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Abstract 

The blue and green fonns of MoOCI2(PMe2Ph)3 and [LWOCI2]PF6 (L = 1,4,7-

trimethyltriazacyc1ononane) are not examples of distortional isomerism. For both 

systems, the blue form is pure and the green fonn is a mixture of the blue complex 

and other components. Characterizations of the green material of each indicates that 

green nMoOCI2(PMe2Ph)3n is a mixture of MoOCl2(PMe2Ph)3 and MoCI3(PMe2Ph)3 

and that green n[LWOCI2]PF6
n is a mixture of [LWOCI2]PF6 and two other species; 

one is a W(IV) and the other a W(VI) compound. Both solid state (XPS, Raman, 

infrared, powder X-ray diffraction) and solution phase (IH NMR, UV-visible, EPR, 

cyclic voltammetry) measurements were applied to the respective green materials, 

presenting a consistent description of their composite nature. A single crystal X-ray 

structure determination of a crystal of green "MoOCI2(PMe2Ph)3" allowed the 

compositional disorder to be partially resolved in this case, due to the high 

composition of MoOCI3(PMe2Phh in the sample (ca. 0.30 mole percent by XPS and 

visible spectroscopies). The single crystal X-ray diffraction data from the original 

single crystal study of green n[LWOCI2]PF6" were reinvestigated to ascertain whether 

compositional disorder could also be implicated in this system. Several composite 

models were applied to these data, resulting in improved fits to the observed data. 

This indicated that the original data collected for the crystal of green n[LWOCI2]PF6" 

could not support distortional isomerism in green "[LWOCI2]PF6". X-ray structure 
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calculations on models of the compositional disorder in both systems illustrated the 

pronounced effect of disordering chlorine electron density on the derived metal-oxo 

bond lengths. A calibration curve of Mo-CI bond length versus composition calculated 

from these models resulted in a favorable comparison of this present theoretical work 

with other experimental X-ray studies of the MoOCI2(PMe2Ph)3 system. Other 

examples of mixtures mistaken for pure materials are also discussed as well as a recent 

resurgence of distortional isomerism in certain niobium complexes. The nature of the 

compositional disorder characterized for the MoOCI2(PMe2Phh and [LWOCI2]PF6 

systems has profound implications for metal-ligand distances determined by X-ray 

crystallography. 
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I: An Introduction to Distortional Isomers 

In its history distortional isomerism has proven to be a challenge to both 

experiment and theory. Since the first proposal for "the possibility of a new type of 

isomerism"} in molecules like MoOCI2(PR2Ph)3 (R = Me, Et), several other systems 

have also been synthesized, characterized, and added to the intrigue that has been 

distortional isomers. From these experimental systems, a theoretical rationalization for 

the existence of the known "isomers" has been presented.2 After 17 years (1971-88) 

distortional isomerism appeared to be on flrm experimental and theoretical ground. 

In the last two years, however, both experiment and theory have shown that the 

conclusions concerning the known inorganic systems of distortional isomerism are 

unfounded. In twenty years, therefore, distortional isomerism has come full circle, so 

that the flaws in its original proposal have eventually led to its retraction as a new 

form of isomerism. 

This particular chapter has several goals if it is to fully communicate the impact 

that distortional isomerism has had on the fleld of chemistry. The flrst of these is to 

provide an historical perspective on distortional isomerism, primarily its genesis and 

the events that have culminated in its current understanding. Some appreciation of the 

uniqueness of distortional isomerism with respect to the area of coordination 
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complexes will come from comparing this isomerism to other more common examples 

of molecular stereochemistry. Complementary to this will be a discussion of the 

significance of the observed bond lengths that define the isomerism; the implications 

for the chemistry of metal-oxo bonds are most significant, and it is the interest in this 

that contributed to the reinvestigations of the problem. A portion of the discussion 

will include a brief philosophical assessment of this isomerism as it relates to other 

celebrated scientific anomalies. Although all but extinct in inorganic systems, a form 

of distortional isomerism still is believed to exist in several organic systems and has 

been confirmed in some diatomic systems as well. A discussion of these will be 

included here as an obvious parallel of the isomerism in some non-transition metal 

examples. Because of the potential that distortional isomerism held for theoretical and 

experimental inorganic chemistry, every chemist can appreciate this problem. It 

concerns the ability of the science to adapt and correct itself in order to maintain a 

level of integrity on which future chemistry relies. 

"The Possibility of a New Type of Isomerism" 1 

As is the case for most extraordinary scientific discoveries, the original 

discoverers of distortional isomerism arrived at their novel proposal only after first 

considering a more orthodox description. J. Chatt and A. V. Butcher happened upon 

the original isomers as a pair of materials that they had synthesized while preparing 

a large series of analogous molybdenum-oxo-halo-phosphino complexes: 



From individual 

synthetic procedures, 

they isolated a blue and 

a green solid with the 

same apparent chemical 
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for m u 1 a , Figure 1 Butcher and Chatt's originally proposed 
structures for the blue and green MoOC12(PMe2Ph)3 

MoO C 12 (P M e 2 Ph) 3' materials that they later assigned as distortional isomers. 

Each of the materials had a unique infrared band assigned to v(Mo=O): blue, 954 

cm -1, and green, 941 cm-I•3 On this basis, Butcher and Chatt considered the materials 

to be geometrical isomers, with the blue assigned as the cis,mer form and the green 

material as its trans,mer isomer (Figure 1). These assignments were the result of a 

rational analysis of their characterizations of these two materials; at this point no novel 

explanations were required. Detailed structural analysis followed. 

Crystals of blue MoOC12(PMe2Ph)3 and green MoOC12(PEt2Ph)3 were each 

subjected to X-ray diffraction studies.1,4,5 The PEt2Ph complex was chosen as the 

closest crystalline analog of green MoOC12(PMe2Ph)3 for which no diffraction quality 

crystals had then been isolated.4 The structure analyses of these two materials yielded 

two surprising results. I First, the blue and green materials were not geometrical 

isomers as was originally thought; both materials had identical coordination 



geometries, cis,mer (Figure 2). Second 

and more surprising, the blue and green 

first coordination sphere of MoOCl2P3 

atoms differed only in certain metal-

ligand bond lengths, and the most 

dramatic difference was a much longer 

Mo-O bond length in the green 

molecule. I Therefore, it seemed to 

Chatt and coworkers that by analogy 

the structurally uncharacterized green 
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PhR 2 P Mo---CI 

PhR 2P/ i +-

CI 

R = Me.. Et 
Figure 2 The structure of blue and green 
MoOCI2(PR2Ph)3' The arrows indicate the 
observed changes on going from the blue to 
green fonn.l,s 

MoOCI2(PMe2Ph)3 must also have a cis,mer coordination geometry and, being green, 

must have a long Mo-O bond as in green MoOCI2(PEt2Ph)3.1 The longer Mo-O bond 

would appear to be consistent with its lower v(Mo=O) frequency. It appeared to them 

that blue and green MoOCI2(PMe2Ph)3 were "isomers" of a highly subtle character, 

whose difference lay in the equilibrium distances of their respective ligands from the 

molybdenum atom. Based on this reasoning an entirely new chemical principle had 

thus been proposed. 

What this original proposal of distortional isomerism required was that it be 

possible for two molecules to have identical coordination geometries and differ only 

in selected metal-ligand bond lengths. The role of X-ray structure analyses in this 
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" ... the nature of isomerism in the [green isomer of mer-MoOCI2(PMe2Ph)3] 
becomes even more intriguing. It may be that this is a new type of 
isomerism, involving two equilibrium arrangements of ligands, which differ 
in the distortions of the highly strained co-ordination polyhedron of the 
metal." - Chatt, Manojlovic-Muir, and Muir (1971)1 

proposal should not be underestimated. Lacking these data, it is difficult to imagine 

how Chatt and his coworkers would have arrived at such a unique explanation. For 

the next 15 years little attention was given to distortional isomers, probably because 

most felt that there must be some flaw in the original results.6 However, in 1985 

Chatt and coworkers appeared to be vindicated in a report by Haymore et al., in which 

the elusive green MoOCI2(PMe2Ph)3 had fmally been structurally characterized.7 Its 

structure, albeit disordered, had the long Mo-O bond length predicted from the original 

distortional isomer proposal (Table 1). Distortional isomerism appeared to be 

substantiated at last. 

A literature search of the phrase "distortional isomerism" indicated that this term 

had been used at least once in a context other than the one used in this present study. 

"Distortional isomerism" was used to describe two geometrical isomers of the 

nickel(II) complex, [(MeTPyEA)NiBr]BPh4.8 A yellow form, 

[(MeTPyEA)NiBr]BPh4·EtOH (trigonal pyramid), and an emerald form, 

[(MeTPyEA)NiBr]BPh4·(CH3)2CO (square bipyramid), were structurally characterized. 

The two different nickel coordination geometries were called "distortional isomers".8 
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In the same year that X-ray analyses finally confmned the long bond in the green 

isomer of MoOCI2(PMe2Ph)3' an independent system of distortional isomers was 

proposed for blue and green fonns of [LWOCI2]PF6.9,1O Unlike the original 

MoOCI2(PMe2Ph)3 pair, both of these isomers were stable in solid fonn and in 

solution. For this system both materials had been structurally characterized. Here 

again the green had a significantly longer W-O bond (Table 1).9 Furthennore the blue 

and green materials were isomorphous (space group = Pbcm), an expected 

characteristic for two such similar complexes (blue and green MoOCI2(PMe2Ph)3 

crystallized in the space groups Pbca5 and P21/c,7 respectively). Where Chatt and 

Butcher's MoOCI2(PMe2Ph)3 isomers provided the impetus for the original suggestion 

of the isomerism, the exhaustively characterized tungsten isomers of Wieghardt and 

coworkers provided the most complete experimental evidence yet of distortional 

isomerism in this perfect pair of matched isomers. All that remained was a rational 

theoretical reason for the phenomenon from which to lead further searches for other 

systems. 

Other examples of distortional isomerism have been reported to add to the 

apparent validity of the original proposal (Table 1). With the exception of three 

systems, (HB(pz)3}ReOCI2,11 [LMo(NO)CI(OEt)]PF6,12 and MoOCI2(PMe3)3.13 

each of these systems offered the trademark characteristics of distortional isomerism: 

structural evidence for an exceptionally long M-E (E = N, 0, S) bond in one isomer 
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Table 1 Reported examples of distortional isomerism. 

compound color M-E!! (A) 

MoOCI2(PMe2Phh blue 1.676(7)1.52 9543 

1.675(3)462 

MoOCI2(PMe2Phh green 1.80(2)7 9433 

_________ ~~~~~~~~~~~!1 ___________ ~~=~ _______ ~~~~~2~~~ ________ ~~~ _____ _ 
blue < 1.698(8)46£ 95~ 

_
d e green 950E 

_________ ~_~~~~S:~=~~~] ___________ ~~=~ _______ ~~6_~~~2~: _________ ~~~: _____ _ 
[L WOCl2]PF 6 blue 1. 72(2)9 980 

green 1.89(2)9 960 
-----------------------------------------------------------------------------

{HB(pz)3}ReOCI2 blue i 978 11 

green i 97811 

~-----------------------------------------------------------------------------
NbOCI3(PM~)3 yellow 1.781(6)24 882 

green 

orange 

green 

1.929(6)24 

2.196(2)24 

2.296(1)24 

871 

455 

489 

_________ ~:~_~~2S:~!7~~~ ___________ x=~~~ ______ ~·7_8_8_~1:2~~ _________ ~~~: _____ _ 
[AsPh4][Mo(0)(02H)(CN)4]·4H20 blue 1.60(2)23 980 

1.72(2)23 920 

~ E = O. N. S Q The phosphines were in different orientations in these two structures. 
£ The assignment of these materials as distortional isomers came from ref. 13. g Four 
different Mo-O bond lengths were observed in two different crystals of this material (ref. 
46). ~ Both materials were shown to have the same v(Mo=O) via 180 isotopic 
substitution (ref. 46). f No X-ray structural analysis was performed on these materials. 
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and correspondingly different v(M=E) infrared stretching frequencies. As a whole, the 

group of complexes presented in Table 1 present a large body of experimental 

evidence to support the original proposal. 1 

Although structurally characterized two years before the 1971 origin of 

distortional isomerism, ReNCl2(PEt2Ph)3 with its observed Re-N bond length of 

1.788(11) A 14 has been suggested by othersl5,16 as an example of a long-bonded 

Re-N isomer. The implication was that the short Re-N isomer of ReNCI2(PEt2Phh 

existed but had not yet been isolated. Relatively few structures of complexes 

containing terminal metal-nitrogen bonds have been solved.15 Of those the Re-N bond 

is best represented. The complex above, the five coordinate ReNCI2(PPh3)2' and 

ReNCI2(PMe2Ph)317,18,19 are representative of the coordination complexes 

containing terminal rhenium-nitride units that have been structurally characterized. 

