(6) 848(5) 2168(4) 51(2)
0(2) 6677(6) 2685(5) -139(3) 47(2)
0@3) 10686(6)  4020(5) 1622(3) 38(2)
0(4) 9191(6) 4207(5) -433(3) 47(2)
0(5) 5688(6) 5674(5) 5492(3) 40(2)
0(6) 4162(6) 6314(5) 3389(3) 42(2)
0@7) 8642(6) 6084(6) 5246(3) 58(3)
0(8) 10818(6)  3873(5) 3252(3) 37(2)
c(1) 4123(8) 4675(8) 1208(5) 47(3)
c@2) 3712(9) 3612(8) 1427(5) 48(3)
C(3) 3605(8) 3434(8) 2225(5) 44(3)
C(4) 3922(8) 4376(7) 2501(5) 35(3)
C(5) 4269(8) 5144(7) 1877(5) 42(3)
C(6) 5853(8) 1751(7) 1943(5) 36(3)
C(7) 6425(8) 2936(7) 491(5) 33(3)
C(8) 9004(9) 892(6) 1557(5) 37(3)
C(9) 8618(8) 928(6) 863(4) 34(3)
C(10) 9583(9) 1313(6) 273(5) 37(3)
C(11) 10577(8)  1501(6) 579(4) 35(3)
C(12) 10203(8)  1228(7) 1379(5) 37(3)
C(13) 9972(8) 3612(7) 1438(4) 29(3)
C(14) 8988(8) 3761(6) 154(4) 30(3)
C(15) 5000(8) 8848(6) 3698(5) 33(3)
C(16) 4574(9) 8562(6) 4501(5) 39(3)
c(17) 5584(8) 8604(6) 4834(5) 33(3)
C(18) 6638(8) 8886(6) 4263(4) 33(3)
C(19) 6286(8) 9043(6) 3553(5) 32(3)
C(20) 5925(7) 6165(6) 4931(4) 27(3)
C(21) 4947(8) 6542(6) 3605(4) 26(3)
C(22) 10145(9)  7632(7) 2447(5) 43(3)
C(23) 111248)  6712(7) 2553(5) 38(3)
C(24) 11260(8)  6777(7) 3297(5) 37(3)
C(25) 10357(9)  7772(7) 3650(5) 42(3)
C(26) 9665(8) 8285(7) 3128(5) 39(3)
c(27) 8841(8) 6171(7) 4595(5) 36(3)
C(28) 10201(8)  4795(7) 3325(4) 33(3)
CI(5) 6386(3) 1616(2) 8117(2) 78(1)
CI(6) 6225(3) -466(2) 9073(2) 82(1)
C(29) 5472(9) 949(7) 8918(5) 48(3)
CI(7) 1867(4) 869(3) 2970(2) 91(2)
CI(8) 1486(4) 310(3) 4590(2) 101(2)
C(30) 866(10) 1165(8) 3883(5) 57(4)

Table 6.3.1-b. Anisotropic displacement parameters (A x 10°%) for 1. The anisotropic
displacement factor exponent takes the form: -2n? [h%a*?Uy; + ... + 2hka*b*Us,].

Atom Uis U2 Ussz U2z Uiz U
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Pt(1)
Pt(2)
Mo(1)
Mo(2)
Mo(3)
Mo(4)
CI(2)
Cl(2)
CI(3)
Cl(4)
P(1)
P(2)
P(3)
P(4)
O(1)
0(2)
0(3)
O(4)
O(5)
O(6)
O(7)
O(8)
C(2)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(7)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)

22(1)
21(1)
20(1)
21(1)
18(1)
18(1)
43(1)
49(1)
39(1)
52(1)
23(1)
21(1)
20(1)
23(1)
49(4)
47(4)
32(4)
58(5)
45(4)
24(3)
51(4)
38(4)
30(5)
35(6)
21(5)
29(5)
27(5)
32(5)
29(5)
43(6)
37(5)
44(6)
30(5)
35(5)
26(5)
35(5)
33(5)
36(5)
38(5)
36(5)
29(5)
26(5)
23(5)
46(6)
30(5)
19(5)
37(6)
22(5)
32(5)
27(5)

18(1)
17(1)
22(1)
18(1)
17(1)
22(1)
19(1)
29(1)
28(1)
18(1)
17(1)
18(1)
17(1)
17(1)
41(4)
68(4)
52(4)
41(3)
35(3)
57(4)
93(5)
31(3)
65(6)
58(6)
42(5)
35(5)
37(5)
30(5)
32(4)
19(4)
16(4)
24(4)
29(4)
32(4)
34(4)
23(4)
21(4)
22(4)
20(4)
16(4)
12(4)
20(4)
28(4)
43(5)
37(5)
40(5)
47(5)
30(4)
47(5)
39(5)

Results and Discussion

20(1)
20(1)
23(1)
22(1)
22(1)
26(1)
31(1)
28(1)
25(1)
29(1)
22(1)
22(1)
22(1)
22(1)
61(4)
27(3)
36(3)
30(3)
31(3)
49(4)
34(4)
42(3)
33(5)
58(6)
68(6)
38(5)
53(6)
45(5)
39(5)
38(5)
43(5)
37(5)
35(5)
38(5)
22(4)
28(4)
44(5)
48(5)
35(4)
44(5)
45(5)
36(5)
23(4)
52(6)
42(5)
55(6)
51(5)
61(6)
34(5)
31(4)
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1(1)
0(1)
-1(1)
-1(1)
-1(1)
-1(1)
3(1)
3(1)
2(1)
3(1)
-1(1)
1(1)
1(1)
1(1)
14(3)
-20(3)
1(3)
6(3)
13(3)
-10(3)
2(3)
4(3)
6(4)
-16(5)
-3(5)
-9(4)
1(4)
8(4)
1(4)
11(4)
-5(4)
-6(4)
-4(4)
-4(4)
-2(3)
0(4)
-3(4)
-9(4)
-13(3)
-9(3)
-1(3)
-6(4)
-5(3)
16(4)
1(4)
-3(4)
0(4)
4(4)
1(4)
2(4)

-5(1)
-5(1)
-7(1)
-3(1)
-4(1)
-7(1)
-11(1)
-18(1)
-13(1)
-10(1)
-7(1)
-6(1)
-5(1)
-8(1)
-12(3)
-1(3)
-15(3)
0(3)
-2(3)
-13(3)
-19(3)
-15(3)
-11(4)
-26(5)
-6(5)
-1(4)
-3(4)
-10(4)
-8(4)
-2(4)
3(4)
-5(4)
1(4)
-9(4)
-2(4)
-2(4)
-21(4)
(4)
-2(4)
-6(4)
1(4)
-6(4)
1(4)
-23(5)
7(4)
-11(4)
-12(5)
-4(4)
-12(4)
-8(4)

-4(1)
-3(1)
-4(1)
-4(1)
-3(1)
-4(1)
-11(1)
-8(1)
-5(1)
-12(1)
-4(1)
-5(1)
-4(1)
-4(1)
-16(3)
-12(3)
-15(3)
-4(3)
-6(3)
-12(3)
-17(4)
-4(3)
19(5)
-1(5)
-10(4)
0(4)
-1(4)
-8(4)
-12(4)
2(4)
-9(4)
1(4)
4(4)
8(4)
2(4)
-6(4)
10(4)
-2(4)
3(4)
-2(4)
1(3)
-6(3)
-2(4)
-26(5)
-16(4)
-8(4)
-25(5)
-8(4)
-13(4)
-5(4)
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CI(5) 102(3) 56(2) 64(2) 3(1) -1(2) -22(2)
CI(6) 69(2) 66(2) 85(2) 21(2) -5(2) 16(2)
C(29) 43(6) 43(5) 58(6) 1(5) -14(5) -71(5)
CI(7) 90(3) 105(3) 62(2) -8(2) -12(2) 6(2)
CI(8) 107(3) 114(3) 80(2) -11(2) -56(2) 23(2)
C(30) 58(7) 35(5) 70(7) -1(5) -18(6) 8(5)
Table 6.3.2. 2 « 2(CH,Cl)

Empirical Formula CagH20Cl4M040gP4Pd,(CH,Cly),

Formula weight 1516.57

Crystal size 0.470 x 0.270 x 0.030 mm

Crystal description plate

Crystal color dark brown

Crystal system triclinic

Space group P1 )

Unit cell dimensions a=9.0901(11) A o = 78.016(10)°

b=10.9579(13) A B =86.775(10)°
c=118860(14) A y=71.328(11)°

Volume 1097.1(2) A

Z, Calculated density 1, 2.296 Mg/m®

Absorption coefficient 21.820 mm™

F(000) 724

Measurement device type Oxford Diffraction Gemini Ultra
Measurement method omega-scan

Temperature 123K

Wavelength 1.54184 A

Monochromator graphite

6 range for data collection 3.80to 57.05°

Index ranges -9<h<9, -11<k<11, -12<1<12
Reflections collected / unique 6571 /2919 [R(int) = 0.0737]
Reflections greater 1>2\s(l) 2186

Absorption correction semi-empirical from equivalents
Max. and min. transmission 1.00000 and 0.14448
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 2919/0/ 300

Goodness of fit on F? 0.990

Final R indices [I>2sigma(l)] R1=0.0712, wR2 = 0.1740

R indices (all data) R1=0.1098, wR2 = 0.1858
Largest diff. peak and hole 2.598 and -1.455 e. A

Table 6.3.2-a. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(/f\2 x 10%) for 2. U, Is defined as one third of the trace of the orthogonalized Uj;; tensor.

Atom X y Z Ueq

Pd(1) 2873(1) 1126(1) -1580(1) 33(1)
Mo(1) 2193(1) 137(2) 2156(1) 32(1)
Mo(2) 3157(1) 2677(1) 1512(2) 36(1)
CI(2) 2755(4) 1039(4) -3524(3) 56(1)
Cl(2) 480(4) 2794(3) -1646(3) 43(1)
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P(1)
P(2)
O(1)
0(2)
0(5)
0(6)
C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(15)
C(16)
C(17)
C(18)
C(19)
C(21)
C(22)
C(11)
C(12)
C(13)
C(14)
O(4)
C(8)
C(9)
C(10)
0(3)
Cl(5)
Cl(6)
C(31)
CI(7)
CI(8)
C(32)

3034(4)

4749(4)

3255(12)
-975(12)
-530(20)
4280(20)
2874(14)
205(19)

437(19)

1119(16)
2722(18)
3030(18)
1660(20)
2413(19)
3730(20)
4949(17)
4381(16)
2814(18)
760(30)

3930(40)
4933(15)
3388(18)
2610(20)
3680(20)
-320(20)
3360(30)
930(40)

5112(18)
3480(20)
809(12)

4038(11)
2190(60)
3774(10)
1887(12)
2120(50)

Results and Discussion

1147(3)
363(3)
-2407(10)
1167(10)
3859(19)
2010(20)
-1459(14)
810(14)
210(17)
-1104(15)
-1443(19)
-370(17)
610(20)
4633(16)
3861(17)
3594(15)
4201(12)
4843(11)
3460(30)
2250(40)
3737(15)
4606(11)
4020(16)
2789(19)
3450(20)
3580(30)
3060(30)
2615(18)
4022(17)
-3902(10)
-5151(10)
-5320(50)
-5620(11)
-4754(11)
-5640(50)

287(3)
1555(3)
1103(10)
760(8)
1076(16)
4196(14)
1466(11)
1254(13)
3651(10)
3527(12)
3783(12)
4047(12)
3995(13)
403(15)
-45(14)
707(12)
1620(10)
1432(12)
1190(30)
3300(30)
1752(10)
1794(11)
2723(12)
3256(13)
2350(20)
-220(20)
2050(30)
2656(12)
-1123(15)
-4676(10)
-4164(11)
-3880(40)
-3325(8)
-5435(9)
-4030(40)

33(1)
34(1)
58(4)
51(3)
52(7)
55(7)
34(4)
48(5)
52(6)
46(5)
55(6)
51(6)
66(7)
63(13)
61(10)
42(9)
41(10)
52(10)
44(10)
51(8)
47(14)
33(9)
47(10)
33(8)
50(8)
30(6)
31(10)
38(7)
37(6)
95(4)
83(4)
72(16)
64(3)
79(4)
52(12)

Table 6.3.2-b. Anisotropic displacement parameters (/f\2 x 10°) for 2. The anisotropic

displacement factor exponent takes the form: -2n’[h’a*?Uy; + ... + 2hka*b*U12].

Atom Uy Uz, Uss Uas Uiz Up,
Pd() 34(1) 33(1) 39(1) 1200 70 1700
Mo(1) 36(1) 36(1) 30(1) 9(1) 4(1) -19(1)
Mo(2) 33(1) 29(1) 49(1) 41 5(1) -14(1)
cl(1) 36(2) 90(3) 52(2) -43(2) 20) -16(2)
cl(2) 40(2) 42(2) 47(2) -12(2) 7(1) 11(2)
P(1) 39(2) 29(2) 34(2) -11(1) 8(1) -13(2)
P2) 36(2) 31(2) 39(2) -12(1) 6(1) 16(2)
o(1) 48(6) 43(6) 89(8) -25(6) 0(5) -14(5)
0@) 51(6) 54(6) 48(5) 3(5) 5(5) -19(5)
o(5) 40(13)  44(11)  61(13)  -6(9) 1(9) -1(10)
0(6) 79(14)  70(14)  30(10)  -9(9) -14(9) 41(12)
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c(1) 24(7) 38(8) A4(7) -7(6) 5(5) -15(6)
c2) 57(10) 49(9) 45(8) -23(7) 5(7) -19(8)
C(3) 61(10) 89(13) 18(6) -16(7) 15(6) -41(9)
C(4) 47(9) 53(9) 51(8) -3(7) 11(7) -41(8)
C(5) 46(9) 88(12) 40(8) -13(8) 7(6) -34(9)
C(6) 44(9) 92(12) 45(8) -23(8) 8(7) -54(10)
C(7) 68(12) 116(15)  52(9) 59(10)  41(8) -62(12)
C(15) 44(17) 37(16) 100(30)  16(17) -10(16)  -18(14)
C(17) 38(14) 23(13) 62(18) 12(12) 1(13) -20(12)
C(18) 60(20) 49(19) 29(14) -5(12) 0(13) -40(20)
C(19) 45(18) 26(14) 80(20) -4(14) 9(18) -11(14)
c(21) 36(18) 29(15) 50(20) 0(13) 10(13) 7(13)
C(11) 40(20) 50(20) 70(30) -30(20)  6(17) -30(20)
C(13) 41(17) 60(20) 40(16) -36(15)  24(13) -5(16)
0(4) 26(12) 52(13) 93(18) 40(12)  11(11) -26(10)
C(9) 50(20) 27(15) 21(16) 8(13) -6(14) -25(15)
0@3) 45(11) 32(10) 32(10) -17(8) 11(8) -5(9)
CI(5) 83(7) 65(6) 110(8) 16(6) 7(6) -10(5)
CI(6) 68(6) 72(6) 107(9) 0(6) 9(5) -31(5)
CI(7) 55(5) 90(7) 54(6) -11(5) -5(4) -32(5)
CI(8) 70(7) 86(7) 80(6) 12(5) -15(5) -37(6)
Table 6.3.3. 10 » 2(C4HsO)

Empirical Formula
Formula weight
Crystal size

Crystal description
Crystal color
Crystal system
Space group

Unit cell dimensions

C36H20M04016P2sW5(C4HgO)
1728.05

0.120 x 0.120 x 0.110 mm
prism

brown to black

monoclinic

P21/n

a=1022848(13) A a=90°
b=17.97102) A

c=1455342) A  y=90°
Volume 2569.17(6) A®
Z, Calculated density 2, 2.234 Mg/m®
Absorption coefficient 17.591 mm™
F(000) 1640
Measurement device type Oxford Diffraction Gemini Ultra
Measurement method omega-scan
Temperature 123 K
Wavelength 1.54184 A
Monochromator graphite
6 range for data collection 4.01 to 62.32°

Index ranges

Reflections collected / unique
Reflections greater 1>2\s(1)
Absorption correction

Max. and min. transmission
Refinement method

-11<h<11, -20<k<19, -16<I<12
10251 / 3983 [R(int) = 0.0264]
3478

semi-empirical from equivalents
1.00000 and 0.23493
Full-matrix least-squares on F

123

B=106.1811(15)°



Results and Discussion

Data / restraints / parameters 3983/0/325

Goodness of fit on F? 0.979

Final R indices [I>2sigma(l)] R1=0.0278, wR2 = 0.0660
R indices (all data) R1=0.0322, wR2 = 0.0676
Largest diff. peak and hole 1.771 and -0.834 e A3

Table 6.3.3-a. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(Az x 10 for 10. U is defined as one third of the trace of the orthogonalized U;; tensor.

Atom X y Z Ueq

W(1) 7147(1) -180(2) 4370(2) 13(1)
Mo(1) 9413(1) 2076(1) 5146(1) 13(1)
Mo(2) 9873(1) 1573(1) 3284(1) 14(1)
P(1) 8772(1) 867(1) 4391(1) 13(1)
P(2) 9129(1) -1004(1) 5152(1) 13(1)
0() 10202(4) 1498(2) 7257(3) 37(2)
0(2) 12399(4) 2673(2) 5614(2) 27(1)
0(3) 6712(4) 1678(2) 2402(2) 30(2)
0o4) 9687(4) 3(2) 2337(3) 35(1)
0O(5) 7253(4) 413(2) 6453(3) 30(2)
0O(6) 4700(4) 867(2) 3394(2) 25(1)
o(7) 6929(4) -761(2) 2272(2) 35(1)
0(8) 5166(4) -1464(2) 4561(2) 25(1)
C(2) 9939(5) 1664(3) 6473(4) 24(2)
C(2) 11321(5) 2444(3) 5432(3) 17(2)
C(3) 7098(5) 2403(3) 4622(4) 23(2)
C(4) 7806(5) 2924(3) 4211(4) 24(2)
C(5) 8732(5) 3308(3) 4956(4) 22(2)
C(6) 8587(5) 3039(3) 5841(4) 23(2)
C(7) 7565(5) 2479(3) 5628(4) 21(2)
C(8) 7859(5) 1639(3) 2738(3) 20(2)
C(9) 9740(5) 562(3) 2712(3) 20(2)
C(10) 10047(5) 2616(3) 2392(3) 22(2)
C(11) 10444(5) 1975(3) 1961(3) 20(2)
C(12) 11643(5) 1691(3) 2603(3) 23(2)
C(13) 11988(5) 2145(3) 3413(3) 23(2)
C(14) 11014(6) 2722(3) 3290(3) 24(2)
C(15) 7197(5) 195(3) 5707(4) 19(2)
C(16) 5585(5) 489(3) 3759(3) 17(2)
C(17) 7053(5) -545(3) 3035(3) 21(2)
C(18) 5891(5) -995(3) 4490(3) 17(2)
0(20) 3918(4) 9330(2) 555(3) 37(2)
C(20) 2955(6) 9576(3) -300(4) 34(2)
C(21) 3703(6) 9783(3) 1308(4) 35(2)
C(22) 2201(7) 9980(5) 1003(4) 48(2)
C(23) 1723(8) 9755(7) -18(5) 89(4)