The structure of ReNC12(PMe2Ph)3 which indicated20 a Re-N bond of 1.660(8) A 

(for ReNCI2(PPh3)2 this value was 1.602(9) A)21 appeared to confirm the presence 

of distortional isomerism in ReNCI2(PEt2Ph)3 (long Re-N bond), an isoelectronic 

analog of Chatt's molybdenum-oxo isomers. 

One other system for which only one "isomer" was known was green 

MoOCI2(PMePh2)3.22 This and the structurally uncharacterized isomers of 

{HB(pz)3} ReOCl2 and MoOCI2(PMe3)3' illustrate the confidence that was placed in 

the experimental basis for distortional isomerism. The MoOCI2(PMePh2)3 case 
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appeared to be the flrst anomaly of the isomerism, for here was a green complex with 

a short Mo-O bond. Heretofore all green isomers had been the long Mo-O bonded 

forms, so that Cotton and coworkers concluded from these results, "Although we did 

not find a blue MoOX2L3 [MoOCI2(PMePh2)3] molecule with a short Mo-O distance, 

in this case, we still feel that such a molecule might exist. ,,22 At this point in time 

there was enough experimental support of the isomerism's validity that these workers 

felt confident enough to predict the existence of other isomers on the basis of their 

single short Mo-O bond complex. This departure from the predicted blue (short M-E) 

and green (long M-E) of Chatt and Wieghardt's two derming systems gave an 

impression of the complexity of distortional isomerism. Similarly, after the theoretical 

rationalization of Hoffmann et al.,2 Herrmann and coworkers suggested that their blue 

and green forms of {HB(pzh} ReOCl2 were examples of distortional isomers solely on 

the basis of their difference in color! 11 

Chronologically, the blue and green forms of the anion [MoO(OH2)(CN)4r2 were 

the first reported example of distortional isomerism (1983) in a system following 

Chatt's molybdenum complexes.23 Interestingly this system was the result of work 

by Wieghardt et al. who also reported the classical tungsten isomers only two years 

later. For a pair of materials to be a valid example of distortional isomers it is 

advantageous that both have identical formulas and thereby rule out solid state effects 

as the cause of their structural differences. The blue and green [MoO(OH2)(CN)~-2 
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isomers had different cations, AsPh4 - and PPh4 - respectively. 23 However, the 

characterization of these materials23 was more extensive than that of many of the 

isomers listed in Table 1. 

Despite the assault that has been waged against distortional isomerism over the 

past two years, it has experienced a renaissance in compounds formulated as 

NbEC12(PMe3)3 (E = 0, S).24 The NbOC13(PMe3)3 isomers appear to have all of 

the expected isomer characteristics. However, there are some features about the sulfur

containing isomers that are new even for distortional isomerism (Table 1). First, the 

orange and green isomers of NbSC13(PMe3)3 are the fIrst reported examples of the 

isomerism in metal-ligand bonds containing atoms other than oxygen and nitrogen. 

Second, and certainly more unusual, is the report that the longer Nb-S bond isomer has 

the higher v(Nb=S) frequency.24 This apparent inverse proportionality between bond 

length (order) and stretching frequency is exactly counter to the well-established 

understanding25 of a direct relationship between these two characteristics of covalent 

bonds. A more detailed account of this and the [MoO(OH2)(CN)4r2 systems is given 

in Chapter V. 

Nonclassical Distortional Isomers and Bond Stretch Isomers 

Where classical distortional isomerism implies its manifestation in inorganic 

systems, the term "nonclassical distortional isomers" is applicable to some other 

molecular systems which exhibit similar characteristics but are not inorganic 
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coordination complexes. The two general classes of these are certain homogeneous 

diatomic species and the organic "bond-stretch isomers" flrst alluded to by Hoffmann 

et al .. 26 These nonclassical distortional isomers will be discussed only in this 

chapter, for the sake of completeness of a comprehensive discussion of distortional 

isomers. Unlike their classical inorganic relatives, there currently appears to be little 

question concerning the validity of these nonclassical isomers. 

Hoffmann and Stohrer 

suggested the name "bond stretch 

isomers ,,26 to identify pairs of 

compounds related by the single 

deformation (bond stretch) of one 

bond within a pair of isomers 

(Figure 4). Their interest in the 

effect of orbital symmetry 

constraints on chemical reactions 

led them to consider the 

relationship between isomers of 

E 

v 
V . \ 

R 

in Figure 4, Ie '* lo).26b This Figure 3 Schematic of conflguration energy 
with deformation of single bond to give two 

work was an extension of earlier stable bond-stretch isomers. 
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Figure 4 Examples of bond stretch isomers. Effectively, a simple bond stretch is the 
relation within a pair of isomers. 

Figure 5 Orbital configuration of (CH)sn at (S)/(A) crossing point. 
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work on the competition between through-space and through-bond interactions of 

nonconjugated double bonds. 27 To arrive at the two stable isomers depicted in 

Figure 4 by stretching or contracting the one chemical bond there must be a crossing 

(intended but avoided crossing) of states which are symmetric (S) and anti symmetric 

(A) with respect to the plane normal to the page that contains the atom X in Figure 4. 

A consideration of the orbital symmetries makes it clear from Figure 3 why contraction 

of the chemical bond favors the tricyclic isomer (Ie) and that elongation of this bond 

favors the diradical isomer (10). If the species of interest is (CH)s +, two stable 

isomers as in Figure 4 are predicted. Each of these represents an extreme of the 

rearrangement of the (CH)s + carbocation. By contrast, for the reduced species, (CH)s', 

only the bicyclic isomer is predicted to be stable due to the now unfavorable 

interaction of the filled orbital at X and the unpaired electrons of the apical atoms in 

the diradical. Also, for the (CH)s' anion, the Jahn-Teller distortion mechanism which 

operates at the point of crossing of the (A) and (S) states in the (CH)s + or . species 

(Figure 5) is no longer accessible as it was for the carbocation. The symmetry 

forbidden crossing of (S) and (A) is responsible for the stabilization of isomers like 

those above and encouraged the study of bond-stretch isomerism in other organic 

systems. 

The closest analogs to the (CH)s-type bond-stretch isomers are systems 

containing the bicyclic-diradicalltricyclic pairs like the propellanes (Figure 4: 2 and 
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3).28 Hoffmann and coworkers 

indicated that the transition 

between these isomers is a 

symmetry-forbidden process.27 For 

the propellanes, symmetry allowed 

and thennodynamically more 

favorable side reactions (Figure 6) 

reduce the likelihood that bond 

stretch isomers will be isolated in 

the hydrocarbon system.28,29 
Figure 6 Side reactions of the open propellane. 

However, introduction of 

maingroup III and V elements (B and N) into the bridgehead positions greatly 

enhanced the calculated stability of the two isomers by reducing the thennodynamic 

desirability of the side reactions.28 Whereas the nitrogen-boron substituted propellane 

was observed to be more stable toward side reactions, the open isomer (30) was 

determined to be the more stable owing to the poorer overlap of the nitrogen and 

boron 2pz orbitals (directed along the bond-stretch axis). Therefore, in the manner of 

Hoffmann, et al.27 through-space interaction of the Band N atoms is not as strong as 

their through-bond interaction; the bicyclic form (30) is more stable than its tricyclic 

isomer (3C). Gregory et al. have suggested two ways to increase the O'p overlap 
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(through-space interaction) of the bridgehead 

heteroatoms.28a Either replace nitrogen with 

phosphorus whose 3p orbital is closer in energy to the 

boron 2p, or modulate the existing boron and nitrogen 

orbitals with electron donors at the 2, 6, and 7 

positions and electron acceptors at the 3, 5, and 8 

positions (Figure 7).28 Some success has been 

realized in the synthesis of the closed propellane 

hydrocarbon (2C).29 

o W 

/ \ 
· N~Q __ !-..-l '\ 7 

o w 
Figure 7 The placement of 
electron donors (D) and 
withdrawing groups rw> in 
the NB substituted propellane. 

The next class of bond-stretch isomers has the general formula X4-n Y nH6 (X = 

Si, Y = C). One of the first of these to be studied involved isomerism in the 

polys ilene, Si4~ (Figure 4, 4C p 40).30 The isomerism between the two fonns is 

expected to occur via a facile process. The through-space Si I-Si2 bond of 4C is 

estimated to have a bond energy of only 15 kcaVmol, and stretching of this Si-Si bond 

is a symmetry allowed process.30 An X-ray structure analysis of a derivative of the 

closed form (4C)31 shows a Sil-Si2 bond length of 2.373 A, close to that observed 

for H3Si-SiH3. Cleavage of the Sil-Si2 bond gives two silene radicals. The pyramidal 

geometry favored by these radicals enhances through-bond interaction for the 

bridgehead atoms (Si 1 and Si2) which interact through low lying 0'. orbitals of the 

corner silicon atoms (Si3 and Si4).30 Electron withdrawing substituents on the 
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bridgehead silicon atoms would be expected to further stabilize the open isomer by 

decreasing the p character of the through space Si 1-Si2 interaction.30 

The effect of a stepwise replacement of the two corner silicon atoms (Si3 and 

Si4) with carbon was studied with respect to bond-stretch isomerism (Si4H6, Si3CH6, 

Si2C2H6).32 Replacing silicon with carbon at these two positions makes the long 

Si 1-Si2 bond isomer increasingly more stable compared to its short-bond isomer. The 

Sil-Si2 bond in the 40 isomers of Si4H6 to Si2C2~ decreases from 91 to 86% 

bonding character. This bridgehead bond in the pure hydrocarbon retains only 57% 

character (diradical).32 Thermodynamically, the long bond isomer is preferred because 

of the higher C-C bond energy (88 kcal/mol) versus Si-Si (74 kcaIlmol). Stretching 

of the Si-Si bond in Si2C2H6 appears to be an energetically favorable process,33 thus 

drawing the carbon atoms closer together. Furthermore, elongation of the Si 1-Si2 bond 

decreases the strain energy at the carbon positions.32 This strain would increase with 

each carbon replacement in Si4H6, a characteristic that follows the observed short-bond 

isomer stability trend of Si4~ > Si3C~ > Si2C2H6• 

Theoretical studies of cyclic Si2C2 (SC ~ SO) indicate that bond-stretch 

isomerism like that in the polysilenes is also predicted in these systems.34 Again, 

the open isomer (SO) was predicted to be more stable than its closed form (SC). Two 

minima were located on the potential surface of the Si2C2 molecule.34 One 

corresponded to the short Si-Si bonded isomer and the other was the long-bond isomer 
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which was also the global 

minimum.34 This observation 

.;!: 
51 ;51 
'c~ 

agrees with the previous arguments 

favoring a C-C bond in Si2C2~' 32 

However, unlike the polysilene *X.v 
systems, interconversion of these Figure 8 Molecular orbitals which cross to give 

two bond-stretch isomers of C2Si2. 
planar isomers is a symmetry 

forbidden process. Elongation of 

the Si-Si bond increases the bonding interaction between the carbon atoms and lowers 

the energy of the C-C bonding orbitals. The loss of the favorable C-C bond is not 

compensated in the Si-Si bond (Figure 8). The result is an unsymmetrical double-well 

potential in which the long Si-Si bond isomer is the more stable. 

While theory has predicted the existence of bond-stretch isomers in the above 

polyatomic molecules, experiment has probed real examples in specific excited states 

of some diatomic molecules (H2 and Na2).35,36 The two isomers of each molecule 

are true bond-stretch isomers; one form (A2) has a value close to a typical singk' bond 

(H2, 0.746 A; N~ 3.716 A)37a and the other isomer (A2') has a bond length as 

much as twice the value of its short-bond isomer. These systems are, therefore, clear 

examples of two equilibrium geometries of a molecule related by a simple 

stretch/contraction of a single covalent bond. Double-minimum potential wells have 



been well-characterized 

spectroscopically for both 

the first excited state of H2 

(1:£ +)35 and the second 
g 

excited state of Na2 

(1:£/).36 The l:£t state of 

H2 was described by simple 

valence bond ({ H+ + H-} or 

i 
E 
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A' 2 

{H( 1 s) + H(2s) }) and Figure 9 A schematic diagram of the double minimum 
potential-well envisioned for distortional isomers and 

molecular orbital theory.35 confirmed for specific excited states of H2 and Na2' 

The latter theory describes the A2 well of H2 (Figure 9) to have a {(l sO'g)(2sO'g) } 

configuration with the A2 ~ well having a more complex form: mostly (2pO'u)2 + some 

(lsO'g)(2sO'g) + some of the ground state configuration of (lsO'g)2. The double 

potential well of each isomer is sufficiently defined that some of the vibrational levels 

Table 2 Structural features and characteristics of the potential wells defining the 
isomers of H2 and Na2' 

I A2 (A) x (A) A2~ (A) EB (cm- I ) I 
H2 (ref. 35) 1.012 1.651 2.322 6700 

Na2 (ref. 36) 3.688 4.74 6.739 700 
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in each well have been characterized spectroscopically. The fIrst 3 (A2: v =0, 1, 2) 

and the first 5 (A2': v = 0, 1, 2 , 3, 4) vibrational quantum levels have been 

observed35 for the two isomers of dihydrogen, probably due to the sizable energy 

barrier between them (Table 2). 

Despite being separated by a much lower energy barrier (Table 2), the two 

isomers of the second excited state of Na2 have also been studied in detail. 36 For this 

fonn of Na2' 5 of 7 vibrational levels in the short-bond well (A2) and all 27 of the 

levels in the long-bond well (A2') have been characterized.36a The top of the 

potential maximum of the double-well lies at approximately v = 37 above the potential 

minimum of the long-bond isomer which is more stable than its mate by more than 

575 cm-1.36b The configuration of the (2) l~u+ state of Na2 [Na(3s) + Na(4s)] is 

similar to that observed for Li2 [Li(2s) + Li(3s)].36b The double-minimum character 

of the well was assigned to an intended but avoided crossing of two zero potential 

levels (Ai Rydberg; A2': ionic). 36b 

Deformations of the Strongest Covalent Bond in the Molecule 

Having presented the experimental and theoretical evidence supporting bond

stretch isomerism, this discussion now returns to distortional isomerism as it exists in 

metal coordination complexes. The apparent stability and synthetic accessibility of 

these metal complexes as opposed to the more esoteric excited states of diatomic 

molecules and the even less characterized organic bond-stretch isomers gave 
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Figure 10 A distribution of Mo-O bond lengths for monooxo Mo(IV), Mo(V), and 
Mo(VI) complexes (ref. 15). 

investigators of distortional isomerism real hope of being able to study these more 

tangible metal-complex systems in detail. Yet, of the three general classes (distortional 

isomers, diatomic and organic bond-stretch isomers) discussed here, distortional 

isomerism represents the greatest assault on chemical principles. What prevents many 

from believing in the existence of distortional isomers is that their primary differences 

are significant defonnations of the strongest covalent bond in the molecule. 

Terminal metal-atom bonds are common in coordination chemistry (M-X: X = 

0, S, N, C, B, H, halogen). Of those that involve an appreciable degree of multiple 
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bond character (M=O, M=S, M=N, M=C) the tenninal metal-oxo bond is the best 

represented. 15,16 Numerous metal-oxo compounds of both biological38 and 

catalytic39,40,41 significance are known. Among covalent bonds, the terminal 

metal-oxygen bond is one of the strongest.37b Furthermore, the appreciable 

concentration of oxygen in the atmosphere makes oxygen a likely participant in the 

chemistry of most metals. The most structurally characterized tenninal metal-oxo bond 

involves molybdenum. 15,16 So much attention has been given to this particular bond 

because of the active role of the molybdenum-oxo group in the chemistry of many 

catalytic and biological processes.38,41 Numerous model complexes have thus been 

prepared in these studies with the end result being a large list of structurally 

characterized Mo-O bonds. This is a fortunate (or unfortunate?!) course of events as 

far as distortional isomers is concerned. The large number of Mo-O bonds that have 

been structurally characterized provides both a significant statistical sampling and a 

valuable insight into the structural characteristics of the Mo-O unit. 15,16 With respect 

to the reliability of the M-O bond lengths measured for distortional isomers, the value 

of such statistical studies is great. 

As a testament to the relative stability of the metal-oxo multiple bond, a 

statistical distribution of Mo-O bonds is observed to be extremely narrow, even over 

three oxidation states of the metal. This invariance in the Mo-O bond length for a 

collection of Mo(lV, V, and VI) complexes is remarkable, but it is also understandable. 



On going from Mo(VI) (dO) to 

Mo(IV) (d2), the d-electron count 

only involves changes in population 

of the ~y HOMO (non-bonding) 

and does not involve the 

* molybdenum-oxo 1t (rlxz' rlyz) or 

(J * (dz2) orbitals which are higher in 

energy (Figure 11). The M-O bond 

has a great influence on the metal 

d orbital energies within the 

complex; the metal dz2 orbital 

(M=O (J *) is typically highest in 
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Figure 11 General d-orbital splitting diagram 
energy of the five metal d-orbitals. for monooxo complexes. 

From 122 different Mo-O (monooxo) bond measurements the value of a typical 

terminal Mo-O bond is found to be 1.678(28) A.16 lllustrating the ineffectual dn (n 

= 0, 1, 2) count on the M-O bond length, the standard deviation of this distribution (± 

0.028 A) is less than 2%. But distortional isomerism claims large changes in a M-O 

bond length without any change in the number of metal d-electrons. There are two 

points that are critical to the discussion of distortional isomers and a statistical study 

of metal-oxo bond lengths; these are best illustrated using the MoOCI2(PR3)3-type 
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isomers (Table 1). 

The fIrst point to address is that woven into the statistical analyses of terminal 

Mo-O bond lengths is an element of time. This distribution is an amalgam of 

structures performed over twenty years, including structures from the pioneering period 

of X-ray crystallography in the 1960's to the now routine, highly automated procedure 

that is modern crystallography. Over time, nature is constant and only our ability to 

describe it changes. Proof of this is the Mo-O bond distribution compiled from values 

determined throughout the evolution of X-ray crystallography. The investigators who 

fIrst proposed distortional isomerism did recognize that their long Mo-O bond was 

unusual 1 but made no consideration of the statistical significance of this piece of data. 

Granted, at that time far fewer Mo-O bonds had been structurally characterized than 

in 1985.15,16 Lacking a solid database for comparison, Chatt and coworkers had all 

the more reason to choose some alternative explanation for their data. Tremendous 

weight is often placed on the signifIcance of a particular bond-length derived from a 

crystallographic experiment. Distortional isomerism teaches the value of using 

statistical criteria (whenever possible) to critically evaluate experimentally determined 

bond lengths. 

The second point to be stressed in hindsight is how unusual are the data that led 

to the isomerism. For the mer-MoOCI2(PMe2Ph)3 isomers, the blue "isomer" has a 

typical Mo-O bond length (1.675 A) whereas the green "isomer" has an apparent Mo-O 
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bond length that is greater than 4 times the standard deviation (0) of the entire Mo-O 

bond length distribution. Fewer than 1 % of all the values of a Gaussian distribution 

are to be found beyond 30. Clearly the anomalous Mo-O bond lengths of the long

bond MoOCI2(PMe2Ph)3-type isomers are statistically very different. Nugent and 

Mayer's work 15, 16 is invaluable with regard to determining the statistical significance 

of a newly determined metal-oxo bond length. To believe distortional isomerism, 

much is required in accepting the long metal-oxo bond lengths against such convincing 

statistical analyses. 

Distortional Isomers as Pathological Science 

The next segment of the discussion is a brief philosophical look at distortional 

isomerism and how it may be judged as part of the history of science. Despite all of 

the elaborate descriptions currently used to describe and predict the behavior of nature, 

only nature itself can be certain of the absolute boundaries that govern it. Where the 

goal is to understand a single piece of this complex study, one of the chemist's surest 

and most powerful tools is a grasp of what has already been studied and explained. 

From this more certain foundation, logic and analogy serve to help cast the unknown 

of interest into a more understandable light. Ultimately, a sufficiently consistent 

description is formed so that the chemist is confident enough to extend the science of 

understanding nature a little further, providing a new platform on which future 

experiments will depend. Uncommon to this process are instances where wholly new 
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and unfounded proposals are presented as explanations for a set of observables. There 

are few examples of departures from this "rule" of science and still fewer examples 

where the deviations were later recognized as truths once the rest of science 

progressed. Distortional isomerism is a vivid example of a marked deviation from the 

foundation of chemical understanding and may be included with three other examples 

in a brief discussion of what has been termed "pathological science. ,,42 

According to D. L. Rousseau, there are three symptoms of pathological 

science.42 The flrst is that the effect being studied is at or below the ability to observe 

it or that the effect is statistically insignificant. The second symptom is an apparent 

readiness on the part of the investigators to deviate from prevailing theories and 

understandings. The third is an inherent difflculty in finding independent experiments 

to corroborate the original observations. In forming these generalities, Rousseau draws 

on three celebrated and ultimately maligned examples of anomalous science; these are 

polywater, infinite dilution, and cold fusion. As the following chapters will attest in 

detail, these three symptoms accurately describe the history of distortional isomerism, 

so that it too could be considered an example of pathological science. 

In some ways the history of distortional isomerism is exactly like Rousseau's 

three examples and in other ways it is unique. Like the claim of "polymeric water" 

(polywater),43 the extraordinary qualities of distortional isomerism are not diminished 

with time. In fact, in the more than twenty years that have passed since the first 
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proposal for polywater and distortional isomerism, a great deal has been learned about 

the fundamental nature of water and the characteristics of terminal metal-oxo bonds 

so that the deviations of polywater and distortional isomerism from fundamental 

chemical principles are even more pronounced. Perhaps this is a fourth symptom of 

pathological science, that time magnifies rather than reduces the anomalies in the 

original proposal. Where the isomerism is unique with respect to Rousseau's three 

examples is the longevity of the idea of "distortional isomers" in the chemical 

community. lllustrative of how accepted the idea of distortional isomerism had 

become, a small section of a recent inorganic text had been devoted to the subject.44 

The approximately ten year lifespan of polywater is the longest of Rousseau's three 

but is still half the length of time that distortional isomerism survived in the chemical 

mainstream. 

The preceding discussion gives enough reason to disregard distortional isomerism 

without further consideration. However, such action does a disservice to the dynamic 

ability of chemical theory and understanding to adapt to new information and changing 

perspectives. Chemistry is served in two ways by entertaining detailed reinvestigations 

of distortional isomerism. First, the science learns from its mistakes. Every chemist 

needs an appreciation of the limitations of experimental measurements. Second, theory 

and experiment are challenged by something that questions the boundaries of chemical 

understanding. Even though the objectionable idea be unfounded, it may cause theory 
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and experiment to improve in order to refute the claim. In the end chemistry can 

benefit from such a wrenching process. 