Table 6.3.3-b. Anisotropic displacement parameters (Z'\2 x 10%) for 10. The anisotropic
displacement factor exponent takes the form: -2n’[h’a**Us; + ... + 2hka*b* Uy,].
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Atom Ui Uz, Us3 Uz Uiz U
W(1) 13(1) 13(1) 12(1) 0(1) 3(1) 0(1)
Mo(1) 15(1) 11(1) 14(1) -1(1) 4(1) 0(1)
Mo(2) 16(1) 13(1) 12(1) 2(1) 4(1) 0(1)
P(1) 15(1) 13(1) 12(1) 0(1) 3(1) 0(1)
P(2) 15(1) 11(1) 13(1) 1(1) 4(1) 0(1)
0O(1) 56(3) 34(2) 19(2) 7(2) 6(2) 7(2)
0(2) 24(2) 30(2) 26(2) -7(2) 4(2) -3(2)
0(3) 24(2) 41(3) 22(2) 10(2) 2(2) 2(2)
O(4) 47(3) 26(2) 35(2) -11(2) 14(2) -4(2)
O(5) 33(2) 39(2) 20(2) -6(2) 10(2) -1(2)
0O(6) 20(2) 23(2) 27(2) 3(2) 0(2) 6(2)
Oo(7) 36(2) 48(3) 20(2) -10(2) 8(2) -2(2)
0O(8) 30(2) 17(2) 30(2) -4(2) 12(2) -13(2)
C(1) 24(3) 25(3) 24(3) 1(2) 8(2) -1(2)
C(2) 17(3) 14(3) 19(2) -3(2) 4(2) 1(2)
C@3) 22(3) 18(3) 29(3) -2(2) 6(2) 2(2)
C(4) 26(3) 22(3) 23(3) 8(2) 5(2) 15(2)
C(5) 20(3) 9(3) 40(3) 0(2) 12(2) 1(2)
C(6) 24(3) 17(3) 25(3) -9(2) 2(2) 9(2)
C(7) 23(3) 16(3) 27(3) 0(2) 13(2) 6(2)
C(8) 22(3) 21(3) 17(2) 1(2) 7(2) -4(2)
C(9) 23(3) 21(3) 16(2) 4(2) 7(2) 1(2)
C(10) 25(3) 17(3) 25(3) 9(2) 11(2) -2(2)
C(11) 23(3) 23(3) 15(2) 10(2) 8(2) -2(2)
C(12) 26(3) 24(3) 26(3) 3(2) 19(2) -4(2)
C(13) 20(3) 31(3) 19(2) 2(2) 5(2) -7(2)
C(14) 36(3) 17(3) 21(2) 5(2) 13(2) -6(2)
C(15) 18(3) 20(3) 20(3) 2(2) 7(2) 0(2)
C(16) 21(3) 18(3) 12(2) -6(2) 6(2) -1(2)
C(17) 23(3) 19(3) 20(3) 0(2) 7(2) -1(2)
C(18) 21(3) 17(3) 14(2) -3(2) 7(2) 5(2)
0(20) 42(2) 40(3) 29(2) 0(2) 9(2) 15(2)
C(20) 48(4) 28(3) 22(3) -1(2) 5(3) 5(3)
C(21) 42(4) 33(4) 27(3) -6(3) 6(3) 5(3)
C(22) 39(4) 75(5) 33(3) -14(3) 13(3) 12(4)
C(23) 38(4) 178(11) 40(4) -43(5) -6(3) 35(5)
Table 6.3.4. 11

Empirical Formula C14H1004P2 W,

Formula weight 671.84

Crystal size 0.128 x 0.092 x 0.066 mm

Crystal description parallelepiped

Crystal color orange

Crystal system monoclinic

Space group C2/c

Unit cell dimensions a= 13.4146(3)/& a=90°

b=17.2399(1) A
c=16.5646(5) A
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Volume

Z, Calculated density
Absorption coefficient
F(000)

Measurement device type
Measurement method
Temperature

Wavelength
Monochromator

6 range for data collection
Index ranges

Reflections collected / unique
Reflections greater 1>2\s(l)
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness of fit on F?

Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

Results and Discussion

1549.34(7) A®

4, 2.880 Mg/m?®

29.133 mm™

1216

Oxford Diffraction Gemini Ultra
omega-scan

123 K

154184 A

graphite

5.55 to 66.80°
-15<h<15,-8<k<8,-15<1<19
11262 / 1351 [R(int) = 0.0370]
1318

semi-empirical from equivalents
1.00000 and 0.25857
Full-matrix least-squares on F
1351/0/100

1.118

R1=0.0232, wR2 = 0.0612
R1=0.0238, wR2 = 0.0615
0.968 and -1.228 ¢.A™

Table 6.3.4-a. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(/f&2 x 10%) for 11. U is defined as one third of the trace of the orthogonalized U;; tensor.

Atom X y Z Ueq

W(1) 4511(2) 227(1) 1573(1) 10(1)
P(1) 4242(1) 2606(2) 2560(1) 15(1)
0(@) 4494(3) 3300(5) 245(2) 25(1)
0(2) 6678(3) -1012(6) 1400(3) 30(2)
C(2) 3540(4) -2395(7) 1763(4) 23(2)
C(2) 2855(4) -891(9) 1529(4) 27(2)
C(3) 2871(4) -324(8) 713(4) 26(2)
C(4) 3587(4) -1465(8) 451(4) 25(2)
C(5) 3999(4) -2742(7) 1104(4) 23(2)
C(6) 4533(4) 2206(7) 748(3) 16(1)
C(7) 5905(4) -512(7) 1491(3) 17(2)

Table 6.3.4-b. Anisotropic displacement parameters (A2 x 10°%) for 11. The anisotropic

displacement factor exponent takes the form: -2rn’[h’a*?Uy; + ... + 2hka*b*U;.].

Atom Uy Uz, Uss Uzs Uz U,
wWQ) 8(1) 8(1) 4() o) 2(0) 10D
P() 15(1) 12(1) 18(1) -1(1) 3(1) 5(1)
o) 37(2) 16(2) 21(2) 72) 9(2) 2(2)
0(2) 19(2) 44(3) 28(2) 1(2) 72) 11(2)
c() 20(3) 13(2) 24(3) 3(2) 42) 15(2)
c) 14(2) 31(3) 36(3) 12(3) 92) -14(2)
cE) 15(3) 24(3) 33(4) 1) 203) 702)
c() 23(3) 25(3) 23(3) 7(2) 2(2) -16(2)
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C(5) 23(3) 13(2) 30(3) -9(2) 4(2) -11(2)

C(6) 18(2) 12(2) 17(2) -5(2) 5(2) 1(2)

C(7) 19(3) 14(2) 18(3) 1(2) 5(2) 2(2)

Table 6.3.5. 12 » 2(C4Hg0)

Empirical Formula C36H20016P4Wg(C4H50),

Formula weight 2079.65

Crystal size 0.062 x 0.056 x 0.054 mm

Crystal description prism

Crystal color red

Crystal system monoclinic

Space group P2:/n

Unit cell dimensions a=10.2244(2) A a=90°
b=17.9963(3) A B=106.304(2)°
c=1456182) A  y=90°

Volume 2571.64(8) A®

Z, Calculated density 2, 2.686 Mg/m®

Absorption coefficient 13.560 mm™

F(000) 1896

Measurement device type Oxford Diffraction Gemini Ultra

Measurement method omega-scan

Temperature 123 K

Wavelength 0.71073 A

Monochromator graphite

6 range for data collection 2.91 to 30.75°

Index ranges

Reflections collected / unique
Reflections greater 1>2\s(l)
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness of fit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

-14<h<14,-11<k<25,-15<1<20

17559 / 7969 [R(int) = 0.0281]
6312

semi-empirical from equivalents
1.00000 and 0.82394
Full-matrix least-squares on F
7969/0/325

0.875

R1=0.0212, wR2 =0.0303

R1 =0.0330, wR2 = 0.0313
1.359 and -1.080 e. A

Table 6.3.5-a. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters

(/f\2 x 10%) for 12. U, Is defined as one third of the trace of the orthogonalized U;; tensor.

Atom X y Z Ueq
W(1) 5130(1) -1577(1) 6719(1) 10(1)
W(2) 5594(1) -2079(2) 4861(1) 9(1)
W(3) 7861(1) 181(1) 5632(1) 9(1)
P(1) 4122(1) -1008(1) 5151(1) 10(1)
P(2) 6240(1) -870(2) 5616(1) 10(1)
0(6) 8302(2) -1697(2) 7603(2) 24(1)
o(7) 5339(3) -9(2) 7660(2) 27(1)
0(16) 2606(2) -2690(1) 4402(2) 20(2)
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0(17) 4784(3) -1497(2) 2754(2) 29(1)
0(21) 10310(2)  -869(2) 6614(2) 23(1)
0(22) 7737(2) -413(2) 3543(2) 26(1)
0(23) 9855(2) 1464(1) 5438(2) 21(1)
0(24) 8090(2) 765(2) 7726(2) 28(1)
c(1) 3011(3) -2152(2) 6587(2) 19(1)
C@2) 3352(3) -1689(2) 7402(2) 15(1)
c(3) 4565(3) -1981(2) 8048(2) 16(1)
C(4) 4952(3) -2618(2) 7619(2) 18(1)
c(5) 3986(3) -2729(2) 6718(2) 17(1)
C(6) 7142(3) -1655(2) 7264(2) 16(1)
c(7) 5272(3) -571(2) 7281(2) 16(1)
C(11) 7213(3) -2921(2) 5794(2) 16(1)
C(12) 7929(3) -2407(2) 5382(2) 18(1)
C(13) 7443(3) -2475(2) 4373(2) 17(1)
C(14) 6415(3) -3042(2) 4163(2) 16(1)
C(15) 6274(3) -3307(2) 5051(2) 16(1)
C(16) 3690(3) -2460(2) 4574(2) 13(1)
C(17) 5055(3) -1663(2) 3542(2) 17(1)
c(21) 9414(3) -482(2) 6239(2) 13(1)
C(22) 7795(3) -198(2) 4292(2) 14(1)
C(23) 9119(3) 987(2) 5520(2) 14(1)
C(24) 7952(3) 547(2) 6966(2) 13(1)
0(45) 3922(2) 5663(2) 5552(2) 31(1)
C(41) 3701(4) 5222(2) 6307(3) 27(1)
C(42) 2207(4) 5018(3) 6003(3) 40(1)
C(43) 1696(4) 5262(4) 4976(3) 71(2)
C(44) 2964(4) 5424(2) 4694(2) 26(1)

Table 6.3.5-b. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters
(AZ x 10 for 12. U, is defined as one third of the trace of the orthogonalized U;; tensor.

Atom Un Uz, Uss Uz Uiz Up,

WD) 10(0) 10(1) (1) 2(0) 3(1) 0()
W) 10(1) 8(1) 11(1) 0(L) 3(1) 0(1)
W(3) 8(1) 9(1) 10(1) 0(1) 2(1) 0(1)
P(L) 9(1) 10(1) 10(1) 1(0) 2(1) 0(1)
P(2) 9(1) 10(1) 10(1) 1(1) 3(1) -1(1)
0(6) 14(1) 38(2) 20(1) 8(1) 3(1) 2(1)
o(7) 40(2) 19(2) 24(1) -5(1) 11(1) 5(1)
0(16) 15(1) 23(2) 22(1) 7(0) 6(1) 5(1)
0(17) 43(2) 28(2) 14(1) 5(1) 4(1) 5(1)
0(21) 19(1) 23(2) 25(1) 3(1) 3(1) 6(1)
0(22) 25(1) 35(2) 17(1) -5(1) 8(1) 2(1)
0(23) 21(1) 18(2) 27() 3() 12(1) 8(1)
0(24) 27(1) 37(2) 19(1) -9(1) 7(1) 2(1)
c() 16(2) 23(2) 16(2) 5(2) 4(1) 5(2)
c) 16(2) 16(2) 17(2) 4(1) 13(1) 0(1)
c@) 19(2) 21(2) 11(2) 2(1) 8(1) 202)
c() 22(2) 16(2) 18(2) 6(2) 8(1) 0Q2)
C(5) 18(2) 14(2) 19(2) 1(2) 7(1) -4(1)
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C(6) 20(2) 18(2) 12(2) 4(1) 6(1) -1(2)
C(7) 17(2) 20(2) 13(2) 3(2) 7(1) 0(2)
C(11) 16(2) 14(2) 20(2) 2(2) 6(1) 7(2)
C(12) 11(1) 16(2) 23(2) -4(2) 1(1) 5(1)
C(13) 13(2) 17(2) 23(2) -3(2) 11(1) 6(1)
C(14) 19(2) 10(2) 21(2) -7(1) 7(1) 6(1)
C(15) 17(2) 5(2) 29(2) 1(2) 10(1) 2(1)
C(16) 16(2) 13(2) 9(2) 1(1) 3(1) 3(1)
Cc@17) 20(2) 12(2) 17(2) 0(2) 3(1) 3(2)
C(21) 15(2) 12(2) 13(2) 0(1) 5(1) 0(1)
C(22) 9(1) 16(2) 18(2) -1(2) 4(1) 0(1)
C(23) 13(1) 18(2) 9(2) -4(1) 1(1) 5(1)
C(24) 10(1) 14(2) 16(2) -2(1) 3(1) -2(1)
0O(45) 34(1) 33(2) 24(1) 4(1) 8(1) -15(1)
C(41) 32(2) 25(2) 22(2) 6(2) 3(2) -7(2)
C(42) 36(2) 54(3) 29(2) 8(2) 9(2) -20(2)
C(43) 31(2) 135(6) 39(3) 42(3) -1(2) -22(3)
C(44) 39(2) 20(2) 19(2) 2(2) 9(2) -3(2)
Table 6.3.6. 13

Empirical Formula C1oH150,P3W

Formula weight 467.99

Crystal size 0.060 x 0.060 x 0.030 mm

Crystal description thin plate

Crystal color yellow

Crystal system monoclinic

Space group P2:/n

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Measurement device type
Measurement method

Temperature
Wavelength

Monochromator

6 range for data collection

Index ranges

Reflections collected / unique

Reflections greater 1>2\s(l)
Absorption correction
Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness of fit on F?

Final R indices [I>2sigma(l)]

a=11.9363(4)A  a=90°
b=921342)A  B=95.260(3)°
c=13.3688(3) A  y=90°
1464.03(7) A®

4,2.123 Mg/m®

17.660 mm™

888

Oxford Diffraction Gemini Ultra
omega-scan

123K

1.54184 A

graphite

4.75 t0 62.08°

-13<h<9, -10<k<10, -15<I<15
8193 / 2247 [R(int) = 0.0353]
1799

semi-empirical from equivalents
1.00000 and 0.60907
Full-matrix least-squares on F?
2247/0/ 168

1.110

R1 =0.0669, wR2 = 0.1857
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R indices (all data) R1=0.0776, wR2 = 0.1915
Largest diff. peak and hole 3.663 and -1.379 ¢.A™

Table 6.3.6-a. Atomic coordinates (X 10% and equivalent isotropic displacement parameters
(A% x 10%) for 13. Uy is defined as one third of the trace of the orthogonalized Uj; tensor.

Atom X y V4 Ueq

W(1) 9682(1) 844(1) 7623(1) 34(1)
P(1) 10318(6) -1125(8) 8835(5) 78(2)
P(2) 8774(6) -1628(7) 7936(6) 80(3)
P(3) 10319(5) -1663(8) 7245(5) 75(3)
0(11) 7813(13) 1630(20) 9022(12) 83(7)
0(12) 7785(13) 612(17) 5851(12) 70(6)
C(2) 10058(15) 3221(16) 7160(15) 46(6)
C(2) 10474(14) 3026(19) 8154(13) 43(6)
C(3) 11384(13) 1977(19) 8239(15) 46(6)
C(4) 11473(14) 1522(19) 7195(13) 41(5)
C(5) 10666(17) 2280(20) 6566(14) 55(7)
C(6) 9210(20) 4330(20) 6760(20) 76(9)
C(7) 10180(20) 3970(20) 9065(18) 71(8)
C(8) 12150(19) 1580(30) 9085(17) 71(8)
C(9) 12395(17) 540(30) 6870(18) 65(8)
C(10) 10600(20) 2140(30) 5445(16) 75(9)
C(11) 8487(16) 1300(20) 8525(15) 52(6)
C(12) 8459(15) 686(18) 6491(12) 39(5)

Table 6.3.6-b. Anisotropic displacement parameters (2\2 x 10%) for 13. The anisotropic
displacement factor exponent takes the form: -2rn’[h’a**Uy; + ... + 2hka*b*U;.].

Atom Uiy Uz, Us3 Uzs Uiz U,
wWQ) 34(1) 28(1) 21(1) 20) 8(1) 30
P() 85(4) 74(4) 73(4) 21(3) 0(3) 4(3)
P(2) 88(5) 58(4) 95(5) 2(3) 17(4) -15(3)
P(3) 74(4) 79(5) 75(4) -6(3) 17(3) 4(3)
o(11) 59(9) 123(15)  73(10)  -27(10)  33(8) -10(10)
0(12) 58(9) 83(11) 65(9) -21(8) -17(8) 7(8)
c(l) 53(10)  8(7) 75(13)  13(8) -4(9) 5(7)
c) 45(10) 38(9) 52(10) -18(8) 34(8) -11(8)
c@d) 20(8) 39(9) 74(12)  5(9) -18(8) -12(7)
c() 38(9) 33(9) 53(10) -7(8) 10(8) 2(8)
Cc(5) 66(12)  47(11)  57(11)  -12(9) 36(10)  -33(10)
c(6) 69(15) 44(12) 110(20)  31(12) 12(14)  4(11)
c() 75(15) 64(14) 74(14) 46(12)  13(12) 7(12)
6 67(14) 72(15) 71(14) 7(12) -9(11) -20(12)
c(9) 44(11) 74(15) 78(14) 16(12)  16(10) 6(10)
C(10) 93(17) 76(16) 56(12) 22(11)  11(12) 25(13)
C(11) 49(11) 51(11) 56(11) -25(9) 11(9) -12(9)
c(12) 50(10) 35(9) 34(9) 1(7) 12(8) 5(8)
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Table 6.3.7. 14

Empirical Formula C24H30Cl,Cu204Ps W,
Formula weight 1133.98

Crystal size 0.17 x 0.09 x 0.03 mm
Crystal description flat prism

Crystal color light yellow

Crystal system monoclinic

Space group P2:/a

Unit cell dimensions

a=13.41920(10) A o =90°.
b=9.04130(10) A B =94.3130(10)°
c=13.76930(10) A y=90°

Volume 1665.86(3) A®

Z, Calculated density 2.261 Mg/m®

Absorption coefficient 18.332 mm™

F(000) 1072

Measurement device type Oxford Diffraction Gemini Ultra
Measurement method omega-scan

Temperature 123K

Wavelength 1.54184 A

Monochromator graphite

6 range for data collection 3.22 10 62.30°

Index ranges

Reflections collected / unique

Reflections greater 1>2\s(l)
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness of fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)
Largest diff. peak and hole

-15<h<15, -9<k<10, -15<I<15
25110/ 2622 [R(int) = 0.0518]
2160

semi-empirical from equivalents
1.00000 and 0.12515
Full-matrix least-squares on F
2622 /0/186

1.038

R1 =0.0342, wR2 = 0.0855
R1 =0.0423, wR2 = 0.0890
1.471 and -1.147 e. A

Table 6.3.7-a. Atomic coordinates (X 10% and equivalent isotropic displacement parameters
(A? x 10°) for 14. Uy is defined as one third of the trace of the orthogonalized U;; tensor.

Atom X y V4 Ueq

W(1) 1917(1) 4610(2) 7056(1) 26(1)
Cu(1) 4234(1) 5014(1) 9124(1) 38(1)
Cl(1) 4282(1) 3667(2) 10515(1) 48(1)
P(1) 2940(1) 6211(2) 8241(1) 33(2)
P(2) 3728(1) 4253(2) 7586(1) 33(1)
P(3) 3434(1) 6263(3) 6789(1) 43(1)
0(11) 840(4) 7521(8) 6337(5) 59(2)
0(12) 2383(4) 3804(9) 4931(4) 65(2)
C(1) 1235(5) 3510(10) 8390(5) 41(3)
C(2) 458(5) 4245(8) 7829(5) 27(2)
C(3) 362(6) 3554(11) 6912(5) 46(3)
C(4) 1073(8) 2367(10) 6930(8) 62(4)
C(5) 1597(6) 2389(11) 7841(9) 66(4)
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C(6) 1511(8) 3812(19)  9453(6) 125(7)
c(7) -194(7) 5428(11)  8187(10)  85(5)
C(8) -462(8) 3899(19)  6118(7) 126(7)
C(9) 1114(13)  1234(18)  6149(14)  199(10)
C(10) 2334(10)  1255(16)  8223(18)  199(11)
C(11) 1247(5) 6470(10)  6586(5) 38(3)
C(12) 2220(5) 4118(10)  5701(5) 39(3)

Table 6.3.7-b. Anisotropic displacement parameters (A2 x 10%) for 14. The anisotropic
displacement factor exponent takes the form: -2x°[h?a*?Uy; + ... + 2hka*b*U1, |

Atom Un Uz, Us3 Uz Uiz U
W(1) 20(1) 36(1) 21(1) 0(1) -2(1) -5(1)
Cu(1) 29(1) 51(1) 33(1) 0(1) -12(1) 5(1)
CI(2) 41(1) 56(2) 44(1) 13(1) -14(1) -15(1)
P(1) 27(1) 36(1) 34(1) -3(1) -12(1) 2(1)
P(2) 22(1) 45(1) 32(1) -6(1) -4(1) 2(1)
P(3) 30(1) 58(2) 39(1) 11(1) -7(2) -16(1)
O(11) 35(3) 66(5) 73(4) 36(4) -5(3) -4(3)
0(12) 48(3) 113(6) 33(3) -15(3) 4(3) -25(4)
C(1) 16(4) 79(7) 27(4) 24(4) -2(3) -6(4)
C(2) 16(3) 29(4) 36(4) 1(3) 5(3) -7(3)
C(3) 38(4) 75(7) 23(4) 8(4) -3(3) -36(5)
C@4) 61(6) 40(6) 91(7) -26(5) 53(6) -31(5)
C(5) 32(5) 47(6) 124(9) 33(6) 34(6) 7(4)
C(6) 68(7) 276(19) 27(5) 50(8) -15(4) -99(10)
C(7) 41(5) 46(7) 174(13) -23(7) 57(7) -16(5)
C(8) 71(7) 238(18) 60(6) 75(9) -45(6) -108(10)
C(9) 201(17) 143(14) 280(20) -177(16) 207(18) -140(14)
C(10) 67(8) 82(11) 460(30) 156(17) 103(14) 48(8)
C(11) 24(4) 47(6) 40(4) 18(4) -10(3) -10(4)
C(12) 26(4) 71(6) 21(4) -2(4) 3(3) -12(4)
Table 6.3.8. 15
Empirical Formula Co4H39BroCu,O4Ps\W>
Formula weight 1222.88
Crystal size 0.160 x 0.150 x 0.060 mm
Crystal description plate
Crystal color yellow
Crystal system monoclinic
Space group P2i/a )
Unit cell dimensions a=13.29858(11) A a=90°

b=9.48002(8) A P =92.9243(7)°

c= 13.53355%1 DA y=90°
Volume 1703.96(2) A
Z, Calculated density 2, 2.384 Mg/m?®
Absorption coefficient 19.227 mm™
F(000) 1144
Measurement device type Oxford Diffraction Gemini Ultra
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Measurement method omega-scan

Temperature 123K

Wavelength 1.54184 A

Monochromator graphite

6 range for data collection 3.27 t0 62.33°

Index ranges -15<h<15, -10<k<10, -15<I<15
Reflections collected / unique 26445 / 2691 [R(int) = 0.0527]
Reflections greater 1>2\s(l) 2595

Absorption correction semi-empirical from equivalents
Max. and min. transmission 1.00000 and 0.05460
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 2691/0/186

Goodness of fit on F? 1.100

Final R indices [I>2sigma(l)] R1=0.0238, wR2 = 0.0631

R indices (all data) R1=0.0247, wR2 = 0.0636
Largest diff. peak and hole 0.661 and -1.470 e. A

Table 6.3.8-a. Atomic coordinates (X 10% and equivalent isotropic displacement parameters
(A% x 10%) for 15. U is defined as one third of the trace of the orthogonalized Uj; tensor.

Atom X y V4 Ueq

W(1) 1944(1) 332(1) 7047(1) 11(1)
Br(1) 4207(2) 1425(1) 10586(1) 26(1)
Cu(1) 4259(1) 3(1) 9123(1) 23(1)
P(1) 2994(1) -1176(1) 8217(1) 17(1)
P(2) 3759(1) 726(1) 7552(1) 19(1)
P(3) 3501(1) -1186(1) 6730(1) 23(1)
0() 926(2) -2518(3) 6362(2) 27(1)
0(2) 2323(3) 1153(4) 4850(2) 31(2)
C(2) 1311(3) -1484(4) 6591(3) 17(1)
C(2) 2214(3) 825(5) 5654(3) 21(1)
C(3) 1120(3) 1159(4) 8438(3) 15(1)
C(4) 398(3) 643(4) 7724(3) 14(1)
C(5) 440(3) 1495(4) 6855(3) 15(1)
C(6) 1201(3) 2543(4) 7034(3) 18(1)
C(7) 1622(3) 2332(4) 8019(3) 18(1)
C(8) 1257(3) 702(5) 9497(3) 22(1)
C(9) -366(3) -476(4) 7902(4) 22(1)
C(10) -287(3) 1439(5) 5964(3) 24(1)
C(11) 1415(4) 3777(5) 6386(4) 29(2)
C(12) 2359(3) 3287(5) 8559(4) 29(1)

Table 6.3.8-b. Anisotropic displacement parameters (AZ x 10%) for 15. The anisotropic
displacement factor exponent takes the form: -2n’[h’a*?Uy; + ... + 2hka*bh*U1.].

Atom Uy Uz Uss Uas Uiz Up,

W) 3(D) 10(D) T0(D) ) ) )
Br(1) 25(1) 21(1) 30(1) -6(1) -10(1) 3(1)
cu(l) 22(1) 24(1) 21(1) 0(1) 7(1) 3(1)
P(1) 18(1) 14(1) 17(1) 3(1) 5(1) o(1)
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P(2) 16(1) 21(1) 21(1) 5(1) -1(1) -2(1)
P(3) 22(1) 28(1) 20(1) -4(1) -1(2) 11(2)
0O(1) 30(2) 18(2) 33(2) -8(1) -6(1) -2(1)
0(2) 43(2) 38(2) 13(2) 10(2) 8(1) 10(2)
C(1) 17(2) 22(2) 12(2) 1(2) -2(2) 7(2)
C(2) 19(2) 19(2) 26(3) -6(2) 1(2) 3(2)
C@3) 16(2) 17(2) 12(2) -6(2) 3(2) 4(2)
C4) 16(2) 14(2) 12(2) -4(2) 0(2) 5(2)
C(5) 21(2) 12(2) 13(2) -1(2) 0(2) 8(2)
C(6) 22(2) 12(2) 21(2) -1(2) 7(2) 5(2)
C() 21(2) 15(2) 18(2) -1(2) 3(2) 1(2)
C(8) 25(2) 28(2) 14(2) -2(2) 0(2) 4(2)
C(9) 15(2) 20(2) 31(3) 2(2) 2(2) 0(2)
C(10) 30(2) 28(2) 14(2) -5(2) -5(2) 12(2)
C(11) 34(3) 16(2) 36(3) 9(2) 7(2) 5(2)
C(12) 25(2) 22(2) 39(3) -10(2) -5(2) 0(2)
Table 6.3.9. 16
Empirical Formula C24H30Cu21204Ps W,
Formula weight 1316.88
Crystal size 0.160 x 0.150 x 0.080 mm
Crystal description flat prism
Crystal color yellow
Crystal system orthorhombic
Space group Pbca )
Unit cell dimensions a=10.0020(2) A o =90°

b=13.03513)A  p=90°

c=26.8519(5) A v =90°
Volume 3500.87(13) A®
Z, Calculated density 4, 2.499 Mg/m?*
Absorption coefficient 9.815 mm™
F(000) 2432
Measurement device type Oxford Diffraction Gemini Ultra
Measurement method omega-scan
Temperature 123 K
Wavelength 0.71073 A
Monochromator graphite

6 range for data collection
Index ranges

Reflections collected / unique
Reflections greater 1>2\s(l)
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness of fit on F?

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

3.13t0 27.04°

-12<h<12, -16<k<16, -33<I<31
25690 / 3490 [R(int) = 0.0324]
3005

semi-empirical from equivalents
1.00000 and 0.63574
Full-matrix least-squares on F2
3490/0/ 186

1.087

R1=0.0231, wR2 = 0.0481

R1 =0.0309, wR2 = 0.0509
1.247 and -0.830 e.A”®

134



Results and Discussion

Table 6.3.9-a. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(Az x 10°) for 16. U is defined as one third of the trace of the orthogonalized U;; tensor.

Atom X y Z Ueq

W(1) 10327(1) 2935(1) 6488(1) 16(1)
1(1) 11489(1) 942(1) 4630(1) 27(1)
Cu(1) 10053(1) 677(1) 5406(1) 26(1)
P(1) 8960(1) 1962(1) 5868(1) 20(2)
P(2) 10700(2) 1111(1) 6221(1) 23(1)
P(3) 8833(1) 1336(1) 6607(1) 26(1)
0(@) 7631(3) 3945(2) 6839(1) 34(1)
0(2) 11087(3) 2240(3) 7571(1) 34(1)
C(2) 8608(5) 3559(3) 6721(2) 22(1)
C(2) 10790(4) 2491(3) 7184(2) 21(1)
C(11) 12414(4) 3703(3) 6516(2) 21(1)
C(12) 12246(4) 3345(3) 6018(2) 20(1)
C(13) 11143(4) 3876(3) 5802(2) 19(1)
C(14) 10642(4) 4573(3) 6164(2) 18(1)
C(15) 11421(4) 4461(3) 6611(2) 20(1)
C(16) 13584(4) 3437(4) 6849(2) 30(2)
C(17) 13159(5) 2622(4) 5746(2) 29(1)
C(18) 10736(5) 3809(4) 5267(2) 25(1)
C(19) 9572(4) 5367(3) 6071(2) 23(1)
C(20) 11343(5) 5138(3) 7066(2) 28(1)

Table 6.3.9-b. Anisotropic displacement parameters (AZ x 10%) for 16. The anisotropic
displacement factor exponent takes the form: -2rn’[h’a*?Uy; + ... + 2hka*b*U12].

Atom Un U, Uss Uas Uiz Up
W) 8(1) 15(1) 15(1) 1) o) ()
I(1) 23(1) 26(1) 31(1) 8(1) 5(1) 2(1)
cu(l) 27(1) 24(1) 26(1) 5(1) 1(1) 1(1)
P(1) 20(1) 20(1) 21(1) 2(1) 2(1) 1(1)
P(2) 26(1) 17(1) 25(1) -1(1) 3(1) 2(1)
P(3) 32(1) 22(1) 25(1) 1(1) A1) -9(1)
o(1) 31(2) 34(2) 36(2) 3(2) 1002) 12(2)
0@) 39(2) 41(2) 21(2) 5(2) 32) 02)
c() 31(3) 16(2) 19(2) 3(2) 1(2) 4(2)
c2) 21(2) 18(2) 25(2) 32) 4(2) 0(2)
Cc(11) 17(2) 21(2) 24(2) 42) 302) 4(2)
C(12) 21(2) 16(2) 23(2) 6(2) 102) 6(2)
C(13) 21(2) 18(2) 19(2) 6(2) 3(2) 6(2)
C(14) 18(2) 11(2) 25(2) 5(2) 22) 4(2)
C(15) 19(2) 16(2) 25(2) 3(2) 3(2) 6(2)
C(16) 23(2) 28(3) 38(3) 3(2) 11(2) 4(2)
c(17) 27(2) 30(2) 31(3) 102) 92) 02)
C(18) 28(2) 29(2) 19(2) 10(2) 4(2) 32)
C(19) 26(2) 14(2) 28(2) 1(2) 5(2) 1(2)
C(20) 35(3) 24(2) 24(2) 22) 6(2) 3(2)
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Table 6.3.10. 21 « (CgH12CuNy,)

Empirical Formula C13H15CI3Cu3OW(CgH12CuNy)

Formula weight 927.86

Crystal size 0.28 x 0.22 x 0.13 mm

Crystal description flat prism

Crystal color dark brown

Crystal system monoclinic

Space group P2:/c

Unit cell dimensions a=11.7685(3) A a=90 deg.
b=20.8946(3) A B=115.338(3) deg.
c=13.19793) A  y=90 deg.

Volume 2933.13(13) A®

Z, Calculated density 4,2.101 Mg/m®

Absorption coefficient 7.063 mm™

F(000) 1784

Measurement device type Oxford Diffraction Gemini Ultra

Measurement method omega-scan

Temperature 123 K

Wavelength 0.71073 A

Monochromator graphite

6 range for data collection 3.60to0 37.71°

Index ranges

Reflections collected / unique

-17<h<19, -34<k<35, -21<I<22
29767 / 14310 [R(int) = 0.0372]

Reflections greater 1>2\s(l) 9956

Absorption correction semi-empirical from equivalents
Max. and min. transmission 1.00000 and 0.48831
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 14310/0/ 334

Goodness of fit on F2 1.009

Final R indices [I>2sigma(l)]

R indices (all data)
Largest diff. peak and hole

R1 =0.0357, wR2 = 0.0729
R1=0.0647, wR2 = 0.0824
2.015and -1.441 e.A

Table 6.3.10-a. Atomic coordinates (X 10% and equivalent isotropic displacement parameters
(A% x 10%) for 21. Uy is defined as one third of the trace of the orthogonalized U;; tensor.

Atom X y V4 Ueq

W(1) 1392(1) 5615(1) 2716(1) 11(1)
Cu(2) 3589(1) 5131(1) 4177(1) 21(1)
Cu(2) 657(1) 5087(1) 4174(2) 19(1)
Cu(d) 1551(1) 4373(1) 2917(1) 19(1)
CI(2) 5523(1) 5659(1) 4549(1) 25(1)
Cl(2) -889(1) 5674(1) 4552(1) 22(1)
CI(3) 1593(1) 3344(1) 2874(1) 26(1)
0(11) -1058(2) 4787(1) 1961(2) 24(1)
0(12) 3217(2) 4863(1) 1964(2) 20(2)
0(13) 2632(2) 5916(1) 5305(2) 21(1)
C(2) 1434(3) 6276(1) 1300(3) 19(1)

136



Results and Discussion

C(2) 2017(3) 6609(1) 2343(2) 15(1)
c(3) 1075(3) 6719(1) 2750(2) 16(1)
C(4) -70(3) 6440(1) 1968(2) 15(1)
c(5) 149(3) 6163(1) 1066(2) 17(1)
C(6) 2020(4) 6142(2) 516(3) 28(1)
c(7) 3348(3) 6850(2) 2853(3) 24(1)
C(8) 1195(3) 7104(2) 3748(3) 23(1)
C(9) -1322(3) 6494(2) 2005(3) 24(1)
C(10) -824(3) 5878(2) 19(3) 29(1)
C(11) -61(3) 5026(1) 2355(2) 16(1)
C(12) 2578(3) 5082(1) 2354(2) 15(1)
C(13) 2201(3) 5716(1) 4384(2) 15(1)
Cu(4) -5171(1) 6726(1) 39(1) 26(1)
N(21) -4566(3) 5970(2) 1000(3) 32(1)
N(22) -3939(3) 7131(2) -454(3) 28(1)
N(23) -5298(3) 7484(2) 941(3) 32(1)
N(24) -6740(3) 6585(1) -1346(3) 25(1)
c(21) -4218(3) 5542(2) 1587(3) 25(1)
C(22) -3780(4) 4983(2) 2289(4) 30(1)
C(23) -3327(4) 7472(2) -661(3) 32(1)
C(24) -2570(5) 7918(3) -952(5) 60(2)
C(25) -5033(3) 7958(2) 1412(3) 24(1)
C(26) -4690(3) 8563(2) 2005(3) 25(1)
c(27) -7606(3) 6589(2) -2164(3) 22(1)
C(28) -8722(3) 6611(2) -3229(3) 32(1)

Table 6.3.10-b. Anisotropic displacement parameters (AZ x 10%) for 21. The anisotropic
displacement factor exponent takes the form: -2rn’[h’a**Uy; + ... + 2hka*b*U12].

Atom Uy U, Uss Uas Uiz Up

W) T1(D) T1(D) T0(D) o) 1) )
cu(1) 15(1) 27(1) 16(1) -1(1) 2(1) 7(1)
cu(2) 22(1) 21(1) 16(1) o) 11(1) 4(1)
cu(3) 23(1) 11(1) 26(1) 1(1) 13(1) 0(1)
cl(L) 16(1) 28(1) 26(1) o(1) 4(1) 1(1)
cl(2) 28(1) 21(1) 24(1) 8(1) 17(1) 9(1)
cl(3) 30(1) 15(1) 38(1) 2(1) 20(1) 1(1)
0(11) 18(1) 26(1) 24(1) -1(1) 4(1) 6(1)
0(12) 19(1) 22(1) 21(1) 1(1) 10(1) A1)
0(13) 20(1) 26(1) 14(1) 3(1) 6(1) 1(1)
(1) 27(2) 17(1) 19(1) 7(1) 15(1) 3(1)
c) 17(1) 12(1) 17(1) 2(1) 7(1) 1(1)
c3) 22(1) 13(1) 16(1) 0(1) 12(1) 2(1)
C(4) 14(1) 16(1) 15(1) 5(1) 6(1) 4(1)
C(5) 21(1) 15(1) 10(1) 3(1) 4(1) 3(1)
C(6) 43(2) 29(2) 26(2) 8(1) 27(2) 9(2)
() 20(1) 18(1) 36(2) -1(1) 12(1) 3(1)
c(®) 34(2) 17(1) 20(1) 1(1) 15(1) 2(1)
C(9) 18(1) 23(2) 30(2) 10(1) 10(1) 6(1)
C(10) 31(2) 28(2) 18(1) 2(1) 0(1) 0(1)
c(11) 17(1) 18(1) 12(1) -2(1) 5(1) (1)
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C(12) 16(1) 14(1) 13(1) -1(1) 4(1) 1(2)
C(13) 15(1) 15(1) 16(1) 1(1) 8(1) 1(1)
Cu(4) 25(1) 22(1) 30(1) 5(1) 11(1) -2(1)
N(21) 25(1) 32(2) 40(2) 8(1) 15(1) -4(1)
N(22) 27(2) 30(2) 26(2) 0(1) 11(1) -6(1)
N(23) 36(2) 32(2) 27(2) 3(1) 14(1) -1(2)
N(24) 27(1) 21(1) 28(1) -1(1) 13(1) -1(1)
C(21) 15(1) 18(1) 43(2) 11(1) 14(1) -1(2)
C(22) 31(2) 27(2) 38(2) 12(2) 19(2) 8(1)
C(23) 36(2) 36(2) 27(2) -4(2) 17(2) -13(2)
C(24) 73(4) 59(3) 65(4) -14(3) 47(3) -38(3)
C(25) 24(2) 28(2) 24(2) 5(1) 13(1) 0(1)
C(26) 23(2) 28(2) 25(2) 2(1) 10(1) -1(1)
C(27) 19(1) 21(1) 30(2) -4(1) 15(1) -2(1)
C(28) 27(2) 39(2) 28(2) -8(2) 9(2) -5(2)
Table 6.3.11. 22
Empirical Formula C14H10CICUO4P,W>
Formula weight 770.84
Crystal size 0.150 x 0.050 x 0.020 mm
Crystal description rod
Crystal color red
Crystal system monoclinic
Space group C2/c )
Unit cell dimensions a=25.5190(3) A a=90°

b=7.9624(1) A B =93.0749(12)°

c=17.1325Q) A y=90°
Volume 3476.18(7) A®
Z, Calculated density 8, 2.946 Mg/m®
Absorption coefficient 28.664 mm™
F(000) 2800
Measurement device type Oxford Diffraction Gemini Ultra
Measurement method omega-scan
Temperature 123 K
Wavelength 1.54184 A
Monochromator graphite
6 range for data collection 3.47 10 66.77°
Index ranges -23<h<29, -9<k<9, -20<I<19
Reflections collected / unique 7401/ 3018 [R(int) = 0.0306]
Reflections greater 1>2\s(l) 2549
Absorption correction semi-empirical from equivalents
Max. and min. transmission 1.00000 and 0.04892
Refinement method Full-matrix least-squares on F
Data / restraints / parameters 3018/0/218
Goodness of fit on F? 1.035

Final R indices [I1>2sigma(l)]
R indices (all data)
Largest diff. peak and hole

R1 = 0.0278, wR2 = 0.0709
R1 = 0.0344, wR2 = 0.0743
0.958 and -1.867 e.A
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Table 6.3.11-a. Atomic coordinates (X 10% and equivalent isotropic displacement parameters
(A% x 10%) for 22. Uy is defined as one third of the trace of the orthogonalized U;; tensor.