"The solution of...[the problem of "bound water"] ... has probably been delayed as 
a direct result of what happened during the polywater period. To the initiated it 
has long been known that experiments in surface science demand much time and 
effort, exactly because of the disproportionately large influence of impurities on the 
measurements. It does not therefore require much in the way of discouragement 
to stop all such investigations."-Franks (1981)43 

Distortional Isomers Viewed from a Perspective on Isomerism 

In the chemistry of isomers, distortional isomerism is one of the most subtle 

examples. Chatt and coworkers were aware of this in their original proposal. For two 

molecules (or complex ions) to have identical coordination geometries and differ only 

in lengths of specific metal-ligand bonds, some interesting chemical property must be 

at work. Furthermore, since both distortional isomers were apparently stable at room 

temperature, there must be some appreciable energy barrier separating the two forms. 

An estimate of the size of such a barrier and typical barriers for other common isomers 

are given in Table 3. Energetically, linkage isomers45 may be the best comparison 

of the barrier estimated for distortional isomers. The isomerism exhibited by the stable 

distortional isomers is so surprising because it involves changes that are known to be 

reversible by facile mechanisms available to most molecules at room temperature. 

Isomerism is an interesting natural characteristic of molecules. In the course of 

describing a compound a chemist discerns which atoms are present and, whenever 
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Table 3 Energy barriers between pairs of common isomers. 

isomers energy barrier reference 
(kcaVmol) 

distortional 25-30 2 

bond-stretch: 

4C p40 9 28 

H2 p H2' 19 35 

Na2 p Na2' 2 36 

conformational 3-5 24 

linkage 23il 45 

structural (cis p trans) 70 2 

optical 100 24 

il For the isomerization of [Pd(Et4dien)SeCN]+ to [Pd(Et4dien)NCSe]+ in DMF. 

possible, the spacial arrangement of those atoms in the molecule. How atoms arrange 

themselves in molecules is governed by the physical laws, and to some extent, the 

statistics of nature. The stereochemistry of molecules is one intriguing manifestation 

of these rules. Despite the recent demise of distortional isomerism (vide infra), it is 

instructive to consider it in the context of other more common modes of isomerism. 

The following discussion involves the "what if' aspect of distortional isomerism and 

helps to illustrate how perplexing a problem of isomerism it was. 

From a stereochemical perspective, distortional isomerism adds a unique aspect 
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to the different spacial geometries that a molecule can assume. As evidence of the 

subtle nature of distortional isomerism, the associated bond length distortions represent 

delicate changes in the overall geometry of the molecule. A close analogy may be the 

changes required to interconvert the "chair" and "boat" conformational isomers of 

cyclohexane. By way of simple bond angle twisting and bending, cyclohexane rapidly 

interconverts between its isomeric forms in solution. Bond stretching and angle 

bending are vibrational modes typically associated with the motions of molecules. The 

discontinuity of the distortional isomer/cyclohexane analogy arises from the fact that 

for cyclohexane these common vibrational motions do not allow a single isomer to 

exist in solution in large concentrations relative to its other isomers. Yet, given the 

facile route of interconversion between distortional isomers (merely a bond vibration), 

both isomers are stable in solid form and in solution in apparently 100% mole percent 

concentrations.3,9 Imagine the possibility that isomeric ally pure chair and boat samples 

of cyclohexane could each be placed in separate bottles where they would each remain 

stable toward isomerization at room temperature. Envisioning this assault on chemical 

orthodoxy, it may be easier to understand the excitement surrounding distortional 

isomers at their height. Whereas the cyclohexane analogy illustrates the subtlety of 

distortional isomerism as it was thought to exist in inorganic systems, the apparent 

stability of distortional isomers is on the order of that exhibited by structural isomers. 

The mechanisms that interconvert geometrical or structural isomers are often 
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complex and have an equally costly energy expenditure required to activate the 

process. Such mechanisms may include severe distortions of the molecule (i.e. Bailar 

twists) and even bond scission to accomplish the observed transformation. There are 

no simple interconversion mechanisms between cis and trans olefins or between fac 

and mer coordination complexes. Because of this the individual isomers are usually 

quite stable in both their pure forms and in solution. Despite the much less elaborate 

changes associated with distortional isomers, they apparently were as stable toward 

isomerization under the right conditions.9,l0 In summary, therefore, to believe 

distortional isomerism is to believe that two isomers can be more similar than the chair 

and boat forms of cyclohexane and yet nearly as stable as individual geometrical 

isomers. No such problem could possibly escape closer scrutiny. 

Reinvestigations of Distortional Isomerism 

Sufficient background on the history and appealing characteristics of distortional 

isomers have thus far been described. This section presents its most recent history 

which has dealt a serious blow to the validity of the existence of distortional isomerism 

in inorganic systems. For various reasons, the isomerism has come under tremendous 

scrutiny in the past three years. Three independent research groups studying 

distortional isomerism from three different perspectives all arrived at the same 

conclusion in 1991:46,47,48 the experimental evidence in support of the twenty 

year old proposal of Chatt and coworkers! was flawed. Thus, the likelihood of the 
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existence of real distortional isomers in inorganic systems cannot be based on the 

original proposal. Included in this section will be a discussion of the two (pr02 and 

con47) theoretical accounts of distortional isomers. One characteristic is common to 

all three of the reinvestigations. Each group began its study of distortional isomers 

believing that the phenomenon was real; however, by the time the work was 

completed, no fewer than five papers46,47,48,49 had appeared over the past year 

summarizing overwhelming evidence against the existence of distortional isomers. 

The pinnacle of the understanding of the isomerism came in 1988. What 

experiment had shown to exist but could not describe, Hoffmann and coworkers did 

explain. 2 Just three years prior, experiment had yielded two more pieces of 

information in support of the existence of distortional isomerism. In 1985 Haymore 

and coworkers reported a structure that appeared to at last confmn a long Mo-O bond 

(1.80 A) for the green "isomer" of MoOCl2(PMe2Ph)3.7 In that same year Wieghardt 

and coworkers reported the first case of distortional isomerism in a system with a 

metal other than molybdenum.9 Furthermore, their blue and green "isomers" of 

[LWOCI2]PF6 were the most completely characterized and stable examples yet known. 

With the tungsten isomers, experiment had apparently proved that distortional isomers 

existed; it only remained for theory to explain why. 

With three systems now assigned as distortional isomers (Table 1), the approach 

employed by Hoffmann and coworkers considered the characteristics common to all. 
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Each system had a tenninal-oxo ligand and either 1t-donor ligands (Cn1,9 or 1t-

acceptor ligands (CN")23 within the fIrst coordination sphere of the metal. For the 

tungsten system, the increase in the W-O bond length was described as arising from 

the destabilization of one of the W -0 1t. orbitals (Le. rlxz) through a decreased 

anti bonding interaction with the oxo and cis chlorine ligands. Coupled to this was a 

contraction of the W -Clcis bonds which destabilized the tungsten rlxy orbital through 

an increased antibonding interaction. In the models of Hoffmann et al., the w-o bond 

lengthened as the W -Clcis bonds shortened; this trend was exactly that described by 

the X-ray structural analysis of the two isomers.9 

For Chatt's molybdenum isomers, X-ray structural studies indicated that with the 

Mo-O bond lengthening there was a concomitant shortening of the Mo-CI bond (trans 

to oxygen). Thus, Hoffmann and coworkers concluded that this was a result of a 

reorganization of the ~-P7t bonding between the competing trans oxo and chloro 

ligands. A short Mo-O indicated that the 1t bond was greater for Mo-O than for 

Mo-Cl, and the long Mo-O bond was a result of an strengthened 1t bond for Mo-Cl and 

weakened bond for Mo-O. For the Mo-O and Mo-Clu-ans bonds, the 1t components 

favored a double minimum whereas the a components favored a single symmetric 

form. If the double minimum has a sufficiently high energy barrier, a double 

minimum well survives when the 1t and a components are combined. These results 

for the 1t and a components of covalent bonds were used to illustrate the analogous 
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characteristics in the x-allyl radica1.50 At the extended HUckel level, theory had 

provided a reasonable explanation for the extraordinary claims of distortional 

isomerism. 

"The phenomenon of bond·stretch isomerism is so interesting that it merits 
analysis and reanalysis by the very best structural techniques available to 
the profession. "-Yves, Lledos, Burdett, and Hoffmann (1988)2 

The concomitant change in other metal-ligand distances with the change in 

metal-oxo distance makes the isomerism seem even more convincing. Typically, as 

the apparent metal-oxo distance lengthens on going from the blue "isomer" to the 

green there is a simultaneous shortening of one or more of the other metal-ligand 

distances. In the Chatt isomers as the chlorine trans to oxygen moves closer to the 

molybdenum center as the oxygen moves away. This is exactly the behavior expected 

from a simple trans effect argument; the stronger trans-directing ligand' s (oxygen's) 

influence is diminished as it moves away from the metal allowing the weaker trans-

directing ligand (chlorine) to increase its bond strength with the metal and thus move 

closer to the metal center. This simple argument is sufficiently convincing to support 

the experimentally observed properties of distortional isomers. Undoubtedly, the 

conclusions derived from HUckel calculations on models of these materials were more 

complete than the a trans-effect argument. By 1988, therefore, the genesis of 

distortional isomerism was complete; complementary theory and experiments appeared 
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to leave little doubt of the validity of the proposed isomerism. 

In an attempt to see if two stable distortional isomers could also be predicted at 

a higher level of approximation, Song and Hall modeled the Chatt and Wieghardt 

systems at the ab initio leve1.47 Their initial results from models of both the 

MoOCI2(PMe2Ph)3 and [L WOCI2]PF6 could not predict two stable isomers for either 

system. According to their earliest attempts, only the normal, short bonded isomer of 

MoOCI2(PMe2Ph)3 and [LWOCI2]PF6 should be stable.47 But theoretical calculations, 

however elaborate, are no substitute for experiment. Thus, illustrating the confidence 

that these workers had in the experimental proof for the existence of two stable 

isomers in both systems, Song and Hall tried to improve their models. These 

improvements included full geometry optimization, more elaborate basis sets and 

ligands, as well as electron correlations. Their model was thus poised to predict the 

existence of two stable distortional isomers. 

Every model calculation of the [LWOCI2]PF6 isomers failed to reproduce 

anything close to the experimentally observed W-O bond length changes (Table 1) in 

this system. In addition, the calculated difference in energy between isomers (Llli: 

greater than 35 kcallmol for all attempts) strongly suggested that only one stable form 

was expected. Hoffmann and coworkers had predicted that a crossing of the rlxy 
1 (a', 

blue isomer HOMO) and rlxz 1 (a", green isomer HOMO) was induced by concomitant 

elongation of the W-O bond and contraction of the W-Cl bonds cis to the oxo ligand. 
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If this hypothesis were true, according to Song and Hall a modeled crossing of the 

rlxy 
1 (2 A /) and rlxz 1 (2 AN) states should give two minimum geometries of the complex 

cation whose primary difference lay in their respective W -0 lengths, and the energy 

difference between them should be small enough to suggest that both forms were 

stable. Full optimization of the model showed that the W -0 difference between the 

2 A / and 2 A N states was only 28% of the experimentally observed distortion with Llli 

= 36.5 kcal\mol. Similar results with further modified models prompted Song and Hall 

to include configuration interactions in their calculations. At this level the results were 

no more encouraging: for 2A/ W-O = 1.709 A (1.719 A by experiment) and for 2AN 

W-O = 1.777 A (1.893 A by experiment), with Llli = 38.3 kcal\mol between the two 

states. By all accounts, therefore, the green isomer of [LWOCI2]PF6 should not exist 

under the observed experimental conditions.47 

Song and Hall's approach to modelling the Chatt MoOCI2(PMe2Ph)3 isomers 

was to optimize two different structures having an (a/)2 configuration. As before, 

their goal was to predict the existence of two stable isomers of MoOCI2(PMe2Ph)3. 