Atom X y y Ueq

W(1) 1530(1) 2634(1) 2389(1) 12(1)
W(2) 1035(1) 2337(1) 3980(1) 12(1)
Cu(1) 0 5650(1) 2500 14(1)
Cu(2) 0 -542(1) 2500 15(1)
Cl(1) -85(1) 7550(2) 3529(1) 18(1)
P(1) 699(1) 3909(2) 2789(1) 13(1)
P(2) 672(1) 1296(2) 2701(1) 14(1)
O(6) 2382(2) 3392(6) 3710(2) 29(1)
Oo(7) 1691(2) -1263(6) 2458(3) 31(2)
0(13) 1500(2) 5910(6) 4356(2) 32(2)
0O(14) -83(2) 3476(6) 4444(2) 30(1)
C(1) 1969(3) 4773(9) 1768(4) 33(2)
C(2) 2180(2) 3215(9) 1555(3) 26(2)
C(3) 1779(3) 2314(9) 1130(3) 27(2)
C(4) 1331(3) 3314(12) 1084(3) 42(3)
C(5) 1447(3) 4814(11) 1474(4) 45(3)
C(6) 2033(2) 3077(8) 3266(3) 20(2)
C(7) 1635(2) 185(8) 2463(3) 19(2)
C(8) 1660(2) 294(8) 4371(3) 26(2)
C(9) 1170(2) -537(8) 4237(4) 26(2)
C(10) 831(2) 149(8) 4T77(3) 24(2)
C(11) 1108(2) 1380(8) 5239(3) 24(2)
C(12) 1621(2) 1475(8) 4980(3) 23(2)
C(13) 1308(2) 4623(8) 4210(3) 18(2)
C(14) 323(2) 3107(8) 4257(3) 21(2)

Table 6.3.11-b. Anisotropic displacement parameters (A% x 10%) for 22. The anisotropic
displacement factor exponent takes the form: -2n? [h%a*?Uy; + ... + 2hka*b*Us,].

Atom Uiy Uz, Uss Uzs Uiz U,
wWQ) (D) 15(0) 11(0) 1) o) 10D
W(2) 11(1) 14(1) 12(1) 1(1) 1(1) 2(1)
cu(l) 15(1) 13(1) 15(1) 0 2(1) 0
cu(?) 14(1) 13(1) 18(1) 0 -1(1) 0
ci(L) 26(1) 16(1) 12(1) 1(0) 4(1) -1(1)
P() 12(1) 14(1) 14(1) 2(1) 0(1) 2(1)
P(2) 11(1) 14(1) 17(1) 2(1) 0(1) 1(1)
0(6) 15(2) 50(3) 23(2) -6(2) 2(2) 2(2)
o(7) 20(2) 23(3) 40(3) 302) 6(2) 10(2)
0(13) 49(3) 20(3) 26(2) -5(2) -4(2) 3(2)
0(14) 16(2) 48(3) 26(2) 2(2) 6(2) 14(2)
c) 46(4) 28(4) 27(3) 2(3) 15(3) 13(3)
c) 19(3) 39(4) 22(3) 3(3) 92) 6(3)
c@) 30(3) 41(4) 903) -9(2) 72) 12(3)
C(4) 27(3) 84(7) 14(3) 15(4) 302) -10(4)
() 58(5) 49(5) 30(4) 20(4) 23(3) 26(4)
C(6) 15(3) 25(3) 20(3) 6(2) 3(2) 1(2)
c() 15(3) 21(4) 20(3) -2(2) 42) 5(2)
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C(8) 24(3) 33(4) 20(3) 7(3) 1(2) 14(3)
C(9) 35(3) 17(3) 24(3) 6(2) -3(3) 9(3)
C(10) 25(3) 17(3) 28(3) 10(2) -3(2) -4(2)
C(11) 37(3) 22(3) 14(2) 7(2) 6(2) 11(3)
C(12) 19(3) 25(4) 23(3) 10(3) -5(2) 3(2)
C(13) 25(3) 15(3) 14(2) 2(2) -2(2) 5(2)
C(14) 21(3) 26(3) 15(2) 1(2) -2(2) -2(3)
Table 6.3.12. 23

Empirical Formula C14H10BrCuO4P,W,

Formula weight 815.29

Crystal size 0.190 x 0.030 x 0.010 mm

Crystal description rod

Crystal color red to orange

Crystal system monoclinic

Space group P21/n )

Unit cell dimensions a=14.8287(2) A a=90°

Volume

Z, Calculated density
Absorption coefficient
F(000)

Measurement device type
Measurement method
Temperature

Wavelength
Monochromator

6 range for data collection
Index ranges

Reflections collected / unique

Reflections greater 1>2\s(l)
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness of fit on F?

Final R indices [1>2sigma(l)]

R indices (all data)
Largest diff. peak and hole

b=8.0031(1) A
c=16.2056 33) A
1791.80(5)
4,3.022 Mg/m®
29.046 mm™
1472

Oxford Diffraction Gemini Ultra
omega-scan

123 K

154184 A

graphite

5.06 to 66.61°

-17<h<17, -9<k<09, -18<I<19
7496 / 3069 [R(int) = 0.0335]
2661

semi-empirical from equivalents
1.00000 and 0.24599
Full-matrix least-squares on F
3069/0/217

1.015

R1 =0.0346, wR2 = 0.0911

R1 =0.0406, wR2 = 0.0954
1.702 and -1.972 e. A

vy =90°

B =111.303(2)°

Table 6.3.12-a.. Atomic coordinates (x 10%) and equivalent isotropic displacement

parameters (Az x 10 for 23. Ueq is defined as one third of the trace of the orthogonalized U;

tensor.

Atom X y Z Ueq
W(1) 8604(1) 5099(1) 1649(1) 16(1)
W(2) 7472(1) 4783(1) -356(1) 16(1)
Br(1) 9021(1) 10072(1) -1181(1) 21(1)
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Cu(l) 9962(1) 8086(1) -25(1) 19(1)
P(10) 9133(1) 3749(2) 490(1) 17(1)
P(12) 9006(1) 6355(2) 428(1) 17(1)
0(6) 6606(4) 8345(7) -342(4) 41(2)
0(7) 8177(4) 5794(8) -1894(3) 37(2)
0(16) 8330(4) 1235(7) 1751(3) 35(2)
0(17) 6429(3) 5892(8) 1242(3) 35(2)
c(1) 5885(4) 3973(9) -720(4) 24(2)
C2) 6119(5) 3846(10)  -1483(4) 28(2)
c(3) 6854(5) 2621(9) -1320(5) 28(2)
C(4) 7055(5) 1945(9) -466(5) 30(2)
c(5) 6449(5) 2763(10)  -104(4) 30(2)
C(6) 6976(5) 7070(10)  -348(5) 28(2)
c(7) 7919(5) 5458(10)  -1318(4) 25(2)
C(11) 8826(5) 5668(10)  3100(4) 25(2)
C(12) 8787(5) 7233(9) 2679(4) 29(2)
C(13) 9590(6) 7339(11)  2430(4) 37(2)
C(14) 10141(5)  5847(13)  2679(5) 38(3)
C(15) 9656(6) 4803(10)  3090(5) 31(3)
C(16) 8411(5) 2660(9) 1685(4) 23(2)
C(17) 7215(5) 5578(9) 1316(4) 23(2)

Table 6.3.12-b. Anisotropic displacement parameters (AZ x 10%) for 23. The anisotropic
displacement factor exponent takes the form: -2n’[h’a**Uy; + ... + 2hka*b*Uy, ]

Atom Un U, Uss Uas Uiz Up
W) 13(D) 21(1) T1(D) o) 200) )
W(2) 13(1) 20(1) 11(1) 0(1) 1(1) -2(1)
Br(1) 20(1) 22(1) 15(1) -1(1) 1(1) o)
cu(1) 16(1) 21(1) 19(1) 0(1) A1) -1(1)
P(10) 15(1) 20(1) 15(1) 1(1) 5(1) 1(1)
P(12) 15(1) 19(1) 14(1) -1(1) 3(1) :3(1)
0(6) 38(3) 22(3) 48(3) 1(3) 203) 4(2)
o(7) 36(3) 56(4) 18(2) 3(3) 92) -14(3)
0(16) 42(3) 30(3) 36(3) 6(2) 17(2) 5(2)
0(17) 23(3) 56(4) 25(3) 103) 8(2) 5(3)
c() 14(3) 28(4) 23(3) -10(3) 2(3) -13(3)
c) 21(3) 28(4) 22(3) 1(3) 6(3) 5(3)
cd) 21(3) 32(4) 25(3) 113 3Q) -10(3)
C(4) 22(3) 19(4) 37(4) 4(3) 5(3) 5(3)
C(5) 26(4) 41(5) 18(3) 3(3) 3(3) 11(3)
C(6) 20(3) 30(4) 25(4) 12(3) -4(3) 303)
() 16(3) 35(4) 15(3) 3(3) 5(3) 6(3)
c(11) 20(3) 41(5) 15(3) 9(3) 7(3) 2(3)
C(12) 34(4) 20(4) 21(3) 6(3) 8(3) 5(3)
C(13) 45(4) 44(5) 13(3) 11(3) 1(3) -28(4)
C(14) 16(3) 75(7) 18(3) -16(4) 103) 1(4)
C(15) 27(4) 40(5) 17(4) 303) 4(3) 13(3)
C(16) 23(3) 20(4) 16(3) 3(3) 5(3) 4(3)
c(17) 19(4) 32(4) 16(3) 0(3) 5(3) 5(3)
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Table 6.3.13. 24 « (C2H3N)

Empirical Formula C14H10CulO4P,W,(CoH3N)
Formula weight 903.34

Crystal size 0.16 x 0.03 x 0.03 mm
Crystal description rod

Crystal color orangish red

Crystal system triclinic

Space group P-1

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

Measurement device type
Measurement method
Temperature

Wavelength
Monochromator

6 range for data collection
Index ranges

Reflections collected / unique

Reflections greater 1>2\s(l)
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness of fit on F?

Final R indices [I1>2sigma(l)]

R indices (all data)
Largest diff. peak and hole

a=8.0130(2) A
b=11.4298(4) A
c=11.6073(4) A
1027.11(6) A®
2,2.921 Mg/m?®
34.926 mm™*

816

Oxford Diffraction Gemini Ultra
omega-scan

123K

1.54184 A

graphite

3.85t0 66.66°

-9<h<8, -13<k<13, -13<1<13
12960 / 3519 [R(int) = 0.0343]
3177

semi-empirical from equivalents
1.00000 and 0.18509
Full-matrix least-squares on F
3519/01/ 245

1.073

R1=0.0269, wR2 = 0.0693
R1=0.0313, wR2 =0.0713
1.347 and -1.400 e. A

a = 83.920(3)°
B = 82.848(3)°
vy =77.694(3)°

Table 6.3.13-a. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters
(AZ x 10°) for 24. U, is defined as one third of the trace of the orthogonalized U;; tensor.

Atom X y Z Ueq

W(1) 4174(1) 3227(1) 3515(1) 13(1)
W(2) 5740(1) 1333(1) 1854(1) 13(1)
1(1) 10420(1) -1357(1) 3845(1) 21(2)
Cu(1) 7981(1) 38(1) 5161(1) 17(1)
P(1) 3558(2) 1197(2) 3650(1) 16(1)
P(2) 6103(2) 1183(1) 3930(1) 16(1)
0(1) 7862(6) 3735(4) 3515(4) 29(2)
0(2) 3777(8) 3178(5) 6229(4) 39(2)
0(8) 2238(6) 1886(4) 769(4) 25(1)
0(9) 5429(7) -1363(4) 1927(4) 31(2)
C(1) 6515(8) 3510(5) 3522(5) 20(2)
C(2) 3967(9) 3138(6) 5249(5) 23(2)
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C(3) 3615(9) 5170(5) 2594(6) 23(2)
C(4) 2644(8) 5181(5) 3695(6) 22(2)
c(5) 1449(8) 4407(6) 3713(6) 23(2)
C(6) 1664(9) 3948(6) 2612(6) 24(2)
c(7) 2989(8) 4415(6) 1916(5) 22(2)
C(8) 3495(8) 1701(5) 1203(5) 17(2)
C(9) 5533(8) -385(6) 1953(5) 21(2)
C(10) 6791(8) 2256(6) 129(5) 23(2)
C(11) 7393(8) 996(6) 110(5) 21(2)
C(12) 8468(9) 625(7) 1020(6) 28(2)
C(13) 8547(8) 1656(7) 1575(6) 26(2)
C(14) 7521(8) 2667(6) 1012(5) 25(2)
N(1) 2814(10)  4338(6) 9038(5) 39(2)
C(15) 1863(10)  3839(6) 8765(5) 28(2)
C(16) 673(9) 3175(6) 8414(6) 32(2)

Table 6.3.13-b. Anisotropic displacement parameters (/&2 x 10%) for 24. The anisotropic
displacement factor exponent takes the form: -2rn’[h’a**Uy; + ... + 2hka*b*U12].

Atom Un U, Uss Uas Uiz Up
W) 16(1) T1(D) 2(D) (D) ETO) 2(D)
W) 15(1) 11(1) 12(1) 2(1) 1(1) -1(1)
I(1) 21(1) 18(1) 24(1) 10(1)  -5(1) (1)
cu(l) 19(1) 15(1) 17(1) 0(1) -4(1) 4(1)
P(1) 20(1) 14(1) 14(1) -1(1) o(1) 4(1)
P(2) 19(1) 13(1) 15(1) 1(1) 2(1) 2(1)
o() 21(2) 36(3) 33(3) 8(2) 5(2) 12(2)
0(2) 59(4) 39(3) 16(2) 3(2) 1(2) 8(3)
o) 21(2) 26(2) 28(2) 12) 5(2) 5(2)
0(9) 51(3) 14(2) 29(2) 1(2) 5(2) 7(2)
c(D) 26(4) 20(3) 12(3) 5(2) 0(2) 2(3)
c) 28(3) 20(3) 18(3) 1(2) 103) 2(3)
C@3) 20(4) 10(3) 20(3) 5(2) -12(3) 1(3)
C(4) 25(3) 10(3) 29(3) 6(2) 8(3) 3(2)
C(5) 22(3) 21(3) 23(3) 6(2) 1(3) 6(3)
C(6) 24(3) 18(3) 30(3) 9(3) -14(3) 6(3)
c(7) 23(3) 20(3) 19(3) 102) 6(3) 3(3)
c(®) 21(3) 12(3) 17(3) 6(2) 1(3) 4(2)
C(9) 26(3) 18(3) 18(3) 102) 3(3) 2(3)
C(10) 24(3) 29(3) 13(3) 5(2) 3(2) 5(3)
C(11) 21(3) 26(3) 17(3) 8(2) 4(3) 5(3)
C(12) 24(3) 34(4) 21(3) 8(3) 7(3) 1(3)
C(13) 12(3) 39(4) 25(3) 9(3) 4(3) 4(3)
C(14) 28(4) 25(3) 21(3) 8(3) 12(3) -10(3)
N(1) 66(5) 36(3) 23(3) 1(3) 8(3) 27(3)
C(15) 51(5) 15(3) 17(3) 1(2) 5(3) 4(3)
C(16) 32(4) 28(4) 32(4) -1(3) 11(3) 3(3)
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Table 6.3.14. 25

Empirical Formula Ca2H2604P2 W

Formula weight 784.05 g/mole

Crystal size 0.090 x 0.040 x 0.010 mm

Crystal description rod

Crystal color yellow

Crystal system monoclinic

Space group C2c )

Unit cell dimensions a=30.630(5) A a=90°
b=7.159(5) A B = 118.604(5)°
c=24.780(5) A v =90°

Volume 4771(4) A3

Z, Calculated density 8, 2.183 Mg/m’®

Absorption coefficient 9.796 mm™

F(000) 2944

Measurement device type Goniometer Xcalibur

Measurement method omega scans

Temperature 123K

Wavelength 0.71073 A

Monochromator graphite

6 range for data collection 1.51 to 25.00°

Index ranges

Reflections collected / unique

Reflections greater 1>2\s(l)
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness of fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)
Largest diff. peak and hole

-26<h<36, -7<k<8, -29<I<25
7342 /4088 [R(int) = 0.0259]
3533

semi-empirical from equivalent
1.00000 and 0.31695
Full-matrix least-squares on F
4088/0/271

1.017

R1=0.0282, wR2 = 0.0785
R1=0.0335, wR2 = 0.0810
1.355and -1.673 e.A™

Table 6.3.14-a. Atomic coordinates (X 10% and equivalent isotropic displacement parameters
(A% x 10%) for 25. Uy is defined as one third of the trace of the orthogonalized U;; tensor.

Atom X y V4 Ueq

W(1) 1283(1) 564(1) 5493(1) 18(1)
W(2) 2401(1) 707(1) 6238(1) 17(1)
P(1) 1822(1) 3023(2) 6286(1) 15(1)
P(2) 1819(1) 3049(2) 5437(1) 14(1)
0(1) 539(2) 3495(6) 5527(2) 35(1)
0(2) 1332(2) -959(6) 6707(2) 23(1)
03 3124(2) 3815(6) 6257(2) 26(1)
0o4) 2399(2) -494(6) 5019(2) 23(1)
C(1) 724(2) 8(9) 4463(2) 18(2)
C(2) 615(2) -1204(9) 4836(3) 21(2)
C(3) 1024(2) -2451(8) 5149(3) 27(2)
C(4) 1386(2) -2016(8) 4968(2) 19(2)
C(5) 1203(2) -485(8) 4551(3) 19(2)
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C(6) 357(2) 1301(9) 3947(3) 26(2)
c(7) 598(2) 3086(10)  3918(3) 41(2)
C(8) 198(4) 206(14) 3341(3) 63(3)
C(9) -102(3) 1661(15)  4022(4) 58(3)
C(10) 814(2) 2447(8) 5511(3) 24(2)
C(11) 1325(2) -338(8) 6272(2) 16(2)
C(12) 3119(2) -909(7) 6926(2) 14(2)
C(13) 2946(2) 214(8) 7265(2) 14(1)
C(14) 2477(2) -469(8) 7158(3) 17(2)
C(15) 2351(2) -1993(7) 6746(2) 14(1)
C(16) 2735(2) -2242(7) 6597(2) 17(2)
C(17) 3638(2) -977(7) 7006(2) 16(2)
C(18) 3894(2) -2689(9) 7420(3) 32(2)
C(19) 3942(2) 750(8) 7319(3) 26(2)
C(20) 3631(2) -1275(9) 6388(3) 24(2)
c(21) 2846(2) 2711(7) 6246(2) 15(2)
C(22) 2385(2) -42(8) 5456(2) 15(2)

Table 6.3.14-b. Anisotropic displacement parameters (/&2 x 10%) for 25. The anisotropic
displacement factor exponent takes the form: -2rn’[h’a**Uy; + ... + 2hka*b*U12].