Hoffmann and coworkers had shown by extended Huckel methods2 that reorganization 

of the <4t-P7t and dc(Pa interactions caused again by concomitant Mo-O, Mo-Cltrans' 

and Mo-Clcis bond distortions would produce the two stable isomers of 

MoOCI2(PMe2Ph)3 observed experimentally. Song and Hall considered two scenarios 

that involved deformations of the Mo-Cltrans and Mo-Clcis bonds. (1) Assuming that 
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a~ was the blue isomer, shorten Mo-Cltrans by 0.125 A and lengthen Mo-Clcis by 0.015 

A; (2) assuming that a~ was the green isomer, lengthen Mo-Cltrans by 0.125 A and 

shorten Mo-Clcis by 0.015 A. The results of the calculations would indicate the effect 

on the Mo-O bond length as a result of the Mo-Cl distortions. For cases (1) and (2) 

the Mo-O bond was then optimized, and for both cases, the optimum bond length 

deviated only slightly from the original a~ value [0.006 A for (1) and -0.005 A for 

(2)].47 Case (1) did not produce the long Mo-O (green) isomer as a result of the 

pronounced Mo-Cl deformations. The inclusion of configuration interaction to their 

minimized (1) and (2) models yielded blue (Mo-O = 1.706 A) and green (Mo-O = 

1.712 A) "isomers". The small 0.006 A difference between the respective Mo-O 

lengths in these "isomers" was far less than the 0.127 A observed 

crystallographically.47 No stable long Mo-O isomer of MoOCI2(PMe2Ph)3 could be 

predicted at the ab initio level of approximation. 

" ... when the physics fails to produce the expected result, even after being 
• set up' to do so, one must conclude that one's expectations were 
false."-Song and Hall (1991)47 

When their improved models continually returned only ~ stable isomer for 

MoOCI2(PMe2Ph)3 and [LWOCI2]PF6 at convergence, Song and Hall began to 

question the previous experiment and theory. They suggested that Hiickel theory's 

tendency to overemphasize the P7t contribution in the model calculations may be the 



I: An Introduction to Distortional Isomers 62 

reason that Hoffmann and coworkers arrived at two stable isomers where they could 

not. Regardless, a second interpretation of the theory regarding the existence of 

distortional isomers had been presented in Song and Hall's work. Together, these 

theories could not definitely confirm the presence of distortional isomerism in 

inorganic molecules. 

Proof for the existence of distortional isomers had to come from a chemical 

laboratory. If possible, it would be there that they be proven or disproven. The 

intrinsic oddities of distortional isomers, extreme M-O deformations and unusual 

stabilities, fueled their reinvestigation, leading to their eventual decline. 

The perspective from which Parkin and coworkers began work on distortional 

isomers was one of a pursuit for the elusive short Mo-O, green isomer of 

MoOCI2(PMe3h. Carmona et al. had observed that the green fonn of MoOCI2(PMe3)3 

was apparently more stable than its blue analog.13 In two previous cases it was the 

blue isomer (short bond) that was more stable than the green (long bond) form. 3,9 

Parkin and coworkers were curious what role the different phosphine (PM~ versus 

PMe2Ph) might play in the stability of the green over the blue, and more importantly, 

if it was the green fonn of MoOC12(PMe3)3 that had the short Mo-O bond. Remember 

that Cotton et al. had found a related green material with a short Mo-O bond in 

MoOCI2(PMePh2)3. 22 Subsequent structural analysis of two different crystals of green 

MoOCI2(PMe3)3 revealed four molecules (2 per asymmetric unit of each crystal), and 
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each had a different Mo-O bond length!S1 Small deviations between chemically 

equivalent but crystallographically unique bonds is not unusual. Much like an internal 

standard, the closeness of such values can be a gauge of the quality of the structure 

as a whole.2,46 However, the differences in Mo-O bond lengths that Parkin and 

coworkers determined from the same crystal were not small. 51 1 H NMR spectra of 

their green material revealed resonances attributable to a paramagnetic species, in this 

case mer-MoC13(PMe3)3' a yellow solid. With the aid of isotopic substitution, infrared 

spectroscopy indicated only a single v(Mo=180) band in the infrared spectra of the 

above green materials. despite their disparate Mo-O bond lengths. It appeared, 

therefore that the green MoOCI2(PMe3)3 isomer of Carmona et al. 13 was not a pure 

material, but was instead a mixture of pure blue cis,mer-MoOCI2(PMe3)3 and yellow 

mer-MoOC12(PMe3)3 and that the unusual Mo-O bond lengths could be traced to 

compositional disorder. 

Based on the revelations in the MoOCI2(PMe3)3 system, Parkin et al. considered 

it instructive to reinvestigate the original distortional isomers, blue and green 

MoOCI2(PMe2Ph)3.46 As with the PMe3 system, they prepared the green form by a 

synthetic procedure46 adapted from that of Carmona et aL l3 Again, they found 

evidence of an additional species in the 1H NMR spectra of the green form; in this 

case the impurity was mer-MoCI3(PMe2Ph)3' a yellow solid. Most importantly, Parkin 

et al. made the connection46 between the green mixture and the unusual bond lengths 
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observed in the crystal structure7 of this material. To illustrate this point, they 

prepared a series of mixed crystals (from blue, to blue-green, to emerald green in 

color) with increasing mole fractions of yellow mer-MoCI3(PMe2Ph)3' From the bulk 

samples they estimated the mole fraction composition of the yellow impurity by lH 

NMR. A representative crystal of each bulk sample was subjected to an X-ray 

structure investigation. Interestingly, the bond length changes observed for the 

MoOCl2(PMe2Ph)3 crystallographic model upon increasing the fraction of yellow 

MoOCl3(PMe2Ph)3 in the crystals were exactly those observed on going from the blue 

to the green distortional isomerl,7 of MoOCI2(PMe2Ph)3' Compositional disorder, 

therefore, dramatically affected the bond lengths derived from the mixed green crystals. 

To further illustrate this point, Y oon and Parkin, crystallographically characterized 

various mixtures of {HB(3)Bupz)3}ZnX (X = CI, I, Me) complexes.52 The 

insidious nature of compositional disorder is well illustrated by one of these mixtures 

of (HB(3)Bupz)3}ZnCI and {HB(3)Bupz)3}ZnI. The crystal structure of one Cl/l 

mixed crystal refined remarkably well as X = Br, even though the material contained 

no bromine. This work of Parkin et aI. was the first rational description of the 

experimental evidencel,7 that had been used to propose distortional isomerism. 

The two studies above are results of the inevitable reinvestigation of distortional 

isomerism. Much fruitful research could have been expected to come from further 

studies of the existing systems. For example, few had been exhaustively characterized. 
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Figure 12 One possible application of distortional isomers: the oxygen atom is 
transferred by the more "reactive" long M-O "isomer" in some kind of equilibrium 
with the short M-O "isomer". 

Some as yet undiscovered characteristic of these materials might have held the key to 

their unusual properties and stability. A better understanding of these materials would 

enable them to be applied to other related areas of active research. Among the many 

possible applications of distortional isomers, they may have offered some insight into 

the mechanism for the transfer of an oxygen atom from a transition metal center to a 

given substrate. One scenario depicted in Figure 12 logically considers the isomer 

with the long M-O bond to represent a reactive form of the molecule (in equilibrium 

with the short M-O, unreactive form) which then transfers the more weakly bound 

oxygen atom to the reductant/substrate. Oxygen atom transfer reactions are well 

documented for several transition-metal-oxo complexes.53 Oxygen atom transfer 

reactions in complexes containing the cis-Mo02 +2 moiety are recent examples.54 

With respect to distortional isomers, the long M -0 bond isomers may have represented 

a sort of reactive intermediate in an oxygen atom transfer reaction; it could be a rare 

instance that this kind of intermediate was isolable and stable. To this end it may have 
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helped to elucidate oxo-transfer reactions involving certain enzymes, for example. The 

facile lengthening (weakening) of the strong metal-oxo bond might portend a yet 

undiscovered characteristic of this very common chemical bond. These kinds of 

interests provided the backdrop for the reinvestigation of distortional isomers that is 

the subject of this present study. 

A Reevaluation of Distortional Isomerism 

Any additional understanding of the chemistry of metal-oxygen bonds would be 

useful in studying particular metalloenzymes that have a metal-oxo unit at their active 

site. From such a vantage, the present reinvestigation of distortional isomers was 

undertaken. Originally, a major goal of this work was to observe, quantify, and 

understand the reported isomerism between a pair of blue and green isomers.3,9 One 

postulated mechanism for this process was a proton mediated isomerism of the long 

M-O form to its short M-O isomer. Hydrogen ion concentration has been shown to 

have an effect on the exchange of oxygen atoms bound to molybdenum with 180 

sources in solution.55 Concurrent with the two previous reinvestigations,47,46 this 

study began with a belief in the validity of distortional isomers. However, in time it 

too had independently accumulated significant evidence against their existence. 

The present study of distortional isomers began at the logical point for studies 

of novel occurrences, by attempting to reproduce the original results. At fIrst all 

attempts to satisfactorily reproduce the green isomer of [LWOCI2]PF6 according to the 
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published procedure10 met with failure. Following the incomplete synthesis of the 

tungsten isomers, time was spent in trying to model rotational disorder in [L WOCI2]+ 

species. A crystallographic model of a recognized problem in systems with pseudo

rotational symmetry, this work confirmed that dramatic changes in the observed W-O 

bond length could result from increasing degrees of rotational disorder of the 

[LWOCI2]+ cation. Attention was next given to trying to reproduce Chatt's original 

MoOCI2(PMe2Ph)3 isomers so as to continue toward the goal of understanding these 

curious compounds. 

It was this system that caused the conversion of the thrust of this study from one 

of further characterizations of distortional isomers to one of an attack on the principles 

on which the idea was founded. Chatt's MoOCI2(PMe2Phh materials could be 

reproducibly synthesized according to the original procedure; however, their 

characterization revealed the composite nature of the green isomer, the very compound 

on which distortional isomerism had been based. Exhaustive spectroscopic, 

crystallographic, and chromatographic characterization of blue and green 

MoOCI2(PMe2Ph)3 and yellow MoCl3(PMe2Ph)3 confIrmed this fact (Chapters II and 

IV).48 What was true for the defIning case of distortional isomers might also be true 

for other examples, as well. Therefore these results prompted a model crystallographic 

study of the effect of compositional disorder in the tungsten isomers (Chapter III). 

Just as for the rotational disorder models, the modeled compositional disorder 
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confinned a significant change in the observed W -0 bond length with increasing 

disorder (Chapter III). Despite difficulty in synthetically reproducing the green 

[LWOCI2]pF6 isomer, the above models and a reanalysis of data from the original 

structure determination9 of green [LWOCI2]PF6 (Chapter IV) gave testimony to the 

likelihood of compositional disorder in the tungsten isomers, also. Eventually, 

experiments confmned the composite nature of the purported green [L WOCI2]PF6 

isomer (Chapter II). In just a little over two years, attacks on its two trademark 

examples had all but erased any confidence in ever finding authentic examples of 

distortional isomerism in transition metal coordination chemistry. 

This present study, therefore, presents overwhelming evidence that the green 

isomers of MoOCI2(PMe2Ph)3 and [LWOCI2]PF6 are compositionally disordered and 

that it is this property that produced the unusual characteristics attributed to distortional 

isomerism. A brief account of related, but less celebrated mixtures and the potential 

for such problems in other distortional isomer systems is also given (Chapter V). 
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\I: Characterization of Distortional Isomers as MixturesS6 

Many synthetic procedures do not yield the desired product in its pure fonn. 