Atom Un U, Uss Uas Uiz Up
W) 19(D) 19(D) 16(1) ) 8(1) (D)
W) 19(1) 15(1) 15(1) 0(1) 8(1) -1(1)
P(1) 16(1) 11(1) 17(1) 5(1) 6(1) 0()
P(2) 13(1) 10(1) 16(1) 4(1) 5(1) -1(1)
o() 23(2) 24(2) 63(3) 102) 25(2) 42)
0(2) 21(2) 33(2) 17(2) 6(2) 11(2) 102)
0@3) 21(2) 20(2) 33(2) 4(2) 11(2) 5(2)
0(4) 29(2) 29(2) 15(2) 1(2) 15(2) 2(2)
c(L) 15(3) 29(3) 5(2) 12) 12) -10(2)
c) 17(3) 28(3) 17(3) 1(2) 7(2) -13(2)
C@3) 44(4) 16(3) 17(3) 2(2) 11(3) 8(3)
C(4) 23(3) 17(3) 10(3) 8(2) 3(2) 5(2)
C(5) 23(3) 20(3) 14(3) 8(2) 8(3) -10(2)
C(6) 16(3) 41(4) 21(3) 3(3) 8(2) 5(3)
c(7) 27(3) 40(4) 40(4) 22(3) 4(3) 2(3)
c(®) 72(6) 71(6) 8(3) 1(4) -12(4) 0(5)
C(9) 21(3) 108(8)  48(5) 39(5) 18(3) 17(4)
C(10) 22(3) 22(3) 27(3) 1(2) 11(3) 6(3)
C(11) 14(3) 18(3) 14(3) 1(2) 5(2) 3(2)
C(12) 21(3) 13(3) 72) 7(2) 5(2) 6(2)
C(13) 17(3) 13(2) 8(2) 32) 2(2) 2(2)
C(14) 19(3) 21(3) 11(3) 8(2) 7(2) 5(2)
C(15) 15(2) 12(2) 14(3) 8(2) 6(2) 2(2)
C(16) 23(3) 9(2) 14(3) 1(2) 6(2) 102)
Cc(17) 16(3) 16(3) 16(3) 12) 9(2) 1(2)
C(18) 21(3) 34(4) 39(4) 16(3) 12(3) 14(3)
C(19) 13(3) 32(4) 25(3) 7(3) 3(3) 4(2)
C(20) 21(3) 32(3) 27(3) 8(3) 18(3) 2(3)
c21) 19(3) 10(3) 15(3) 102) 8(2) 3(2)
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C(22) 15(3) 11(3) 11(3) 3(2) 1(2) -2(2)
Table 6.3.15. 26

Empirical Formula Ca2H26BrCuO4P,W,

Formula weight 927.50 g/mole

Crystal size 0.2869 x 0.0303 x 0.0120 mm

Crystal description flat rod

Crystal color redish orange

Crystal system monoclinic

Space group C2/c

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

Measurement device type
Measurement method
Temperature

Wavelength
Monochromator

6 range for data collection
Index ranges

Reflections collected / unique
Reflections greater 1>2\s(l)
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness of fit on F?

Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

a=27.4649(8) A a=90°
b=7.8948(2) A

c= 24.9063(39) A
5224.9(3) A

8, 2.358 Mg/m*
20.033 mm™

3456

Goniometer Xcalibur
omega scans

123K

1.54184 A

graphite
3.331t066.73°
-21<h<32, -9<k<8, -29<1<28
9051 / 4505 [R(int) = 0.0282]
3958

analytical

0.800 and 0.162

Full-matrix least-squares on F
4505/0/ 295

1.049

R1=0.0301, wR2 =0.0774
R1=0.0347, wR2 = 0.0798
2.134 and -0.886 e.A™

vy =90°

B = 104.649(4)°

Table 6.3.15-a. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters

(A% x 10°) for 26. U, is defined as one third of the trace of the orthogonalized U;; tensor.

Atom X y Z Ueq

W(1) 3317(1) 3259(1) -1106(1) 20(2)
W(2) 3823(1) 2366(1) 110(2) 18(1)
Br(1) 1971(1) -2721(1) -671(1) 23(1)
Cu(1) 2504(1) -554(1) -101(2) 22(1)
P(1) 2994(1) 1307(2) -455(1) 20(2)
P(2) 3012(1) 3905(2) -276(1) 21(1)
0(1) 4421(2) 4613(6) -786(2) 35(2)
0(2) 3590(2) -443(5) -1370(2) 34(1)
0@ 4176(2) 6108(6) 384(2) 42(1)
0o4) 3315(2) 2476(6) 1102(2) 34(2)
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c(1) 4020(2) 4027(8) -859(2) 25(2)
c2) 3507(2) 924(8) -1253(3) 29(2)
C(3) 3225(2) 4107(8) -2022(2) 24(2)
C(4) 2777(2) 3255(9) -1982(2) 29(2)
C(5) 2548(2) 4249(11)  -1631(3) 44(2)
C(6) 2843(3) 5679(9) -1468(3) 39(2)
c(7) 3263(2) 5616(7) -1700(2) 27(2)
C(8) 3531(2) 3748(8) -2437(3) 32(2)
C(9) 3507(3) 1868(10)  -2605(4) 51(3)
C(10) 4082(3) 4236(14)  -2218(4) 64(3)
C(11) 3291(4) 4784(11)  -2956(3) 57(3)
C(12) 4019(2) 4782(7) 272(3) 28(2)
C(13) 3495(2) 2452(7) 735(3) 26(2)
C(14) 4516(2) 1286(7) 760(2) 21(2)
C(15) 4689(2) 1936(8) 305(3) 24(2)
C(16) 4468(2) 967(7) -175(3) 24(2)
C(17) 4154(2) -280(7) -38(2) 25(2)
C(18) 4181(2) -92(7) 540(3) 24(2)
C(19) 4736(2) 1682(9) 1376(3) 31(2)
C(20) 4709(2) 3554(10)  1514(3) 39(2)
C(21) 4467(3) 634(10) 1736(3) 42(2)
C(22) 5291(2) 1117(10)  1505(3) 39(2)

Table 6.3.15-b. Anisotropic displacement parameters (Az x 10°) for 26. The anisotropic
displacement factor exponent takes the form: -2x’[h’a**Uy; + ... + 2hka*b*Uy,].

Atom Un Uz, Uss Uz Uz Up
WD) 21(1) 16(1) 25(1) 2(0) 11(0) 2(0)
W) 19(1) 13(1) 25(1) 0(L) 9(1) 1(0)
Br(1) 23(1) 18(1) 28(1) 0(1) 6(1) 0(1)
cu(D) 22(1) 15(1) 30(1) 0(L) 11(1) 1(0)
P(1) 22(1) 16(1) 27(1) 0(1) 11(1) -1(1)
P(2) 21(1) 17(1) 28(1) 2(1) 12(1) 3(1)
o(1) 30(2) 38(3) 39(3) 42) 13(2) 11(2)
o) 46(2) 22(2) 38(3) 5(2) 17(2) 42)
0(3) 43(2) 15(2) 67(3) 7(2) 14(2) 6(2)
0(4) 31(2) 43(3) 34(3) 4(2) 18(2) 2(2)
c() 27(3) 23(3) 28(3) 402) 13(2) 1(2)
c) 32(3) 25(4) 31(3) 8(3) 12(2) 1(2)
c@) 27(3) 23(3) 23(3) 3(2) 8(2) 102)
C(4) 26(3) 39(4) 20(3) 123) 3(2) 2(2)
Cc(5) 26(3) 63(5) 47(4) 24(4) 16(3) 16(3)
C(6) 50(4) 37(4) 33(4) 17(3) 19(3) 27(3)
c() 43(3) 18(3) 22(3) 92) 10(2) 4(3)
c@®) 37(3) 30(3) 33(3) -6(3) 18(3) 6(3)
c(9) 78(5) 35(4) 47(5) -8(4) 30(4) A(4)
C(10) 52(4) 99(8) 53(5) -34(5) 33(4) -33(5)
c(11) 106(7) 43(5) 32(4) 10(3) 35(4) 28(5)
C(12) 31(3) 17(3) 41(4) 8(3) 17(3) 6(2)
c(13) 26(3) 19(3) 37(4) 5(2) 13(3) 1(2)
C(14) 18(2) 15(3) 30(3) 2(2) 42) 7(2)
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C(15) 19(2) 21(3) 35(3) 1(2) 11(2) 5(2)
C(16) 21(2) 23(3) 30(3) -5(2) 8(2) 9(2)
C(17) 31(3) 14(3) 28(3) -1(2) 5(2) 8(2)
C(18) 24(3) 13(3) 34(3) 5(2) 4(2) 5(2)
C(19) 23(3) 39(4) 33(3) 1(3) 12(2) -1(2)
C(20) 29(3) 53(5) 34(4) -12(3) 7(3) -6(3)
C(21) 41(3) 54(5) 29(3) 3(3) 7(3) -3(3)
C(22) 34(3) 55(5) 27(3) -2(3) 6(3) 1(3)
Table 6.3.16. 28

Empirical Formula C;/H50,PsW

Formula weight 397.86

Crystal size

Crystal description
Crystal color
Crystal system
Space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

Measurement device type
Measurement method
Temperature

Wavelength
Monochromator

6 range for data collection
Index ranges

Reflections collected / unique
Reflections greater 1>2\s(l)
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness of fit on F?

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

0.1130 x 0.0830 x 0.0389 mm
parallelepiped

pale yellow

triclinic

P1 ,
a=7.7617(12) A

b = 8.2360(12) A
c=8.6287(8) A
497.54(13) A®

2, 2.656 Mg/m*
25.799 mm™

364

Goniometer Xcalibur
omega scans

123K

1.54184 A

graphite

5.13 t0 66.26°
-9<h<9, -9<k<9, -7<I<9

2742 /1661 [R(int) = 0.0217]
1589

Analytical

0.460 and 0.191

Full-matrix least-squares on F?
1661/0/118

1.061

R1=0.0237, wR2 = 0.0616
R1=0.0250, wR2 = 0.0623
0.889 and -1.090 e.A®

a=92.327(9)°
B=90.579(10)°
y = 115.421(14)°

Table 6.3.16-a. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(A% x 10%) for 28. U, Is defined as one third of the trace of the orthogonalized U;; tensor.

Atom X y Z Ueq

W(1) 2748(1) 2764(1) 2304(1) 15(1)
P(1) 1211(2) -518(2) 2914(2) 25(1)
P(2) 3012(2) 1290(2) 4749(2) 26(1)
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P(3) 4268(2) 590(2) 2777(2) 28(1)
o(1) 7166(5) 5224(5) 2558(5) 31(1)
0(2) 3313(6) 1562(6) -1085(5) 33(1)
c(1) 5551(7) 4316(7) 2474(6) 19(2)
c2) 3129(7) 1977(7) 154(6) 24(2)
c(3) 2343(8) 5279(7) 3086(7) 27(2)
C(4) 2075(8) 5029(7) 1446(7) 26(2)
c(5) 417(8) 3380(8) 1140(6) 26(2)
C(6) -310(8) 2654(8) 2574(7) 28(2)
c(7) 880(8) 3826(8) 3765(6) 26(2)

Table 6.3.16-b. Anisotropic displacement parameters (f&z x 10%) for 28. The anisotropic
displacement factor exponent takes the form: -2x’[h’a**Uy; + ... + 2hka*b*U,].

Atom U1 U, Uss Uz Uz Up
W(1) 15(1) 16(1) 18(1) 4(1) 2(1) 8(1)
P(1) 22(1) 19(1) 33(1) 5(1) 2(1) 7(2)
P(2) 30(1) 29(1) 21(1) 8(1) 1(1) 15(1)
P(3) 25(1) 26(1) 41(1) 11(1) 8(1) 17(1)
0(1) 19(2) 29(2) 39(2) 2(2) 0(2) 6(2)
0(2) 42(2) 40(2) 22(2) -3(2) 4(2) 22(2)
C(1) 18(3) 16(2) 20(3) 6(2) 1(2) 4(2)
C(2) 16(3) 26(3) 28(3) 2(2) 0(2) 8(2)
C@3) 26(3) 20(3) 40(3) 0(2) -1(2) 14(2)
C4) 32(3) 26(3) 32(3) 11(2) 6(2) 22(3)
C(5) 31(3) 36(3) 23(3) 4(2) 1(2) 25(3)
C(6) 18(3) 27(3) 43(3) 2(2) 2(2) 15(2)
C(7) 33(3) 32(3) 24(3) -2(2) 2(2) 25(3)
Table 6.3.17. 29 « (CF303S)

Empirical Formula C21H1sAgMo0306Py(CF303S)

Formula weight 1186.83 g/mole

Crystal size 0.238 x 0.048 x 0.032 mm

Crystal description hexagonal column

Crystal color yellow

Crystal system hexagonal

Space group P63 )

Unit cell dimensions a=13.9763(5) A o =90°

b=13.9763(5) A  p=90°
c=10.30404) A  y=120°

Volume 1743.09(11) A3

Z, Calculated density 2, 2.250 Mg/m?®

Absorption coefficient 18.052 mm™

F(000) 1140

Measurement device type Oxford Diffraction Gemini Ultra
Measurement method omega-scan

Temperature 150(1) K

Wavelength 1.5418 A

Monochromator graphite
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6 range for data collection
Index ranges

Reflections collected / unique
Reflections greater 1>2\s(l)
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness of fit on F?

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

Results and Discussion

3.65 to 63.09°
-15<h<16,-16<k<16,-11<1<11
32904 / 1877 [R(int) = 0.0451]
1739

semi-empirical from equivalents
1.35942 and 0.32986
Full-matrix least-squares on F
1877 /11145

1.023

R1=0.0196, wR2 = 0.0469
R1=0.0410, wR2 = 0.0803
0.991 and -0.314 e. A

Table 6.3.17-a. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters

(A% x 10%) for 29. Uy is defined as one third of the trace of the orthogonalized Uj; tensor.

Atom X y V4 Ueq

Ag(1) 0 0 7191(1) 35(1)
Mo(1) 3399(1) 554(1) 4733(2) 22(1)
P(1) 1405(1) -200(2) 5421(1) 31(2)
P(2) 1713(1) 65(1) 3395(1) 34(1)
P(3) 1704(1) -1323(1) 4319(1) 35(1)
0(@) 3337(3) -318(3) 7570(3) 52(1)
0(2) 3508(3) 2718(2) 5772(3) 42(1)
C(2) 5283(3) 1419(3) 4711(6) 37(2)
C(2) 4960(3) 1829(3) 3640(5) 38(1)
C(3) 4361(3) 958(3) 2756(4) 33(2)
C(4) 4304(3) -17(3) 3286(5) 35(1)
C(5) 4873(3) 280(3) 4494(4) 32(1)
C(6) 3366(3) 20(4) 6552(5) 36(2)
C(7) 3426(3) 1900(3) 5428(4) 31(2)
S(2) 3333 6667 2922(2) 39(1)
F(1) 2334(3) 6156(4) 5161(3) 95(2)
0(3) 2733(4) 5531(3) 2574(4) 79(2)
C(8) 3333 6667 4693(11) 46(2)

Table 6.3.17-b. Anisotropic displacement parameters (2\2 x 10°) for 29. The anisotropic

displacement factor exponent takes the form: -2n’[h’a**Uy; + ... + 2hka*b*U;.].

Atom Uy Uz, Uss Uzs Uz U,

Ag(D) 33() 33() 37(0) 0 0 17(0)
Mo(1) 20(1) 24(1) 23(1) -3(1) 0(1) 11(1)
P(L) 25(1) 39(1) 20(1) o) 4(1) 18(1)
P(2) 27(1) 43(1) 28(1) 0(1) -5(1) 16(1)
P@) 27(1) 27(1) 47(1) 4(1) 1() 10(1)
o(1) 53(2) 75(3) 36(2) 14(2) -2(2) 39(2)
o) 45(2) 31(2) 45(2) 8(1) 5(2) 16(2)
c() 17(2) 44(2) 41(2) -16(3) 1(2) 9(2)

c2) 25(2) 32(2) 49(3) 1) 13(2) 8(2)

6 26(2) 38(2) 31(2) -4(2) 8(2) 12(2)
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C4) 29(2) 35(2) 40(3) -10(2) 8(2) 16(2)
C(5) 25(2) 43(2) 35(3) -4(2) -3(2) 22(2)
C(6) 29(2) 46(3) 37(3) -2(2) 1(2) 22(2)
C(7) 26(2) 29(2) 35(2) 2(2) 1(2) 12(2)
S(1) 34(1) 34(1) 51(1) 0 0 17(2)
F(1) 55(2) 129(3) 64(3) -30(2) 19(2) 19(2)
0(3) 112(3) 48(2) 62(3) -2(2) 39(2) 29(2)
C(8) 41(2) 41(2) 55(5) 0 0 21(2)
Table 6.3.18. 30 = 5(CzH3N)

Empirical Formula (C42H30A92012PsWe)2(CF303S)4, 5(C2H3N)
Formula weight 5264.18

Crystal size 0.130 x 0.080 x 0.050 mm

Crystal description parallelepiped

Crystal color red

Crystal system monoclinic

Space group C2/c

Unit cell dimensions a=34.1794(8) A a=90°

b=1543073)A  B=97.7452)°
c=27.0670(7) A  y=90°

Volume 14145.2(6) A®

Z, Calculated density 4, 2.433 Mg/m®

Absorption coefficient 24.341 mm™*

F(000) 9479

Measurement device type Oxford Diffraction Gemini Ultra
Measurement method omega-scan

Temperature 123K

Wavelength 1.54184 A

Monochromator graphite

6 range for data collection 2.61 t0 66.69°

Index ranges -40<h<40, -18<k<18, -31<I<29
Reflections collected / unique 24599 / 11435 [R(int) = 0.0368]
Reflections greater 1>2\s(l) 8441

Absorption correction semi-empirical from equivalents
Max. and min. transmission 1.00000 and 0.58087
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 11435/5/792

Goodness of fit on F? 1.057

Final R indices [I>2sigma(l)] R1=0.0488, wR2 =0.1174

R indices (all data) R1=0.0685, wR2 = 0.1250
Largest diff. peak and hole 3.003 and -1.578 e.A™

Table 6.3.18-a. Atomic coordinates (X 10%) and equivalent isotropic displacement
parameters (A” x 10°%) for 30. Uy is defined as one third of the trace of the orthogonalized U;;
tensor.