Impurities are common and may be introduced into a synthesized material from a 

variety of sources. Competing side reactions, decomposition of reactants or products, 

incompletely reacted intermediates, and unreacted starting material are some examples 

that lead to impure materials isolated from reaction mixtures. Chemists appreciate this 

problem, and deal with it in one of two ways. Sometimes the impurities are of little 

consequence so that the bulk of the material is deemed suitable as starting material for 

subsequent syntheses. Following the final synthesis, however, a material is typically 

purified, so as to separate the desired product from its associated impurities. Next 

comes chemical analyses and spectroscopic characterization of the compound. 

Whenever possible an X-ray structure determination of the compound follows which 

mayor may not coincide with the structure indicated by the spectroscopic data. Each 

of these steps hopefully leads to a self-consistent description of the compound 

produced from a particular reaction. 

Mixtures can even be a synthetic goal. Host lattices are often utilized in the 

spectroscopic study of paramagnetic compounds.S7,S8 Among the advantages of 

this technique are solid solutions of a magnetic species of interest (solute) in the lattice 
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of a diamagnetic analog. Single crystals of the mixture of two structurally similar 

compounds allow for a definite alignment of the molecular axes with respect to the 

laboratory (i.e. magnetic field) axes in studies of spectroscopic anisotropies. By no 

means least among the applications of mixtures, the widespread use of dopants in 

semiconductors has revolutionized the electronic industry. More often than not, 

however, chemists seek pure compounds. 

Sometimes an impure material can be discerned by visual inspection. But what 

if a mixture has the homogeneity and crystallinity attributed to a pure compound? 

What if that mixture defies separation by recrystallization or chromatography? What 

if this mixture is therefore taken to be a pure compound? The MoOCI2(PMe2Ph)3 and 

[LWOCI2]PF6 systems are two examples of mixtures that appeared to be pure 

compounds with unusual properties. 

These examples of distortional isomerism to be discussed in this chapter are 

mixtures that were synthesized in chemical laboratories. What sets these materials 

apart from mixtures commonly encountered during chemical synthesis is that they were 

treated as pure compounds. Mistaking mixtures as pure materials is not particular 

noteworthy in and of itself, unless, of course, the error leads to unorthodox 

conclusions. Silicon carefully doped with gallium or germanium gives rise to mixtures 

with unique properties. The composite nature of the materials described as distortional 

isomers gave rise to their unusual properties and ultimately the basis for a new 
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chemical principle. 

As stated in Chapter I, the approach adopted in the current investigation of 

distortional isomerism was to begin by synthetically reproducing authentic examples 

of the unusual materials. Only after this was accomplished could further studies of 

their properties be performed. Following published procedures, two pairs of 

distortional isomers were synthesized. For both systems, MoOCI2(PMe2Ph)3 and 

[LWOCI2]PF6• initial characterization of the green isomer were not wholly consistent 

with their formulation. At flrst this problem was attributed to a general diffIculty in 

isolating the elusive green isomer. Coincidently. the green isomer in each system was 

the form that had exhibited the unusual bond lengths described as distortional 

isomerism. The original goal of studying the interconversion between two distortional 

isomers seemed at an impasse. The consideration of likely impurities in the green 

fonn of MoOCI2(PMe2Ph)3 led to its reformulation as a two component mixture rather 

than a new type of isomer. Similar success has been realized in a reinvestigation of 

green [L WOC12]PF6• although the green form of this system appears to involve a more 

complicated mixture than for the Chatt molybdenum system. This chapter presents 

extensive spectroscopic and chromatographic evidence that the green isomers of 

MoOC12(PMe2Ph)3 and [LWOC12]PF6• the two most cited examples of distortional 

isomerism in transition-metal complexes. are mixtures. The implications that these 

results have for known examples of the isomerism are discussed in Chapters V and VI. 



Experimental 

Synthesis. 
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The syntheses of all materials were from published procedures (vide infra). 

Deviations or modifications of these procedures are noted. Starting materials: 

molybdenum pentachloride, dimethylphenylphosphine, tungsten hexacarbonyl, and 

1,4,7-trimethyltriazacyclononane (L) were obtained from Aldrich Chemicals and used 

as received. Chemical analyses were performed by Atlantic Microlabs, Norcross, GA. 

Blue (1) and green (2) MoOCI2(PMe2Ph)3 and yellow (3) MoCI3(PM~Ph)3. 

Chatt's distortional isomers, blue 1 and green 2, were synthesized according to the 

original procedure.3 MoCIiNCMeh59 was used in place of MoCI4(NCEt)2 in the 

synthesis of green 2. Yellow 3 was prepared according to the method of Wedd et 

al .. 60 

Blue (4) and green (5) [LWOCI2]PF6• Crude blue 4 and green 5 were prepared 

according to the original method of Wieghardt et al .. IO Two different green 5 samples 

were isolated as a result of running the reaction between LW(CO)3 and 10 M HCI for 

2 days (2d green 5) and 7 days (7d green 5) respectively. Dissolution (acetonitrile 

solution) of the crude green material isolated from the above reaction after two days, 

gave a colorless solid and a clear green solution. The colorless solid was characterized 

by IR (KBr pellet), exhibitting only a single broad peak at 734 em-I. Each was 

purified by column chromatography (vide infra) prior to subsequent characterizations. 
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In the synthesis of blue 4, a grey solid was decanted from the reaction mixture, and 

NaPF6(s) was added to the resultant clear blue decantate, giving crude blue 4. 

Chromatography. 

Blue 1, green 2, and yellow 3. Thin-layer chromatography of 1, 2, and 3 was 

run on silica gel plates (Analtech silica gel OF; 250-pm layer thickness) using 95:5 

(v/v) toluene/acetonitrile as eluent. The chromatography was performed under inert 

atmosphere in a glove box. The silica gel plates had a glass backing and were dried 

in an oven (150°C) for 24h prior to use. Both solvents were dried by standard reflux 

methods under a nitrogen atmosphere, toluene over sodium and acetonitrile over 

calcium hydride. 

Blue 4 and green 5. Acidic alumina (Aldrich Chemical, 58 A, 150 mesh) 

columns were, having been prepared from a slurry of the alumina in the initial eluent 

of 65:35 (v/v) chlorofOrm/acetonitrile. All samples were loaded onto their respective 

columns using a concentrated acetonitrile solution of the crude material. Crude blue 

4 was purified by passage down a 6x2 cm column using the 65:35 

chloroform/acetonitrile eluent at a flow rate of ca. 1 mL/min. The material precipitated 

by the addition of NaPF6(aq) in the synthesis of green 5 was separated by passing it 

down a 25x2 cm column. Initially an eluent of 65:35 chloroform/acetonitrile was used 

at a flow rate of ca. ImL/min for the purification of green S. As many as four, but 

more typically three, distinct bands were eventually visible. The yellow leading band 
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was unreacted LW(CO)3 (when present), followed by [LW(CO)3Cl]PF6. At constant 

flow rate, by the time the next light blue band (blue 4) was approximately 2/3 of the 

way down the column, visible separation between this band and the trailing yellow

green band (green 5) had been achieved. Following complete elution of blue 4, the 

eluent was changed to neat acetonitrile to facilitate the final elution of this last band. 

Electrochemistry. 

Cyclic voltammetry. Cyclic votammograms were recorded at 100 mY/sec for 

blue 4 and green 5 (ca. 1 mM) in DMF (unless otherwise noted) that had been stored 

over 4 A molecular sieves. Tetrabutylammonium tetrafluoroborate (100 mM) was used 

as supporting electrolyte. Platinum disk working, platinum pin auxiliary, and standard 

calomel reference electrodes were used in conjunction with an mM EC/225 

Voltammetric Analyzer. Potentials were referenced relative to the 

ferrocene/ferrocinium redox couple as internal standard unless otherwise noted. 

Controlled potential coulometry of blue 4 was perfonned using a three 

compartment cell (reference/working/auxiliary; the solution in the working 

compartment was vigorously stirred) and an acetonitrile solution (refluxed under 

nitrogen and distilled over calcium hydride) of blue 4 (ca. 1 mM) containing 

tetrabutylammonium tetrafluoroborate (100 mM) as supporting electrolyte. An mM 

potentiostat (above) and an Electrosynthesis 680 Computing Coulometer were used. 

A platinum flag working electrode (ca. 3 mm2) and platinum pin auxiliary electrode 
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were used in conjunction with a silver wire reference. A cyclic voltammogram of the 

system was measured prior to the coulometry experiment to determine the reduction 

peak potential of blue 4 against the silver wire reference. This peak was observed at -

1.32 V so that a potential for the coulometry experiment of -1.52 V (versus the silver 

wire reference) was chosen. 

The coulometry experiment was performed in a dry box and began by placing 

the system at the open cell potential (-0.43 V) and then slowly increasing (over ca. 45 

sec) the potential between the working and auxiliary electrodes up to the working 

potential of -1.52 V. This procedure allowed for maximum control of the current 

increase through the solution, and kept the current from overloading the counter 

circuitry. The current was turned off following the addition of 1.2 equivalents of 

electrons, and the visible spectrum of the resulting pale green solution was measured. 

Infrared Spectroscopy. 

A Perkin-Elmer Model 983 spectrometer was used to record the spectra of blue 

1, green 2, and yellow 3 in the form of KBr pellets over the range of 4000-300 cm- i . 

All other spectra for samples as KBr pellets and the low-energy spectra (150-500 cm- I ) 

of 1, 2, and 3 were recorded on a Perkin-Elmer Model Ff-1800. For the low-energy 

measurements of 1, 2, and 3 the samples were measured as Nujol mulls smeared onto 

thin (ca. 0.5 mm) silicon plates. 
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Raman Spectroscopy. 

Instrumental details are described elsewhere.48 Spectra were recorded using 

514.5 nm excitation radiation for samples packed in glass capillaries. Blue 1, green 

2 and yellow 3 were sealed under a nitrogen atmosphere and were measured at 90 K. 

All tungsten containing samples were sealed under air and measured at 278 K. 

Proton NMR Spectroscopy. 

Spectra were recorded on a Bruker AM 500-MHz spectrometer at the ambient 

probe temperature of 22°C. 

Blue 1, green 2, and yellow 3. Each spectrum was recorded using a block size 

of 64 kbytes. A 30° pulse width and no line broadening were used. Blue 1, green 2, 

yellow 3 spectra were the results of 160, 160, and 64 scans respectively. All of the 

resonances were accounted for in the region +40 to -60 ppm; however, optimum sweep 

widths were used for the best resolution in individual spectra. Deuterated chloroform 

refluxed and distilled (ambient light excluded) over phosphorus pentoxide under a 

nitrogen atmosphere was used as solvent. Each sample was prepared (ca. 50 mM) and 

run under a nitrogen atmosphere. The proton chemical shifts were internally 

referenced to residual CHCl3 protons at 7.24 ppm. 

Blue 4 and green 5. Each spectrum was recorded using a block size of 16 or 

32 kbytes. A 30° pulse width was used for spectra where the diamagnetic resonances 

were of interest (scan width 6000-7000 Hz), and 90° pulse width was used for broad 
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scans (50,000 Hz) of samples where the paramagnetic resonances were of interest. 

Pure samples were run in deuteroacetonitrile (as received). Each spectrum was 

internally referenced relative to residual CH3CN protons at 1.93 ppm. 

Electron Paramagnetic Resonance Spectroscopy. 

Spectra were recorded on a Bruker ESP 300E spectrometer. Samples were 

measured in quartz tubes submersed in a Dewar of liquid nitrogen fitted to the 

spectrometer cavity. 

UV-visible Electronic Spectroscopy. 

All spectra were recorded on a Cary-14 spectrometer equipped with an On-Line 

Infonnation System (OLIS) data acquisition system using quartz cells (1.0 cm path 

length). Samples of blue 1, green 2, and yellow 3 were run under a nitrogen 

atmosphere in acetonitrile that had been refluxed and distilled over calcium hydrjde. 

Tungsten containing samples (4 and 5) were run in acetonitrile as received. 

X-ray Photoelectron Spectroscopy. 

Instrumental details are described elsewhere.61 Mg Ka radiation was used on 

solid samples pressed into indium foil. Reported binding energies are referenced 

relative to the carbon Is peak at 284.6 eV to correct for differences due to charging 

effects within individual samples unless otherwise noted. Mo 3d spectra of blue 1, 

green 2, and yellow 3 were run at ca. -150°C to inhibit sample degradation. W 4f 

spectra were recorded at ambient temperature. No detectable degradation of the 
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tungsten containing samples was observed over the course of the measurements. 

Powder X-ray Diffraction. 

An automated Syntex powder diffractometer was used to record powder patterns 

of solid samples spread uniformly (ca. 3 mm2) over a glass slide. Reflections were 

recorded over a range of 28 (5 ~ 28 ~ 60°) in approximately 30 min. 
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Results and Discussion: MoOCI2(PMe2Phh Isomers 

Authentic samples of blue and green MoOCI2(PMe2Ph)3 were prepared using the 

previously published procedure.3 Their elemental analyses, IH NMR and infrared 

spectra were consistent with those originally reported.3 However, each of the 

following detailed characterizations supports the conclusion that green 2 is an intimate 

mixture of blue 1 and yellow 3, rather than a purported "distortional isomer" of blue 

1.1 

Thin-layer chromatography (TLC) of blue 1 in toluene:acetonitrile (95:5) 

showed a single, essentially immobile brown spot. The TLC of yellow 3 gave a single 

yellow spot with an Rr value of about 0.7. Green 2 separated into two bands 

corresponding to the brown spot of pure blue 1 and the more mobile yellow spot of 

pure yellow 3. These results provide strong evidence that green 2 is actually a mixture 

of blue 1 and yellow 3. Surprisingly, chromatographic analysis has not been 

previously reported in the investigation of distortional isomers. 

Elemental analyses of the present blue and green forms of MoOC12(PMe2Ph)3 

provided additional evidence that the green form is a mixture. If blue 1 and green 2 

were distortional isomers they would have identical molecular formulas and should 

have given the same analyses. Yet our green 2 was much higher in the percent 

chlorine compared to blue 1 and theory (Table 4). A similar discrepancy was also 

observed in the original analysis of the green form of MoOCI2(PMe2Ph)3.3 Note that 
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Table 4 Elemental Analysis Data for MoOCI2(PMe2Ph)3' 

%C %H % CI 

theoreticalil 48.25 5.58 11.87 

blue 1 this work 48.18 5.50 11.68 

ref. 3 48.5 5.9 12.1 

green 2 this work 47.52 5.51 12.72 

ref. 3 48.0 5.5 12.7 

il C24H33Cl20MoP3' Fw = 597.33 

in addition to being high in %CI, the %C and %H were lower than theory for green 

2. Values of %C, %H, and %CI calculated for an increasing mole fraction of 

show this same trend of increasing %CI and decreasing %H and %C. From the data 

of Table 4, the present sample of green 2 is estimated to contain a mole fraction of 

0.30 ± 0.10 of yellow 3. 

500 MHz IH NMR spectra of blue 1 and green 2 indicated the same multiplicity 

pattern and similar chemical shifts for the methyl protons of the PMe2Ph ligands as 

were previously reported for data collected at 60 and 100 MHz (Figure 13 and 

Figure 14; Table 5).3,62,63 However, at 500 MHz the green 2 spectrum had 

additional peaks assignable to yellow 3. Parkin et aI. flrst examined46 the spectrum 

of yellow MoCI3(PMe2Phh (3) in the region +10 to -30 ppm to confmn the presence 



Table 5 500 MHz IH NMR Data (Italicized resonances due to paramagnetic yellow 3). 

(li. ppm)A methyl phenyl 

blue 1 1.196 db 1.703 t 1.905 t 7.06m 7.33 m 7.52m 

ref. 31< 1.23 d 1.73 t 1.93 t 

green 2 -405, -22.0 br 1.207 d 1.713 t 1.915 t 7.07m 7.34 m 7.53 m 7.9s 9.1 s 9.4 s 112 s 

yellow 3 405, -22.4 br 7.9s 9.1 s 9.4 s 11.2 s, 113d 

PM~Ph' 1.31 d 7.28m 7.34m 7.45 m 

2) ! 
H-P (Hz) 

blue 1 8.63 4.07 4.01 

PM~Ph 0.72 

a Relative to residual CHCl3 protons. 12 br == very broad peak, d == doublet, m == complex multiplet, s == singlet, 
t == triplet ~ Collected at 60 MHz. d An extremely broad signal (11.3 to 12.5 ppm). ~ Free phosphine, 
CDCl3 solution. f Coupling constants measured from the respective resonances in the top portion of the table. 
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II 10 II 8 6 5 3 

PPM 

Figure 13 1 H NMR spectra: blue 1 and green 2 spectra (.. = CHCI3). Four 
resonances in the 7.8-11.8 ppm region of the green 2 spectrum are assigned to yellow 
3. 
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blue 1 

green 2 1 A 1 
I I I I I I I I I I I I 

2.1 2.0 1.9 1.8 1.7 1.6 1.!5 I.~ 1.3 1.2 1.1 1.0 
PPM 

Figure 14 1 H NMR methyl closeup of blue 1 and green 2. Two triplets and one 
doublet (1:1:1) have been assigned to the cis,mer-MOX2(PMe2Ph)3 configuration. 
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Me-P-Me 

Me-P-Me 

Figure 15 NMR proton assignments of mer-MoC13(PMe2Ph)3' The unique cis 
phosphine (primed) and two equivalent trans phosphines (unprimed) are shown. 
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yellow 3 

• 

green 2 

~ 
PPM 

Figure 16 IH NMR spectra of green 2 and yellow 3 ('" = CHC13) showing their 
common peaks in the downfield chemical shift region. 
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yellow 3 
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green 2 
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-h -~. PPM 
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Figure 17 IH NMR spectra of green 2 and yellow 3 showing their common peaks in 
the upfield chemical shift regions. 
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of yellow 3 in the crystals used for X-ray diffraction studies. The present IH NMR 

spectrum of the paramagnetic yellow 3 (Figure 16 and Figure 17) showed five 

characteristic peaks in the region of +7.5 to +12 ppm and broad bands at -22.4 and 

-40.5 ppm. The two broad upfield resonances (Figure 17) could easily be overlooked 

in a routine characterization of a sample of green 2 assumed to be completely 

diamagnetic. Yet in addition to these two upfield yellow 3 peaks, the green 2 

spectrum also showed the characteristic yellow 3 peaks at +7.9, +9.1, and +9.4 and 

+ 11.2 ppm (Figure 16), providing additional evidence that green 2 is a mixture of blue 

1 and yellow 3. 

The 500 MHz spectrum of yellow 3 (Figure 15 - Figure 17) is well resolved and 

consistent with the recently reported temperature dependent 1 H NMR (200 MHz) 

studies of mer-MoCI3(PMe2Ph)3.64 The two broad upfield peaks are likely due to 

the methyl protons of yellow 3, consistent with earlier assignments of NMR spectra 

of the paramagnetic complexes trans-WC14(PMe2Ph)263 and mer-MC13(PMe2Ph)3 (M 

= Tc,65.66 Re67). Furthermore, the greater intensity of the most upfield 

resonance (-40.5 ppm) suggests that it is due to the trans methyl protons, and the 

signal at -22.0 ppm results from the cis methyl protons. The chemical shifts of the 

ortho phenyl protons for a large variety of mer-ReX3(ER2Ph)3 (E = P, As; R = Me, 

Et, nPr, nBu)67 and trans-MCI4(ER3_nP~)3 (M = w63, Os67.68; R = Me, Et, nPr, 

nBu, iBu {M = Os}; n = 1: E = P, As; n = 2: E = P) complexes are consistently 
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downfield of their respective para and meta phenyl protons. Partly on this basis, the 

extremely broad resonance at about 11.3 to 11.6 ppm is assigned to the combined 

signals of the unresolved cis- and trans-ortho phenyl protons of yellow 3. The 

remaining four resonances are assigned to the cis-meta (11.2 ppm), trans-meta (9.4 

ppm), trans-para (9.1 ppm), and cis-para (7.9 ppm) phenyl protons. Line widths of 

the 11.2 and 9.4 ppm peaks are comparable (69 versus 63 Hz, respectively); the peak 

widths of the 9.1 and 7.9 resonances are also similar (ca. 45 Hz for both). The 2:1 

intensity of the 9.4:11.2 ppm pair and of the 9.1:7.9 ppm peaks as well as the line 

width series of ortho > meta> para (consistent with the proximity of each proton 

to the Mo(III) center) are in agreement with the above assignments. 

Infrared. The low energy infrared spectra (Figure 18, Table 6) clearly showed 

that differences between the blue and green spectra were attributable to green 2 being 

a mixture of blue 1 and yellow 3. Most striking was the region from 350-250 em-I: 

the three strong bands of green 2 at 316,301, and 280 em- l are an exact superposition 

of the two bands of yellow 3 at 315 and 300 cm- l with the single intense band of blue 

1 at 280 em-I. Analogous peaks (310, 304, and 285 em-I) were reported in the 

original characterization of green 2.3 The green 2 bands near 480 and 418 em- l can 

be also assigned to features from blue 1 and yellow 3. For example, the 490 and 482 

em- l peaks of green 2 appear to result from the summation of a 484 em- l peak from 

blue 1 and the 490(shoulder), 487 and 480 em- l peaks from yellow 3. The same 
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Table 6 Infrared data (150-500 cm- I ) for blue 1, green 2 and yellow 3. 

blue 1, (ref. 3) green 2, (ref. 3) yellow 3, (ref. 60) 
this work this work this work 

484 s 490 s 490 sh 

482 s 487 s 

480 s 

435 w 438 w 438 w 

417 m 418 s 418 m 

411 sh 410 m 

382vw 382 vw 

350w 358 w 

316 s (310 m) 315 s (315 vs) 

303 w (308 w) 301 s (304 m) 300 s (300 s) 

(291 vs)a 290 vw 291 sh (290 sh) 

280 s 280 s (285 vs~ 276 w~ (277 m) 

258 vw 258 vw 

243 m (247 s)b 248 m (248 vs~ 248 w 

231 m (226 m) 

208 w 207 w (211 m) 208 w 

199 w 199 m (204 m) 199 w 

178 w (178 m) 177 w (183 w) 177 w 

163 w 

a Assigned to v(Mo-Cl), ref. 3. b Assigned to o(Mo=O), ref. 3 ~ Likely due to 
v(M-Cl) by comparison to the analogous Tc complex (ref. 66). 
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Table 7 Infrared Data (400-1500 cm- ) for 1, 2, 3, and neat PMe2Ph. 