Atom X y z Ueq
W(1) -2636(1) 1755(1) -1477(1) 47(1)
W(2) -3165(1) 828(1) -832(1) 48(1)
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W(3)
W(4)
W(5)
W(6)
Ag(1)
Ag(2)
S(1)
P(1)
P(2)
P(3)
P(4)
P(5)
P(6)
F(1)
F2)
F(3)
0(1)
0(2)
0(3)
0(4)
0(5)
0(6)
o(7)
0(8)
0(9)
0(10)
O(11)
0(21)
0(22)
0(23)
O(46)
C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)

-1640(1)
-1541(1)
-466(1)
-310(1)
-1992(1)
-625(1)
-1146(1)
-2971(1)
-2494(1)
-1752(1)
-1167(1)
-549(1)
34(1)
-841(6)
-911(5)
-1377(5)
-2249(3)
-3398(3)
-2564(3)
-3056(4)
-1693(3)
-2551(4)
-757(3)
-1089(3)
-108(5)
305(4)
-1227(3)
-790(4)
-1378(6)
-1372(5)
-290(5)
-2626(5)
-2533(5)
-2174(4)
-2045(4)
-2331(4)
-2390(4)
-3127(4)
-3649(4)
-3614(5)
-3720(5)
-3820(4)
-3780(4)
-2776(4)
-3087(5)
-1132(6)
-1275(6)
-1688(6)
-1781(9)
-1440(10)
-1684(4)
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-1498(1)
-368(1)
-339(1)
-2107(1)
1483(1)
152(1)
1874(3)
2348(2)
1495(2)
102(2)
-331(2)
-729(3)
-757(3)
3383(9)
2589(9)
3177(11)
3588(7)
2620(6)
711(7)
645(10)
-904(8)
-1251(15)
-1346(8)
1382(6)
1447(9)
-592(15)
-2363(8)
1446(9)
2178(10)
1263(10)
-2477(14)
1056(11)
451(11)
676(10)
1456(10)
1681(12)
2923(11)
2304(7)
751(8)
-80(9)
4(10)
886(10)
1342(9)
-131(8)
723(11)
-2472(8)
-2640(9)
-2896(10)
-2890(12)
-2630(10)
-1120(10)

458(1)
1378(1)
-1411(1)
-915(1)
145(1)
198(1)
-357(2)
-764(1)
-585(1)
522(1)
634(1)
-556(1)
-700(1)
-477(5)
-1119(4)
-933(7)
-1273(5)
-2053(3)
-817(5)
325(5)
-660(4)
392(6)
1731(4)
1519(4)
-1034(6)
-1895(5)
-1047(5)
-267(5)
-60(8)
-745(5)
277(6)
-2218(5)
-1853(6)
-1568(6)
-1768(6)
-2184(6)
-1350(5)
-1838(4)
-1532(5)
-1300(5)
-824(6)
-764(6)
-1192(6)
-828(6)
-90(7)
703(6)
204(6)
197(9)
679(12)
991(8)
-247(6)
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49(1)
40(1)
58(1)
70(1)
46(1)
49(1)
69(1)
48(1)
53(1)
54(1)
44(1)
58(1)
60(1)
178(8)
148(7)
181(9)
84(5)
64(3)
88(5)
108(6)
85(5)
160(11)
83(4)
70(3)
121(7)
149(8)
93(5)
113(6)
180(10)
125(7)
95(6)
71(5)
71(6)
71(6)
67(5)
69(6)
62(5)
47(4)
56(4)
66(5)
69(5)
66(5)
62(5)
62(5)
76(6)
78(6)
78(6)
104(8)
135(15)
118(11)
63(5)



C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
C(51)
C(52)
0(52)
N(2)

C(63)
C(64)
N(3)

C(65)
C(66)
S(2)

F(4)

F(5)

F(6)

0(24)
0(25)
0(26)
C(38)
N(L)

C(61)
C(62)

-2227(5)
-1723(4)
-1997(3)
-2206(4)
-2070(5)
-1782(5)
-1044(4)
-1251(4)
-1153(4)
-1027(5)
-790(6)
777(7)
-1010(6)
-229(5)
24(5)
-898(5)
-1029(6)
-205(7)
152(7)
233(5)
-74(5)
-345(5)
-301(8)
-170(14)
181(15)
314(10)
45(8)
-254(9)
-302(13)
-271(9)
-3942(7)
-3420(7)
-3738(8)
-3686(16)
-3542(13)
-3420(7)
-1642(2)
-1093(5)
-940(5)
-953(5)
-1792(6)
-1617(4)
-1774(5)
-1137(8)
-2185(7)
-2086(8)
-2143(8)
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-1319(14)
-233(11)
267(9)
-313(11)
-1140(11)
-1096(11)
-993(8)
743(9)
-327(13)
-957(13)
-510(20)
360(20)
474(16)
790(13)
-521(16)
-2254(11)
2809(12)
-3538(17)
-3147(16)
-2604(14)
-2660(13)
-3237(14)
-2320(20)
-3590(30)
-3190(30)
-2680(20)
-2771(19)
-3330(20)
-2080(30)
-2137(19)
-533(17)
-307(17)
-440(20)
-1360(40)
-970(30)
-307(17)
3708(3)
2540(8)
3589(13)
3780(9)
3393(13)
4651(8)
3300(8)
3393(13)
-2592(15)
-1716(16)
-2192(17)

414(7)
2157(5)
1817(5)
1496(6)
1618(6)
2012(6)
1589(5)
1467(5)
-1580(6)
-1905(6)
-2211(6)
-2093(8)
-1695(7)
-1175(7)
-1701(6)
-998(7)
-720(8)
-952(9)
-803(8)
-1178(8)
-1560(7)
-1421(8)
-134(9)
-971(17)
-1054(16)
-638(13)
-297(12)
-503(14)
-1749(12)
-2161(10)
467(9)
1301(8)
836(10)
1991(19)
1700(14)
1301(8)
-2533(2)
-2332(5)
-2779(6)
-2002(5)
-2106(6)
-2567(5)
-2998(5)
-2432(7)
-1136(8)
-1886(9)
-1484(10)

90(8)
67(5)
55(4)
67(5)
72(6)
76(6)
51(4)
55(5)
74(6)
82(6)
117(11)
121(12)
101(9)
80(6)
101(8)
83(6)
87(7)
93(8)
98(12)
88(6)
88(6)
88(6)
95(6)
93(8)
98(12)
55(8)
55(8)
55(8)
63(8)
63(8)
99(8)
129(9)
92(9)
130(20)
72(12)
129(9)
90(2)
153(7)
164(9)
148(6)
164(9)
99(5)
113(6)
108(9)
61(6)
52(6)
61(7)

Table 6.3.18-b. Anisotropic displacement parameters (A% x 10%) for 30. The anisotropic
displacement factor exponent takes the form: -2x°[h’a*?Uy + ... + 2hka*b*U;.]
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Atom Uy U, Us3 Uzs Uiz U,
WD) 38(1) 57(1) 48(1) D) 13(D) 15(1)
W(2) 47(1) 44(1) 55(1) 2(1) 18(1) 11(1)
W(3) 42(1) 47(1) 58(1) -2(1) 4(1) 7(1)
W(4) 33(1) 43(1) 45(1) 7(1) 11(1) 2(1)
W(5) 49(1) 83(1) 45(1) 0(1) 19(1) 12(1)
W(6) 36(1) 66(1) 1041)  -3(1) 2(1) o(1)
Ag(1) 46(1) 47(1) 45(1) 4(1) 12(1) 15(1)
Ag(2) 36(1) 55(1) 58(1) 6(1) 17(1) 6(1)
S(1) 44(2) 81(2) 84(3) 36(2) 21(2) 18(2)
P(1) 46(2) 51(2) 49(2) 2(1) 15(1) 10(1)
P(2) 49(2) 57(2) 53(2) 8(2) 42) 15(2)
P(3) 57(2) 58(2) 51(2) 102) 15(2) 23(2)
P(4) 44(2) 40(1) 51(2) (1) 17(1) 3(1)
P(5) 44(2) 84(2) 48(2) 3(2) 13(2) 5(2)
P(6) 41(2) 76(2) 66(2) 1(2) 13(2) 4(2)
F(1) 320(20)  117(10)  94(9) 13(7) 15(11) [114(13)
F2) 255(18)  124(10)  78(7) 35(7) 73(10) 23(11)
F@3) 169(14)  154(13)  213(17)  85(13) 4(12) 66(12)
o(1) 55(6) 69(7) 126(10)  9(6) 7(6) -11(5)
o) 56(5) 68(6) 67(6) 4(5) 7(5) 24(5)
0(3) 64(6) 56(6) 148(11)  7(6) 28(7) 24(5)
0(4) 129(12)  132(12)  64(8) 21(7) 18(7) -10(9)
o(5) 86(8) 108(9) 62(7) -1(6) 10(6) 40(7)
o(6) 44(7) 30030)  135(13)  -94(14)  8(7) -38(11)
o(7) 76(7) 106(9) 64(6) 4(6) -2(5) 33(7)
0(8) 73(6) 48(5) 93(7) -18(5) 30(6) -14(5)
0(9) 143(13)  64(8) 159(14)  -2(8) 34(11) 6(8)
0(10) 73(8) 300(20)  85(9) 50(12)  53(8) -18(11)
o(11) 41(6) 102(9) 132(10)  5(8) -4(6) -1(6)
0(21) 138(11)  99(9) 120(10)  54(8) 80(9) 62(9)
0(22) 215(19)  97(10) 280(20)  19(12) 221(19)  22(11)
0(23) 154(14)  110(11)  103(10)  -18(8) -9(9) -26(10)
0(46) 72(9) 136(14)  74(9) 25(10) 4(9) -6(9)
c(1) 67(9) 94(11)  52(8) -21(8) 6(7) 35(9)
c) 75(10) 72(9) 71(10) -9(8) 25(8) 10(8)
c@d) 60(9) 78(10)  75(10)  -16(8) 13(8) 42(8)
c() 41(7) 77(10) 85(10) 2(8) 19(7) 14(7)
c(5) 50(8) 101(12)  62(9) 2(8) 32(7) 11(8)
C(6) 46(7) 85(11) 57(8) 1(7) 20(6) 5(7)
c(?) 48(7) 40(6) 52(7) 4(5) 8(6) 12(5)
6 47(7) 50(7) 69(8) -1(6) -4(6) -3(6)
C(9) 79(10)  52(7) 66(9) 1(7) 9(8) 9(7)
C(10) 72(10) 62(8) 76(10) -9(7) 21(8) -12(8)
c(11) 47(8) 71(9) 87(11)  -20(8) 30(7) 3(7)
c(12) 48(7) 53(7) 88(11) -8(7) 20(7) 0(6)
C(13) 49(7) 44(7) 04(11)  7(7) 13(7) 16(6)
C(14) 69(10) 89(11) 72(11) 20(9) 18(9) -4(9)
C(15) 119(14)  32(6) 75(10)  -8(7) 11(10)  34(8)
C(16) 111(14)  51(8) 68(10) 7(7) -3(9) 28(9)
c(17) 86(13)  52(9) 17020)  -60(11)  6(13) -17(9)
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C(18) 180(30) 53(11) 190(30) -31(14) 90(20) -30(13)
C(19) 240(30) 34(8) 89(13) 10(8) 60(18) 0(13)
C(20) 48(7) 82(10) 59(9) 11(7) 7(7) 9(7)
C(21) 46(9) 142(17) 85(12) -39(11) 22(8) -27(10)
C(22) 61(9) 93(11) 50(8) 10(7) 15(7) -7(8)
C(23) 40(7) 62(8) 68(8) 4(7) 29(6) 10(6)
C(24) 33(6) 100(12) 71(9) 3(8) 22(6) -3(7)
C(25) 74(10) 74(10) 81(11) -13(8) 53(9) -16(8)
C(26) 84(11) 74(10) 78(11) 38(9) 41(10) 1(9)
C(27) 44(7) 55(7) 55(8) -3(6) 13(6) 18(6)
C(28) 55(8) 57(8) 59(8) -16(6) 29(6) 2(7)
C(29) 41(7) 124(15) 60(9) 12(9) 16(7) 29(9)
C(30) 62(9) 121(14) 59(9) -21(9) -8(8) 32(10)
C(31) 61(11) 260(30) 34(9) -4(14) 21(8) 0(17)
C(32) 95(16) 190(30) 74(14) 66(16) -6(12) -38(18)
C(33) 86(13) 131(18) 81(13) 20(12) -8(11) 56(13)
C(34) 74(11) 80(11) 86(11) 12(9) 6(9) 18(9)
C(35) 58(10) 190(20) 61(10) -21(12) 30(9) -6(12)
C(36) 53(9) 74(10) 120(14) 3(10) 5(9) -9(8)
C(37) 91(12) 88(12) 94(13) 40(10) 57(11) 60(11)
C(41) 48(10) 70(11) 160(20) -9(12) 14(11) 14(9)
C(42) 72(14) 76(13) 150(30) 10(20) 30(20) 27(12)
C(43) 60(8) 97(11) 111(12) -42(10) 23(8) 15(8)
C(44) 60(8) 97(11) 111(12) -42(10) 23(8) 15(8)
C(45) 60(8) 97(11) 111(12) -42(10) 23(8) 15(8)
C(46) 72(9) 136(14) 74(9) 25(10) 4(9) -6(9)
C(47) 48(10) 70(11) 160(20) -9(12) 14(11) 14(9)
C(48) 72(14) 76(13) 150(30) 10(20) 30(20) 27(12)
C(49) 44(12) 44(12) 77(17) -2(11) 9(11) 6(10)
C(50) 44(12) 44(12) 77(17) -2(11) 9(11) 6(10)
C(51) 44(12) 44(12) 77(17) -2(11) 9(11) 6(10)
C(52) 64(15) 71(15) 53(13) -18(13) 1(13) 21(12)
0(52) 64(15) 71(15) 53(13) -18(13) 1(13) 21(12)
S(2) 132(4) 79(3) 59(2) 10(2) 15(2) -28(3)
F(4) 226(16) 90(8) 126(10) 2(7) -43(10) 25(10)
F(5) 148(13) 230(19) 115(11) 31(12) 17(9) 43(12)
F(6) 177(13) 118(10) 130(10) 24(8) -50(10) -31(10)
0O(24) 203(19) 188(18) 105(11) 55(12) 39(12) -62(15)
0(25) 140(12) 72(7) 88(8) 0(6) 25(8) -5(7)
0O(26) 155(13) 87(8) 88(8) -13(7) -15(8) -32(9)
C(38) 170(20) 83(12) 61(11) 28(9) -17(13) -37(14)
Table 6.3.19. 31 » 2(C,H3N) = 4(CH.CIy)

Empirical Formula C56H40A92016P8W8(F5P)2(C2HgN)z(CH2C|2)4
Formula weight 3614.85 g/mole

Crystal size 0.433 x 0.286 x 0.181 mm

Crystal description prism

Crystal color red

Crystal system triclinic
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Space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

Measurement device type
Measurement method
Temperature

Wavelength
Monochromator

6 range for data collection

Results and Discussion

P1
a=12.18123) A
b=13.2571(3) A
c=15.2390(3) A
2216.20(10) A3
1, 2.708 Mg/m®
11.271 mm™
1660

Oxford Diffraction Gemini Ultra
omega-scan

123 K

0.71073 A

graphite

3.04 to 31.54°

a=112.356(2)°
B=99.679(2)°
y=94.471(2)°

-13<h<17,-19<k<19,-22<1<22
29481 / 14299 [R(int) = 0.0302]

Index ranges
Reflections collected / unique

Reflections greater 1>2\s(l) 11781

Absorption correction analytical

Max. and min. transmission 0.221 and 0.021

Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 14299 /0 /551

Goodness of fit on F? 1.069

Final R indices [1>2sigma(l)] R1=0.0350, wR2 = 0.0914
R indices (all data) R1=0.0441, wR2 = 0.0937
Largest diff. peak and hole 2.939 and -2.616 e.A™

Table 6.3.19-a. Atomic coordinates (x 10% and equivalent isotropic displacement parameters
(A% x 10%) for 31. Uy is defined as one third of the trace of the orthogonalized U;; tensor.

Atom X y V4 Ueq

W(1) 2142(1) -4511(1) 4073(2) 14(1)
W(2) 2373(1) -4016(1) 2327(1) 16(1)
W(3) -2393(1) -1372(1) 2499(1) 16(1)
W(4) -655(1) 281(1) 2349(1) 14(1)
Ag(1) 994(1) -1399(1) 4386(1) 26(1)
P(1) 879(1) -3547(1) 3255(1) 18(1)
P(2) 2539(1) -2673(1) 4072(1) 18(1)
P(3) -324(1) -834(1) 3301(1) 18(1)
P(4) -1376(1) 345(1) 3828(1) 17(1)
0(6) 217(4) -6427(3) 2646(3) 30(1)
o(7) 477(4) -3693(4) 5467(4) 37(2)
0(16) 2566(4) -1740(4) 2159(3) 37(1)
0(17) 4970(4) -3549(4) 3202(4) 34(2)
0(26) -2298(4) -2571(4) 3928(4) 41(2)
0(27) -1192(4) -3252(4) 1252(3) 35(1)
0(36) 1157(4) 2155(4) 3967(3) 33(1)
0O(37) -2344(4) 1994(4) 2620(3) 34(1)
C(1) 4048(5) -4209(5) 4831(5) 26(2)
C(2) 3856(5) -5223(5) 4029(4) 25(2)
C(3) 3059(6) -5973(5) 4141(4) 27(2)
C(4) 2750(6) -5421(5) 5043(4) 27(2)
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C(5) 3370(6) -4302(5) 5477(4) 29(2)
C(6) 906(5) -5710(4) 3161(4) 20(2)
c(7) 1090(5) -3979(5) 4943(4) 24(2)
C(11) 1902(6) -5931(4) 1330(4) 26(2)
C(12) 2847(6) -5490(5) 1095(4) 31(2)
C(13) 2528(6) -4692(5) 732(4) 31(2)
C(14) 1381(6) -4649(5) 748(4) 29(2)
C(15) 979(6) -5409(5) 1109(4) 27(2)
C(16) 2484(5) -2566(5) 2247(4) 27(2)
C(17) 4014(5) -3707(5) 2904(4) 23(2)
C(21) -3685(5) -811(5) 1498(4) 26(2)
C(22) -3969(5) -455(5) 2417(5) 28(2)
C(23) -4278(5) -1408(6) 2599(5) 30(2)
C(24) -4173(5) -2363(5) 1782(4) 28(2)
C(25) -3798(5) -1981(5) 1102(4) 25(2)
C(26) -2309(5) -2121(5) 3412(4) 25(2)
c(27) -1611(5) -2545(5) 1714(4) 24(2)
C(31) 760(6) 110(6) 1501(5) 32(2)
C(32) 170(5) -959(5) 1163(4) 27(2)
C(33) -946(5) -955(5) 695(4) 22(2)
C(34) -1026(5) 130(5) 750(4) 25(2)
C(35) 52(6) 807(5) 1255(4) 29(2)
C(36) 489(5) 1478(5) 3399(4) 22(2)
C(37) -1736(5) 1366(4) 2544(4) 20(1)
P(5) 4039(1) 1736(1) 1739(1) 24(1)
F(1) 5136(4) 1278(4) 1430(4) 56(2)
F(2) 3667(4) 667(3) 1907(4) 48(2)
F(3) 3359(5) 1164(5) 647(3) 68(2)
F(4) 4391(5) 2807(5) 1564(5) 84(3)
F(5) 4699(5) 2319(5) 2841(4) 74(2)
F(6) 2914(4) 2181(4) 2051(3) 52(2)
N(1) 1471(6) 7229(6) -372(5) 48(2)
C(44) 2356(6) 7671(5) -182(4) 29(2)
C(45) 3500(6) 8263(7) 89(6) 48(3)
Cl(1) 7987(5) 4855(5) 2461(4) 169(3)
Cl(2) 5924(4) 4665(3) 1117(3) 110(2)
C(41) 6694(11)  4535(11)  2154(9) 94(5)
CI(3) 5100(4) 1151(4) 4635(3) 133(2)
Cl(4) 2790(5) 321(6) 4365(4) 186(3)
C(42) 3796(17)  880(30) 4147(19)  270(20)

Table 6.3.19-b. Anisotropic displacement parameters (Z'\2 x 10°) for 31. The anisotropic
displacement factor exponent takes the form: -2rn’[h’a**Us; + ... + 2hka*b*Us.].

Atom Un Uz, Uss Uz Uz Up,
WD) 15(1) 16(1) 2(0) 6(1) 2(1) 3(1)
W) 20(1) 16(1) 12(1) 5(1) 5(1) 3(1)
W(3) 19(1) 16(1) 12(1) 6(1) 3(1) 1(1)
W(4) 16(1) 16(1) 10(1) 5(1) 3(1) 2(1)
Ag(1) 36(1) 29(1) 13(1) 5(1) 4(1) 19(1)
P(1) 17() 22(1) 19(1) 9(1) 5(1) 8(1)
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P(2)
P(3)
P(4)
0(6)
O(7)
0(16)
0(17)
0(26)
0(27)
0(36)
0(37)
C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
P(5)
F(1)
F(2)
F(3)
F(4)
F(5)
F(6)
N(1)
C(44)
C(45)
Cl(1)
Cl(2)

23(1)
21(1)
23(1)
32(2)
47(3)
59(3)
20(2)
49(3)
44(3)
35(3)
29(2)
14(3)
17(3)
37(4)
33(3)
35(4)
22(3)
32(3)
42(4)
31(3)
45(4)
40(4)
36(3)
34(3)
24(3)
23(3)
19(3)
20(3)
27(3)
16(3)
32(3)
28(3)
22(3)
29(3)
28(3)
34(3)
43(4)
18(3)
21(3)
24(1)
34(2)
53(3)
61(3)
71(4)
63(4)
49(3)
39(4)
31(3)
29(4)
127(4)
125(3)

16(1)
19(1)
18(1)
28(2)
37(3)
23(2)
49(3)
46(3)
27(2)
28(2)
31(2)
27(3)
32(3)
21(3)
34(3)
34(3)
19(2)
22(3)
16(2)
30(3)
32(3)
29(3)
24(3)
31(3)
22(3)
30(3)
31(3)
44(4)
26(3)
35(3)
24(3)
29(3)
48(4)
35(3)
30(3)
30(3)
30(3)
26(3)
21(2)
24(1)
83(4)
37(2)
110(5)
59(3)
86(4)
53(3)
57(4)
31(3)
44(4)
217(6)
82(2)
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15(1)
14(1)
11(1)
26(2)
37(3)
34(2)
42(3)
39(3)
25(2)
27(2)
42(3)
36(3)
29(3)
25(3)
24(3)
16(3)
21(3)
20(3)
14(2)
22(3)
14(3)
13(2)
13(2)
18(3)
24(3)
24(3)
36(3)
34(3)
28(3)
20(3)
19(3)
14(2)
25(3)
19(3)
8(2)
15(2)
16(3)
21(3)
19(2)
25(1)
71(3)
67(3)
23(2)
153(6)
36(3)
57(3)
46(4)
21(3)
59(5)
138(4)
140(3)
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4(1)
7(1)

4(1)

10(2)
15(2)
17(2)
26(2)
30(2)
0(2)

8(2)

14(2)
17(2)
18(2)
12(2)
20(2)
11(2)
11(2)
9(2)

1(2)

-2(2)
5(2)

702)

1(2)

12(2)
11(2)
15(2)
15(3)
22(3)
12(2)
13(2)
10(2)
10(2)
13(3)
8(2)

6(2)

11(2)
10(2)
8(2)

9(2)

10(1)
43(3)
30(2)
21(2)
75(4)
-1(3)
18(2)
21(3)
8(2)

10(4)
44(4)
38(2)

6(1)
1(1)
5(1)
1(2)
31(2)
13(2)
10(2)
9(2)
6(2)
-3(2)
5(2)
-5(2)
1(2)
5(2)
(2)
-3(2)
2(2)
6(2)
6(2)
12(2)
13(3)
-2(2)
4(2)
(2)
8(2)
-1(2)
(2)
8(2)
-1(2)
-7(2)
6(2)
0(2)
11(2)
16(2)
6(2)
8(2)
16(2)
5(2)
2(2)
3(1)
27(2)
24(2)
-2(2)
29(4)
-17(2)
25(2)
8(3)
2(2)
8(3)
22(3)
90(3)

3(1)
5(1)
2(1)
-1(2)
11(2)
4(2)
2(2)
1(2)
11(2)
-9(2)
11(2)
2(2)
5(2)
10(2)
9(2)
73)
1(2)
4(2)
-1(2)
8(2)
-1(3)
5(2)
2(2)
10(2)
3(2)
-4(2)
4(2)
5(3)
-5(2)
-4(2)
0(2)
3(2)
0(3)
14(2)
6(2)
6(2)
-3(3)
0(2)
2(2)
4(1)
24(2)
12(2)
16(3)
5(3)
-4(3)
25(2)
-2(3)
8(2)
-1(3)
41(4)
20(2)
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C(41) 84(9) 80(8) 83(8) 9(6) -18(7) 13(7)
CI(3) 115(3) 144(4) 110(3) 35(3) 3(2) -27(3)
Cl(4) 130(4) 225(7) 136(4) 0(4) 25(3) 26(4)
C(42) 84(14) 570(60) 190(20) 200(30) 28(15) -60(20)
Table 6.3.20. 32

Empirical Formula 023H20A9203P12W4(F5P)2

Formula weight 2097.12 g/mole

Crystal size 0.244 x 0.081 x 0.017 mm

Crystal description plate

Crystal color yellow

Crystal system triclinic

Space group P1 )

Unit cell dimensions a=13.8337(6) A a=96.950(4)°

b=14.22586)A  B=116.511(5)°
c=14.7877(N A y=102.597(4°

Volume 2460.7(2) A

Z, Calculated density 2, 2.830 Mg/m*

Absorption coefficient 28.192 mm™

F(000) 1920

Measurement device type Oxford Diffraction Gemini Ultra
Measurement method omega-scan

Temperature 123.0(1) K

Wavelength 1.54178 A

Monochromator graphite

6 range for data collection 3.29 10 66.70°

Index ranges -16 <h<15,-16<k<16,-11<1<17
Reflections collected / unique 16988 / 8299 [R(int) = 0.0359]
Reflections greater 1>2\s(l) 6830

Absorption correction analytical

Max. and min. transmission 1.00000 and 0.12599
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 8299/0/613

Goodness of fit on F? 0.989

Final R indices [I>2sigma(l)] R1=0.0311, wR2 =0.0762

R indices (all data) R1=0.0211, wR2 = 0.0472
Largest diff. peak and hole 1.352 and -1.203e. A

Table 6.3.20-a. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(/f\2 x 10%) for 32. U, Is defined as one third of the trace of the orthogonalized U;; tensor.

Atom X y Z Ueq

W(1) 3666(1) 2324(1) -450(1) 18(1)
W(2) 9039(1) 2245(1) -528(1) 19(1)
W(3) 8276(1) -2255(1) -4293(1) 22(1)
W(4) 2967(1) -2248(1) -4248(1) 20(2)
Ag(1) 5691(1) 287(2) -1020(2) 29(1)
Ag(2) 6190(1) -231(2) -3892(1) 33(2)
P(1) 4855(1) 1246(1) 293(2) 24(1)
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P(2) 3004(1) 453(1) -627(1) 24(1)
P(3) 3908(2) 908(1) -1435(1) 28(1)
P(4) 6926(1) 1811(1) -1267(1) 24(1)
P(5) 7620(1) 527(1) -1254(1) 24(1)
P(6) 7476(2) 1413(1) -2369(1) 31(1)
P(7) 8193(2) -536(1) -3695(1) 29(1)
P(8) 6797(2) -1836(1) -3944(2) 36(1)
P(9) 8446(2) -1428(1) -2581(2) 38(1)
P(10) 4744(1) -834(1) -3107(1) 25(1)
P(11) 6060(2) 976(1) -5176(1) 28(1)
P(12) 3277(2) -364(1) -3901(2) 31(1)
o(1) 3000(5) 2275(4) 1336(5) 49(2)
0(2) 1098(4) 1690(4) -2192(4) 43(2)
0@3) 10529(4)  853(4) -497(4) 39(2)
0(4) 9072(4) 1802(4) 1528(4) 38(2)
0(5) 10711(5)  -849(4) -3600(6) 60(2)
0(6) 7393(8) -1730(5) -6454(5) 83(3)
0(7) 2396(5) -1893(4) -2415(5) 45(2)
0(8) 586(5) -2082(4) -5794(5) 61(2)
c(1) 3212(6) 2287(4) 665(6) 32(2)
c@2) 2023(6) 1903(5) -1555(6) 29(2)
c(3) 9969(6) 1346(5) -517(5) 28(2)
C(4) 9081(5) 1939(5) 783(6) 31(2)
c(5) 9822(6) -1340(5) -3848(6) 36(2)
C(6) 7717(8) -1879(6) -5638(6) 49(3)
c(7) 2578(6) -2015(5) -3097(6) 34(2)
C(8) 1456(6) -2133(5) -5250(6) 39(2)
C(9) 3766(6) 3618(4) -1231(6) 30(2)
C(10) 3773(6) 3962(4) -282(6) 34(2)
C(11) 4769(6) 3905(4) 534(6) 29(2)
C(12) 5390(6) 3537(4) 106(6) 34(2)
C(13) 4756(6) 3372(5) -992(6) 30(2)
C(14) 9038(6) 3895(4) -398(7) 40(3)
C(15) 9292(7) 3624(5) -1191(6) 35(2)
C(16) 10321(7)  3402(5) -727(7) 43(3)
C(17) 10699(6)  3537(5) 345(7) 39(2)
C(18) 9886(7) 3836(5) 542(6) 40(3)
C(19) 8336(7) -3664(5) -3624(6) 36(2)
C(20) 7272(7) -3902(5) -4521(7) 40(3)
c(21) 7465(7) -3835(5) -5381(6) 43(3)
C(22) 8642(6) -3554(5) -5019(6) 33(2)
C(23) 9182(6) -3447(4) -3916(6) 35(2)
C(24) 4096(6) -3315(5) -3916(6) 33(2)
C(25) 3231(7) -3640(5) -3653(6) 38(3)
C(26) 2167(6) -3919(4) -4589(7) 41(3)
c(27) 2392(7) -3743(5) -5405(7) 41(3)
C(28) 3572(7) -3372(5) -4980(6) 37(3)
P(13) 1268(1) 5001(1) 7578(1) 24(1)
F(1) 2464(4) 5110(5) 7640(4) 63(2)
F(2) 685(4) 4909(4) 6354(3) 54(2)
F(3) 1529(5) 6165(3) 7789(5) 67(2)
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F(4) 67(4) 4888(4) 7509(4) 51(2)
F(5) 1839(4) 5098(3) 8806(3) 41(1)
F(6) 1030(5) 3843(3) 7386(4) 73(2)
P(14) 6127(2) 4654(1) 7376(1) 29(1)
F(7) 5519(4) 4587(4) 6163(3) 49(2)
F(8) 5024(5) 4776(6) 7410(4) 87(3)
F(9) 7227(5) 4552(5) 7357(4) 70(2)
F(10) 5633(7) 3501(4) 7150(6) 102(3)
F(11) 6728(4) 4738(5) 8602(4) 63(2)
F(12) 6624(6) 5811(4) 7589(6) 92(3)

Table 6.3.20-b. Anisotropic displacement parameters (f&z x 10%) for 32. The anisotropic
displacement factor exponent takes the form: -2x’[h’a**Uy; + ... + 2hka*b*Uy,].

Atom U1 U, Uss Uz Uz Up
W(1) 21(2) 16(1) 22(1) 7(1) 13(1) 10(1)
W(2) 19(1) 17(1) 20(2) 3(1) 11(1) 4(1)
W(3) 25(1) 21(1) 22(1) 5(1) 12(1) 11(1)
W(4) 20(2) 17(1) 21(1) 3(1) 9(1) 5(1)
Ag(1) 29(1) 29(1) 38(1) 16(1) 20(1) 11(1)
Ag(2) 34(1) 29(1) 40(1) 8(1) 22(1) 11(1)
P(1) 25(1) 23(1) 31(2) 12(1) 14(1) 13(1)
P(2) 26(1) 20(2) 30(2) 8(1) 16(1) 8(1)
P(3) 40(2) 24(1) 33(2) 9(1) 25(1) 17(1)
P(4) 22(1) 22(1) 29(1) 6(1) 12(1) 7(1)
P(5) 23(1) 19(1) 30(2) 4(1) 12(1) 5(1)
P(6) 30(2) 37(2) 20(2) 5(1) 11(1) 5(1)
P(7) 32(1) 25(1) 32(1) 3(1) 17(1) 12(1)
P(8) 33(2) 33(2) 49(1) 9(1) 24(1) 15(1)
P(9) 48(1) 48(1) 26(1) 10(1) 19(1) 27(1)
P(10) 24(1) 25(1) 20(2) 2(1) 10(1) 4(1)
P(11) 33(2) 25(1) 22(1) 6(1) 11(1) 3(1)
P(12) 30(2) 20(2) 42(1) 5(1) 17(1) 11(1)
0(@) 70(4) 44(3) 46(4) 8(3) 44(3) 10(3)
0(2) 26(3) 54(3) 43(3) 14(3) 11(3) 14(2)
0(3) 30(3) 40(2) 52(3) 13(2) 22(3) 17(2)
0o4) 38(3) 59(3) 19(3) 10(2) 16(2) 13(2)
0(5) 36(3) 46(3) 104(5) 11(3) 43(4) 8(3)
0O(6) 164(8) 74(4) 37(4) 24(3) 47(5) 83(5)
o(7) 50(3) 47(3) 50(4) 4(3) 40(3) 9(2)
0O(8) 34(3) 53(3) 65(4) 15(3) -2(3) 12(3)
C(1) 35(4) 24(3) 31(4) -2(3) 13(3) 9(3)
C(2) 30(4) 33(3) 31(4) 11(3) 18(3) 17(3)
C(3) 25(3) 30(3) 30(4) 8(3) 15(3) 5(3)
C(4) 21(3) 30(3) 28(4) -4(3) 5(3) 6(3)
C(5) 34(4) 35(3) 54(5) 12(3) 33(4) 15(3)
C(6) 88(7) 42(4) 24(4) 11(3) 23(4) 41(4)
C(7) 27(4) 26(3) 48(5) 4(3) 20(4) 5(3)
C(8) 25(4) 30(3) 44(5) 7(3) 3(4) 6(3)
C(9) 41(4) 26(3) 37(4) 19(3) 25(3) 15(3)
C(10) 44(4) 16(2) 59(5) 17(3) 33(4) 19(3)
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C(11) 33(4) 14(2) 33(4) 1(2) 16(3) 0(2)
C(12) 31(4) 16(2) 57(5) 8(3) 25(4) 6(2)
C(13) 44(4) 29(3) 43(5) 22(3) 38(4) 13(3)
C(14) 36(4) 14(3) 73(6) 11(3) 30(4) 8(3)
C(15) 48(4) 25(3) 35(4) 14(3) 25(4) 1(3)
C(16) 47(5) 29(3) 74(6) 17(4) 51(5) 3(3)
Cc(@17) 22(4) 26(3) 52(5) 6(3) 9(3) -3(3)
C(18) 48(5) 23(3) 39(5) -2(3) 19(4) 2(3)
C(19) 52(5) 26(3) 41(4) 19(3) 27(4) 19(3)
C(20) 38(4) 24(3) 60(6) 5(3) 25(4) 12(3)
C(21) 48(5) 23(3) 36(5) -1(3) 5(4) 11(3)
C(22) 42(4) 25(3) 41(4) 3(3) 27(4) 17(3)
C(23) 27(4) 21(3) 44(5) 6(3) 5(3) 15(3)
C(24) 29(4) 27(3) 43(5) 7(3) 16(3) 13(3)
C(25) 50(5) 25(3) 44(5) 14(3) 24(4) 18(3)
C(26) 34(4) 19(3) 71(6) 7(3) 30(4) 5(3)
C(27) 45(5) 25(3) 48(5) 1(3) 20(4) 13(3)
C(28) 50(5) 26(3) 41(5) -4(3) 31(4) 11(3)
P(13) 27(1) 23(1) 25(1) 9(1) 14(1) 11(1)
F(1) 49(3) 115(4) 67(4) 56(3) 44(3) 50(3)
F(2) 59(3) 95(4) 27(2) 21(2) 24(2) 47(3)
F(3) 64(3) 26(2) 82(4) 13(2) 12(3) 13(2)
F(4) 25(2) 88(3) 33(3) 16(2) 12(2) 11(2)
F(5) 34(2) 58(2) 24(2) 10(2) 10(2) 11(2)
F(6) 92(4) 24(2) 68(4) 4(2) 13(3) 16(2)
P(14) 29(1) 36(1) 24(1) 3(1) 14(1) 10(1)
F(7) 51(3) 79(3) 25(2) 13(2) 19(2) 32(2)
F(8) 41(3) 183(7) 39(3) 2(4) 21(3) 50(4)
F(9) 51(3) 133(5) 47(3) 27(3) 31(3) 51(3)
F(10) 143(7) 45(3) 89(5) 16(3) 46(5) 0(3)
F(11) 49(3) 123(5) 22(2) 15(3) 20(2) 31(3)
F(12) 100(5) 37(3) 92(5) 1(3) 19(4) 6(3)
Table 6.3.21. 33 « 3(ShCls3)

Empirical Formula C10H15ClsW(SbCl3)3

Formula weight 1180.64 g/mole

Crystal size 0.220 x 0.170 x 0.100 mm

Crystal description prism

Crystal color red to brown

Crystal system monoclinic

Space group P2i/n )

Unit cell dimensions a=10.3662(2) A o =90°

Volume

Z, Calculated density

Absorption coefficient

F(000)

Measurement device type

b=17.7874(3) A
c=16.0841(2) A
2941.35(8) A®

4, 2.666 Mg/m®
7.898 mm™

2160

B=97.349(2)°

y=90°

Oxford Diffraction Gemini Ultra
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Measurement method
Temperature

Wavelength

Monochromator

6 range for data collection
Index ranges

Reflections collected / unique
Reflections greater 1>2\s(l)
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness of fit on F?

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

Results and Discussion

omega-scan
123K

0.71073 A

graphite

3.43 10 37.70°

-16<h<17, -30<k<30, -27<I<26
42416 / 15009 [R(int) = 0.0395]
9070

?

1.00000 and 0.43466
Full-matrix least-squares on F
15009 /0/ 258

0.883

R1 =0.0300, wR2 = 0.0543

R1 = 0.0592, wR2 = 0.0588
2.064 and -1.318 e. A

Table 6.3.21-a. Atomic coordinates (X 10% and equivalent isotropic displacement parameters
(A% x 10%) for 33. Uy is defined as one third of the trace of the orthogonalized Uj; tensor.

Atom X y V4 Ueq

W(1) 9863(1) 657(1) 1953(1) 12(1)
CI(2) 10927(1) 369(1) 3304(1) 18(1)
Cl(2) 10629(1) -470(2) 1461(1) 18(1)
CI(3) 9693(1) 1137(1) 587(1) 21(1)
Cl(4) 9999(1) 1930(1) 2400(1) 19(1)
CI(5) 12151(1) 978(1) 1800(1) 18(1)
C(2) 7763(3) 211(2) 1342(2) 17(1)
C(2) 8125(3) -278(2) 2032(2) 17(1)
C(3) 8181(3) 150(2) 2780(2) 16(1)
C(4) 7837(3) 903(2) 2556(2) 15(1)
C(5) 7572(3) 945(2) 1665(2) 16(1)
C(6) 7454(3) -41(2) 453(2) 25(1)
C(7) 8175(3) -1111(2) 1994(2) 27(1)
C(8) 8310(3) -167(2) 3644(2) 25(1)
C(9) 7595(3) 1503(2) 3163(2) 28(1)
C(10) 7002(3) 1615(2) 1204(2) 25(1)
Sb(1) 1402(1) 4624(1) 2333(1) 18(1)
Cl(11) 153(1) 4961(1) 3403(1) 28(1)
Cl(12) -167(2) 3704(1) 1796(1) 25(1)
CI(13) 438(1) 5529(1) 1364(1) 27(1)
Sb(2) 2754(1) 2042(1) 3694(1) 17(1)
CI(21) 4919(1) 2479(1) 4112(1) 24(1)
Cl(22) 1790(1) 3237(1) 3849(1) 23(1)
Cl(23) 2394(1) 1648(1) 5037(1) 37(2)
Sb(3) 1931(1) 2664(1) 859(1) 20(2)
CI(31) 3541(1) 2883(1) 2032(1) 31(2)
CI(32) 2198(1) 3910(1) 387(2) 30(1)
CI(33) 3404(1) 2144(1) 25(1) 31(2)
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Table 6.3.21-b. Anisotropic displacement parameters (AZ x 10%) for 33. The anisotropic
displacement factor exponent takes the form: -2x’[h’a**Uy; + ... + 2hka*b*Uy,].

Atom Ui Uy, Uss Uz Uiz Up
W(1) 13(1) 12(1) 12(1) 0(1) 2(1) -1(2)
CI(2) 17(1) 21(1) 15(1) 2(1) 0(1) 0(1)
Cl(2) 18(1) 16(1) 22(1) -5(1) 5(1) 1(1)
CI(3) 23(1) 25(1) 15(1) 5(1) 2(1) -4(1)
Cl(4) 20(1) 12(1) 24(1) -2(1) 2(1) -1(2)
CI(5) 15(1) 19(1) 21(1) 1(1) 4(1) -2(1)
C(1) 9(1) 20(1) 20(1) -6(1) 1(1) -3(1)
C(2) 14(1) 14(1) 23(1) 2(1) 1(1) -2(1)
C@3) 12(1) 20(1) 16(1) 2(1) 3(1) -5(1)
C@4) 11(1) 16(1) 19(1) -1(1) 4(1) -1(1)
C(5) 12(1) 15(1) 21(1) 3(1) 4(1) 0(1)
C(6) 23(2) 34(2) 19(1) -5(1) 3(1) -6(2)
C(7) 22(2) 17(1) 43(2) 1(1) 11(1) -3(1)
C(8) 25(2) 31(2) 21(1) 6(1) 4(1) -6(2)
C(9) 35(2) 26(2) 27(2) -10(1) 19(1) -7(2)
C(10) 24(2) 23(2) 29(2) 5(1) 5(1) 6(1)
Sb(1) 14(1) 14(1) 25(1) 2(1) 1(1) 1(1)
CI(11) 19(1) 30(1) 35(1) -3(1) 8(1) 2(1)
Cl(12) 21(1) 18(1) 33(1) 2(1) -2(1) -3(1)
CI(13) 23(1) 19(1) 38(1) 8(1) -5(1) 0(2)
Sb(2) 21(1) 14(1) 14(1) 0(2) -1(1) -1(2)
Cl(21) 23(1) 21(1) 26(1) -4(1) -5(1) 0(1)
Cl(22) 28(1) 18(1) 22(1) 0(1) 1(1) 4(1)
Cl(23) 66(1) 26(1) 21(1) 6(1) 11(1) -2(1)
Sb(3) 27(1) 19(1) 15(1) -1(1) 1(1) -6(1)
CI(31) 38(1) 37(1) 17(1) 1(1) -4(1) -16(1)
Cl(32) 49(1) 20(1) 23(1) 2(1) 7(2) -6(1)
CI(33) 33(1) 32(1) 28(1) -2(1) 6(1) 0(1)
Table 6.3.22. 34

Empirical Formula C13H15Cl303SnW

Formula weight 628.14

Crystal size 0.125 x 0.105 x 0.026 mm®

Crystal description ?

Crystal color colorless

Crystal system orthorhombic

Space group Pca2;

Unit cell dimensions a=16.84470(10) A  a=90°

b =12.30850(10) A B=90°
c=17.32710(10) A y=90°

Volume 3592.48(4) A’

Z, Calculated density 8, 2.323 Mg/m®

Absorption coefficient 26.881 mm™

F(000) 2336

Measurement device type Oxford Diffraction Gemini Ultra
Measurement method omega-scan
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Temperature 123(2) K
Wavelength 1.54178 A
Monochromator graphite

6 range for data collection 3.59 to 56.25°

Index ranges

Reflections collected / unique
Reflections greater 1>2\s(l)
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness of fit on F?

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

-18<h<18, -13<k<13, -18<I<18
49907 / 4695 [R(int) = 0.0626]
?

semi-empirical from equivalents
0.497 and 0.003

Full-matrix least-squares on F
4695/1 /389

1.022

R1=0.0199, wR2 = 0.0462
R1=0.0213, wR2 = 0.0465
0.693 and -0.764 e A

Table 6.3.22-a. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(/f&2 x 10°) for 34. U is defined as one third of the trace of the orthogonalized U;; tensor.

Atom X y Z Ueq

W(1) 6748(1) -129(1) 3985(1) 12(1)
W(2) 1247(1) 4351(1) 1100(1) 13(1)
Sn(1) 5739(1) -286(1) 5198(1) 17(1)
Sn(2) 332(1) 4732(1) 2354(1) 13(1)
CI(2) 6033(1) -1615(1) 6126(1) 30(2)
Cl(2) 5570(1) 1203(1) 6031(1) 33(2)
CI(3) 4400(2) -687(2) 4940(2) 35(1)
Cl(4) -635(1) 6112(1) 2323(1) 24(1)
CI(5) -462(1) 3297(1) 2810(1) 23(1)
CI(6) 989(1) 5253(1) 3494(1) 25(1)
C(2) 7749(4) -969(5) 3826(4) 22(2)
C(2) 7340(4) 322(6) 4946(4) 24(2)
C(3) 6352(4) -1652(6) 3972(4) 19(2)
C(4) 129(4) 3931(5) 797(4) 20(2)
C(5) 1814(4) 3585(5) 1976(4) 21(2)
C(6) 1433(4) 2869(6) 666(4) 24(2)
0(@) 8305(3) -1472(4) 3698(3) 34(1)
0(2) 7657(3) 652(4) 5473(3) 39(1)
0(3) 6119(3) -2530(4) 3929(3) 32(1)
0o4) -500(3) 3773(4) 581(3) 28(1)
0(5) 2177(3) 3189(4) 2455(3) 33(1)
0O(6) 1556(3) 2039(4) 395(3) 35(1)
C(11) 7168(4) 931(5) 2963(4) 21(2)
C(12) 6558(4) 243(5) 2685(4) 17(2)
C(13) 5839(4) 521(5) 3067(4) 16(2)
C(14) 6012(4) 1407(5) 3594(4) 19(2)
C(111) 8010(4) 981(6) 2660(5) 40(2)
C(15) 6842(4) 1660(5) 3523(4) 22(2)
C(21) 2333(4) 4993(5) 460(4) 16(2)
C(22) 2222(3) 5694(5) 1105(5) 15(1)
C(23) 1463(3) 6244(5) 1013(4) 13(1)
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C(24) 1132(4) 5882(5) 296(4) 17(2)
C(25) 1658(4) 5110(5) -41(4) 19(2)
C(121) 6624(5) -559(6) 2033(4) 30(2)
C(131) 5038(4) 89(6) 2894(4) 25(2)
C(141) 5398(4) 2053(5) 4016(4) 23(2)
C(151) 7278(4) 2547(5) 3925(5) 32(2)
C(211) 3079(4) 4346(5) 302(4) 23(2)
c(221) 2806(4) 5934(6) 1728(4) 25(2)
C(231) 1192(4) 7178(5) 1481(4) 20(2)
C(241) 370(4) 6311(6) -52(4) 23(2)
C(251) 1554(5) 4602(6) -821(4) 28(2)

Table 6.3.22-b. Anisotropic displacement parameters (AZ x 10%) for 34. The anisotropic
displacement factor exponent takes the form: -2n’[h’a**Uy; + ... + 2hka*b*Uy,].

Atom Un U, Uss Uas Uiz Up
W) 13(D) T T4(D) 30 o) )
W) 19(1) 7(1) 13(1) 0(1) 1(1) 0(1)
sn(1) 22(1) 11(1) 16(1) 3(1) 4(1) 0(1)
sn(2) 19(1) 9(1) 11(1) 0(1) 0(1) -1(1)
cl(1) 46(1) 18(1) 25(1) 11(1) 71) 5(1)
ci(2) 59(1) 18(1) 22(1) -2(1) 7(1) 8(1)
cl(3) 20(1) 33(1) 52(1) 9(1) 6(1) 2(1)
Cl(4) 26(1) 17(1) 28(1) 3(1) 3(1) 6(1)
CI(5) 31(1) 16(1) 23(1) 3(1) 1(1) 8(1)
Cl(6) 39(1) 18(1) 17(1) -3(1) -6(1) 5(1)
C(1) 27(4) 14(3) 24(4) 3(3) -1(3) 5(3)
c) 30(4) 19(4) 23(4) 0(4) 8(4) 2(3)
C(3) 19(4) 22(4) 17(4) 0(3) -1(3) 9(3)
C(4) 35(5) 7(4) 17(4) 1(3) 4(3) 1(3)
C(5) 20(4) 10(3) 26(4) -1(3) 8(4) -1(3)
C(6) 20(4) 25(5) 17(4) 13(4) 18(3) 3(3)
0(1) 25(3) 30(3) 47(3) 12(3) 8(3) 13(2)
0(2) 35(3) 52(4) 28(3) 11(3) 8(3) 8(3)
0(3) 46(3) 14(3) 35(3) 4(2) 2(3) 3(2)
0(4) 29(3) 26(3) 28(3) 702) 5(2) 7(2)
0(5) 44(3) 30(3) 25(3) 13(3) -12(3) 11(2)
0(6) 58(4) 93) 36(3) 11(2) 14(3) 5(2)
C(11) 20(4) 9(3) 25(4) 8(3) 9(3) 3(3)
C(12) 28(4) 12(4) 11(4) 6(3) 5(3) 7(3)
C(13) 19(4) 13(4) 17(4) 10(3) 2(3) 1Q3)
C(14) 21(4) 12(4) 23(4) 3(3) 703) 3(3)
C(111) 40(5) 28(5) 54(5) 21(4) 14(4) 6(4)
C(15) 20(4) 9(4) 36(4) 10(3) 6(3) 1(3)
c(21) 19(4) 13(4) 17(4) 2(3) 13) 13)
C(22) 11(3) 20(4) 14(3) 3(3) 3(4) -10(3)
C(23) 19(3) 15(3) 4(3) 5(3) 5(3) 03)
C(24) 21(4) 16(4) 16(4) 8(3) 1(3) 2(3)
C(25) 34(4) 11(4) 12(4) 1(3) 6(4) 8(3)
c(121) 47(5) 28(4) 15(4) 2(3) 8(4) 5(4)
C(131) 22(4) 20(4) 24(4) 1(3) 8(3) 5(3)
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C(141) 32(4) 8(3) 28(4) 3(4) -1(4) 9(3)
C(151) 35(4) 13(3) 49(5) 4(4) -10(4) 4(3)
C(211) 16(4) 18(4) 33(4) -8(3) 4(3) 3(3)
C(221) 25(4) 30(4) 21(4) -5(3) -3(3) 3(3)
C(231) 17(4) 9(4) 35(4) 3(3) 0(3) -7(3)
C(241) 29(4) 15(4) 23(4) -2(3) -10(3) 2(3)
C(251) 46(5) 22(4) 16(4) 1(3) -1(4) -4(4)
Table 6.3.23. 35
Empirical Formula C26H30Cl1,06W5
Formula weight 877.10 g/mole
Crystal size ?
Crystal description ?
Crystal color colorless
Crystal system ?
Space group ?
Unit cell dimensions a=6.742(3) A o =82.12(3)°
b =8.124(2) A B =85.96(3)°
c= 14.350&5) A v =67.41(3)°
Volume 718.7(4) A
Z, Calculated density 1,2.027 l\/Ig/m3
Absorption coefficient 16.594 mm
F(000) 416
Measurement device type Oxford Diffraction Gemini Ultra
Measurement method omega-scan
Temperature 293(2) K
Wavelength 1.54178 A
Monochromator graphite

6 range for data collection
Index ranges

Reflections collected / unique

Reflections greater 1>2\s(l)
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness of fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)
Largest diff. peak and hole

3.11 to 56.06°

-7<h<7, -8<k<8, -15<I<15
4374/ 1856 [R(int) = 0.0315]
)

?

?

Full-matrix least-squares on F?
1856 /0 /163

0.941

R1=0.0231, wR2 =0.0397
R1 =0.0320, wR2 = 0.0416
1.106 and -0.725 e.A-3

Table 6.3.23-a. Atomic coordinates (x 10% and equivalent isotropic displacement parameters
(A% x 10%) for 35. Uy is defined as one third of the trace of the orthogonalized U;; tensor.

Atom X y Z Ueq

W(1) 10294(1) 8570(1) 7615(1) 21(1)
Cl(1) 11032(2) 11005(2) 6570(1) 38(1)
C(2) 13009(10) 7097(8) 6903(4) 27(2)
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C@2) 11883(11)  6673(9) 8663(4) 33(2)
c(3) 10640(9)  10067(8)  8561(4) 26(2)
o(1) 14378(8)  6258(6) 6531(3) 47(1)
0(2) 12716(7)  5671(6) 9229(3) 50(1)
0@3) 10760(7)  10907(6)  9101(3) 43(1)
C(11) 6566(8) 10005(7)  7597(4) 20(1)
C(12) 7143(8) 8346(7) 8207(4) 21(1)
C(13) 8189(8) 6902(7) 7654(3) 17(1)
C(14) 8214(8) 7660(8) 6690(4) 20(1)
C(15) 7162(9) 9577(8) 6656(4) 22(1)
C(111) 5291(9) 11844(8)  7856(4) 28(2)
c(121) 6587(9) 8141(8) 9240(4) 27(2)
C(131) 8787(9) 4962(8) 7993(4) 29(2)
C(141) 9002(9) 6647(8) 5850(4) 32(2)
C(151) 6681(9) 10903(8)  5789(4) 30(2)

Table 6.3.23-b. Anisotropic displacement parameters (/&2 x 10%) for 35. The anisotropic
displacement factor exponent takes the form: -2rn’[h’a**Uy; + ... + 2hka*b*U12].

Atom Uiy Uz, Us3 Uz Uiz U
W(1) 22(1) 21(1) 20(1) 0(1) -2(1) -10(1)
CI(2) 44(1) 42(1) 31(1) -3(1) 0(1) -21(1)
C(1) 21(4) 17(4) 39(4) 16(3) -6(3) -8(3)
C(2) 44(5) 39(5) 28(4) -4(3) -9(3) -26(4)
C(3) 32(4) 27(4) 22(4) 11(3) -13(3) -18(3)
0(1) 47(3) 41(3) 53(3) -13(3) 11(3) -15(3)
0(2) 52(3) 39(3) 57(3) 15(3) -23(3) -16(3)
0(3) 74(4) 42(3) 27(3) -6(2) -12(2) -34(3)
C(11) 21(3) 21(4) 22(3) -2(3) -3(3) -12(3)
C(12) 19(3) 25(4) 23(3) 0(3) 1(3) -15(3)
C(13) 24(3) 18(4) 15(3) -3(3) 2(3) -13(3)
C(14) 12(3) 30(4) 22(3) -5(3) -3(3) -11(3)
C(15) 18(3) 28(4) 24(4) 0(3) -4(3) -15(3)
C(111) 17(3) 27(4) 38(4) -2(3) -7(3) -6(3)
C(121) 27(4) 34(4) 22(3) -3(3) -2(3) -13(3)
C(131) 33(4) 28(4) 30(4) -2(3) -1(3) -16(3)
C(141) 32(4) 37(4) 26(4) -6(3) 4(3) -14(3)
C(151) 26(4) 31(4) 35(4) 5(3) -8(3) -14(3)
Table 6.3.24. 36

Empirical Formula C13H1505W

Formula weight 403.10

Crystal size 0.11 x 0.08 x 0.08 mm®

Crystal description ?

Crystal color colorless

Crystal system ?

Space group ?

Unit cell dimensions a=9.28930(10) A a=90°

b=9.01100(10) A  B=97.4176(10)°
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c=15.4632(2) A  y=90°
Volume 1283.53(3) A®
Z, Calculated density 4, 2.086 Mg/m?*
Absorption coefficient 16.639 mm™
F(000) 764
Measurement device type Oxford Diffraction Gemini Ultra
Measurement method omega-scan
Temperature 123(2) K
Wavelength 1.54184 A
Monochromator graphite
6 range for data collection 5.27 t0 62.23°

Index ranges

Reflections collected / unique
Reflections greater 1>2\s(l)
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness of fit on F?

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

-10<h<10, -10<k<10, -17<I<17
23529 / 2023 [R(int) = 0.0367]
?

?

0.3495 and 0.2619

Full-matrix least-squares on F
2023/0/ 159

1.042

R1 =0.0184, wR2 = 0.0507
R1 =0.0284, wR2 = 0.0524
0.448 and -1.178 e A

Table 6.3.24-a. Atomic coordinates (X 10% and equivalent isotropic displacement parameters
(A% x 10%) for 36. Ue is defined as one third of the trace of the orthogonalized U;; tensor.

Atom X y Z Ueq

C(2) 3702(5) -2476(5) 948(3) 13(1)
C(2) 4943(5) -2426(5) 1584(3) 13(1)
C(3) 4642(5) -1404(5) 2253(3) 15(1)
C(4) 3217(5) -832(5) 2012(3) 13(1)
C(5) 2628(5) -1492(5) 1204(3) 15(1)
C(6) 3474(5) -3542(5) 188(3) 19(1)
C(7) 6248(5) -3451(5) 1644(3) 20(1)
C(8) 5593(5) -1175(5) 3108(3) 24(1)
C(9) 2402(5) 140(5) 2572(3) 23(1)
C(10) 1081(5) -1342(5) 790(3) 22(1)
C(11) 5107(5) 1713(5) 1781(3) 17(1)
C(12) 3441(5) 1600(5) 403(3) 18(1)
C(13) 6779(6) 300(5) 965(3) 19(1)
0(1) 5376(4) 2708(4) 2255(2) 26(1)
0(2) 2642(4) 2515(4) 135(2) 27(1)
03 8021(3) 436(4) 1059(2) 23(1)
W(1) 4666(1) 12(2) 1010(2) 9(1)

Table 6.3.24-b. Anisotropic displacement parameters (Z'\2 x 10°) for 36. The anisotropic
displacement factor exponent takes the form: -2rn’[h’a**Us; + ... + 2hka*b*U;.].

Atom Uis U2 Us3z U2z Uiz U

c@) 16(2) 12(2) 13(3) 2(2) 3(2) 22(2)
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C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
O(1)
0(2)
O(3)
W(1)

19(2)
24(3)
18(2)
16(2)
24(3)
19(3)
29(3)
26(2)
14(2)
13(2)
25(3)
27(3)
27(2)
32(2)
12(2)
11(1)

10(2)
9(2)

10(3)
13(2)
16(3)
18(3)
20(3)
21(3)
26(3)
21(3)
13(3)
18(3)
20(2)
20(2)
34(2)
7(1)
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11(3)
12(3)
13(3)
18(3)
18(3)
22(3)
22(3)
24(3)
27(3)
17(3)
18(3)
13(3)
30(2)
29(2)
22(2)
9(1)
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6(2)
5(2)
1(2)
6(2)
1(2)
2(2)
3(2)
1(2)
5(2)
3(2)
-4(2)
-2(2)
-11(2)
5(2)
-2(2)
0(1)

5(2)
4(2)
11(2)
8(2)
3(2)
3(2)
-2(2)
14(2)
6(2)
4(2)
8(2)
8(2)
4(2)
1(2)
4(2)
3(1)

1(2)
-2(2)
-4(2)
-4(2)
2(2)
4(2)
-2(2)
0(2)
2(2)
4(2)
-3(2)
3(2)
-4(2)
9(2)
-1(1)
0(1)



Appendix

VI. Acknowledgements

| am thankful to Professor Doctor Manfred Scheer giving me the chance to study
chemistry in Germany, Brian P. Johnson for convincing Professor Doctor Manfred
Scheer to hire me and for helping me with the proposal to the DAAD, Dr. Laurence John
Gregoriades for so many things. He introduced me to the group, and helped me get
started on my project by showing me the equipment and the locations of most of the
things that | needed. | would also like to thank Dr. Christian Eisenhut (Ironhat) for his
generous assistance, and | hope | have also been helpful to him.

| thank my former lab mates Dr. Shining Deng for the good company while working and
the similar taste in music. Anton Blokheen and I had good times biking, swimming, and
hanging out together. Nikolay Pushkarevskiy always had a smile on his face and was
very helpful and patient. Sergey Konchenko was mild mannered and quiet, which is
good for writing a thesis around. Mike Butofski had a great sense of humor and outlook
on life.

| am thankful to the Secretary (Karin Kilgert), the Central Analytical Department, the
glassblowers, and the technicians associated with the Scheer Group for all the behind the
scenes work as well as former and current members of the Scheer Group.

Finally I thank Professor Doctor Henri Brunner, Professor Doctor Albrecht Mannschreck
and Dr. Joachim Wachter, for their acquaintance.

171