I blue 1 I green 2 I yellow 3 I PMe2Ph (free)il I 
1478 m 1481 m 1482 m 1483 m 

1435 sb 1434 sb 1434 sO 1432 sb 

1317 w 1316 w 1317 w 1319 w 

1289m£ 1293 nf 1294 m£ 1289 ~ 

1277 m 1280 m 1281 m 1274 m 

1104 mb 1102 rJl 1102 mb 1105 rJ2 
998 wb 1000 wb 1000 wb 999 wb 

961 m 

951 s 

941 vs 942 vs 940 vs£ 

908 vs£ 907 vs£ 909 vs~ 895 vs~ 

740 sd 740 sd 739 sd 739 sd 

695 sd 694 sd 694 sd 694 sd 

487 s 490 s 489 s obscured by 

419 m 420 m 422,412 w NaCI plates 

il Neat, NaCI plates. b v(P-Ph) (ref. 69). £ v(P-CH3) (ref. 69). d Phenyl ring 
bending modes. 

argument can be made for the green 2 feature at 418 and 411(shoulder) cm -1 being 

comprised of the 417 cm-1 peak from blue 1 and the 418 and 410 cm-1 peaks from 

yellow 3. This region of the infrared spectrum provided some of the ftrst evidence for 

the composite nature of green 2. 
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blue 1 

500 400 300 200 cni1 

Figure 18 Low energy infrared spectra of blue 1, green 2, and yellow 3. Note the 
common 2 and 3 peaks in the region 280-350 em-I. 
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Figure 19 Infrared spectra of blue 1, green 2, green 3 showing their common ligand 
bands in the fingerprint region. 
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Two different v(Mo=O) stretching frequencies were originally reported for blue 

1 (954 em-I) and green 2 (943 cm-I).3 These data were the among the initial 

characterizations of the materials and contributed to the classification of blue 1 and 

green 2 as geometrical isomers before they were structurally characterized.3 The 

different Mo-O bond lengths determined for the respective compounds were consistent 

with two different bond molybdenum-oxo orders, in accord with theory relating these 

two parameters with the observed v(Mo=O) stretching frequencies.25 The 11 em-I 

difference in v(Mo=O) stretching frequency is low considering the blue 1 and green 

2 Mo-O bond lengths differed by greater than 0.13 A. However, unique infrared 

assignment of the v(Mo=O) bands in blue 1 and green 2 is difficult due to the 

presence of intense ligand v(P-C) bands69 in the 1000-900 cm-I region (Figure 19, 

Table 7). The spectrum of each compound (1-3) has a very strong peak at ca. 908 cm-

1. In addition, the spectrum of blue 1 has a single very strong peak at 941 cm-1, 

yellow 3 has a medium intensity pair at 961 and 951 cm- I , and green 2 has a very 

strong peak at 942 cm- I with features at higher frequencies. Over the same region, the 

infrared spectrum of free PMe2Ph has very strong peaks at 940 and 895 cm -I. Thus 

it is difficult to confidently assign v(Mo=O) from the infrared spectra. Indeed, the 

majority of the bands in the "fingerprint" region are common to all three spectra and 

are directly assignable to phosphine based vibrations (Figure 19 and Table 7). 

Raman spectral measurements from 125 to 1625 cm-1 (Figure 20, Table 8 and 
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Table 8 Raman data (620-1625 em-I) for blue 1, green 2, and yellow 3. 

I blue 1 I green 2 I yellow 3 I 
1590 s 1590 s 1590 s 

1576 w 1577 w 1576 w 

1423 vw 1421 vw 1423 vw 

1414 vw 1411 vw 

1322 vw 1322 vw 

1292 vw 1297 vw 1297 vw 

1283 vw 1283 vw 

1196 w 1198 vw 1199 vw 

1186 vw 1187 vw 

1166 vw 1162 vw 1168 w 

1135 w 1136w 1133 w 

1111 rn 1115 rn 1113 rn 

1032 rn 1034 w 1032 w 

1002 vs~ 1003 vsa 1003 vsa 

989 vw 995 sh 989vw 

967 vw 967 vw 
943 sQ 944 sQ 

881 vw 881 vw 

856 vw 853 vw 

839 vw 838 vw 

754 sh 755 w 752w 

748 vw 748 w 745 w 

734 w 733 w 
715 rna 714 rna 713 rna 

701 vw 703 vw 701 vw 

683 s 684 s 683 s 
619 rna 619 rna 618 rna 

a Ligand bands as internal ealibrants. b v(Mo=O) 
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Table 9 Raman Data (125-600 em-I) for blue 1, green 2, yellow 3. 

I Dlue I I green 2 I yellow 3 I 
619 s 61~ s oHS s 

500 w 500 w 
4~HS w 4~.5 vw 4~7 vw 
4.51 w 
421 w 421 m 421 m 

415 m 414 m 
353 m 352 w 352 vw 
338 s 338 m 336 w 

326 vw 
317 s ;SU s 

3U9 s 3U5 vs 3U4 vs 
295 m 293 m 

287 s 284 s 284 s 
272 m 
lM sh 268 m 
loU m 258 sh 260 w 
253 sh 253 m 
247 vs 
232 w 236 vw 238 vw 

226 w llo vw 
211 sh 211 sh 211 w 
2U9 s 208 m 2U6 w 
1~9 m 19.5 m 1~2 m 

1~4 m 
173 m 170 w 

166 s 164 s 160 s 
155 vs 1.54 vs 
142 vs 147 m 

134 vs 133 vs 
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blue 1 

yellow 3 

1325 1625 cmo1 

green 2 

Figure 20 Full Raman spectra (125-1625 em-I) of blue 1, green 2, and yellow 3. 
Unshifted ligand bands are marked with a dot (e) .... = v(Mo=O) 
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Figure 21 Closeups of the low energy Raman spectra of blue 1, green 2, yellow 3. 
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Table 9) allow identification of the v(Mo=O) frequency and further support the 

conclusion that green 2 is made up of individual contributions from blue 1 and yellow 

3. The relative intensities of the three un shifted ligand peaks at 1003, 715, and 619 

cm-1 (labeled with dots in Figure 20) are essentially invariant for all three spectra. 

The strong blue 1 (943 cm- I ) and green 2 (944 cm- I ) bands are absent in the yellow 

3 and free PM~Ph spectra, and may be confidently assigned to v(Mo=O). Relative 

to the common, constant band at 1003 cm- I , the intensity of the green 2 v(Mo=O) 

band is 38% weaker than the v(Mo=O) peak of blue 1. This decreased intensity 

supports green 2 being a 65:35 (blue l:yellow 3) mixture as determined by UV-vis and 

XPS spectroscopy (vide infra) and by chemical analysis. The original reporf of blue 

and green MoOCI2(PMe2Ph)3 assigned the infrared bands at 954 (blue) and 944 

(green) cm- I to respective v(Mo=O) frequencies. The Raman data presented here 

indicate that 943 and not 954 cm- I is the correct blue 1 Mo=O stretching frequency. 

The nearly identical v(Mo=O) frequencies (944 ± 1 cm- I ) of blue 1 and green 2 

preclude bond-length differences of the order of 0.1 A that were originally reported 

from the crystallographic data.5,7,25 Other features of the green 2 Raman spectrum 

around 734,415,317, and 295 cm- I are also consistent with contributions from yellow 

3 in the mixture. 

UV -visible electronic spectra provided a rapid and reliable means of quantifying 

the green mixtures. Although the spectra of blue 1 and green 2 both showed the same 
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Table 10 Visible and X-ray photoelectron data for 1, 2, 3. 

Amax (nm) 3d3~ 3dS!2 

blue 1 this work 396 (265}'i 611 (67) 233.1 229.9 

ref. 71 233.2 230.4 

green 2 41~ 61l~ 233.1 229.9 

yellow 3 this work 355 (1706) 418 (1436) 232.6 229.4 

ref. 71 232.6 229.4 

a Molar extinction coefficients in parentheses (liter·mor1.cm-1). l:! Mo 3d binding 
energies (eV). Q Molar extinction coefficients would be ambiguous for this 
mixture. 

d~d transition at 611 nm, each had a second transition at 396 nm and 410 nm, 

respectively (Figure 22 and Table 10). The 410 nm band of green 2 was much more 

intense (11:1) relative to its 611 nm band than was the 396 nm band of blue 1 (4.5:1). 

It was the intensity of this 410 nm peak that suggested that green 2 may contain an 

intensely colored yellow species. Contributions from bright yellow 3 explain the 

appearance and high intensity of the 410 nm peak in the green 2 spectrum. Using the 

blue 1 and yellow 3 molar extinction coefficients in Table 10, the mole fraction of 

yellow 3 in our sample of green 2 was determined to be about 0.35. The green 2 

spectrum was independently reproduced by mixing the above proportions of blue 1 and 

yellow 3. 

X-ray Photoelectron Spectroscopy. Shifts in molybdenum 3d binding energies, 
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Figure 22 Visible spectra of blue 1 (0), green 2 (-), and yellow 3 (e) in dry 
acetonitrile. Concentrations: 1, 3.80 mM; 2, 18.5 mg in 25.0 mL; 3, 1.17 mM. 
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Figure 23 XPS (Mo 3d) of 1,2, and 3. A. Blue 1 (-), green 2 (0) B. Yellow 3 (-), 
a difference spectrum (e) = (green 2) - (O.35)(yeUow 3). 
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measurable by X-ray photoelectron spectroscopy (XPS) for compounds with similar 

coordination environments, have been previously exploited in the analysis of systems 

with multi-valent molybdenum centers.70 If green 2 is a composite of Mo(IV) (blue 

1) and Mo(III) (yellow 3) species then the 3d binding energies of the two different 

metal centers should behave independently of one other, and it should be possible to 

resolve the Mo 3d XPS spectrum of green 2 into components reflecting the 

contribution from each oxidation state. The 3d3/2' 3ds/2 pair of blue 1 was shifted by 

about 0.5 eV to higher binding energies relative to yellow 3 (Figure 23, Table 10), as 

observed previously/1,n and sample degradation under the high-vacuum, X-ray 

conditions was circumvented by measuring the spectra at -150 °e. The 3d3/2' 3dS/2 

pair of green 2 appeared at the same energy as blue 1 but were broadened toward 

lower binding energies relative to blue 1 due to the presence of yellow 3. The 

spectrum of a 70:30 (yellow 3:blue 1) sample prepared by mixing pure yellow 3 and 

blue 1 showed Mo 3d peaks that were un shifted relative to yellow 3 (the major 

component in this case) but broadened toward higher binding energies due the presence 

of blue 1. A difference spectrum of green 2 minus 35% of yellow 3 yielded a 

spectrum that coincided with that originally measured for blue 1 (Figure 23B). These 

results illustrate the ability of XPS to resolve such intimate mixtures into their 

constituent contributions. In principle, it would be possible to use the same crystal for 

an X-ray structure determination and XPS analysis. 
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One other reported characteristic of distortional isomers is an apparently 

irreversible conversion of the green isomer (long M=O distance) into its blue 

counterpart (short M=O distance) in solution.3,9 The green form of cis,mer

MoOCI2(PMe2Ph)3 system reportedly undergoes such a transformation in ethanol.3 

On one occasion, the green filtrate from a green 2 synthesis did turn blue over the 

span of about ten days at 0 °C, yielding large well formed crystals of blue 1. 

However, during the synthesis of yellow 3 in isopropanol, residue remaining in the 

yellow filtrate also turned blue within 48 hours. It is therefore likely that the reported 

green to blue "isomerization" in alcohol is simply the oxidation of the yellow Mo(llI) 

component in the green mixture to the blue oxo-Mo(IV) species. 

All of the above spectroscopic investigations of green 2 have shmv;! it to be a 

mixture of blue 1 (MoOCI2(PMe2Ph)3) and yellow 3 (MoCI3(PMe2Ph)3) rather than 

an example of a "new type of isomerism," i.e. a distortional isomer of cis,mer

MoOCI2(PMe2Ph)3' as proposed in 1971. 1 The sample described here was 

approximately 65% blue 1 and 35% yellow 3 (mole percent), but the exact 

composition varies among preparations.46,48 How did these mixtures escape detection 

for twenty years? The original crystal structure of the blue and green forms of the 

MoOCI2(PR2Ph)3 compounds (R = Me, Et) indicated that the green forms had Mo=O 

bond lengths that were about 0.1-0.13 A longer than the blue forms.7,5,4 Both forms 

refined satisfactorily for room temperature structures?3 A later investigation of 
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green 2 (-160 cC, Rw = 0.055) also indicated an unusually long Mo=O distance of 

1.80(2) A.1 Crystallographers are well aware that intramolecular disorder between an 

oxo group and a chloride ligand cannot nonnally be crystallographically resolved 

because the apparent separation between the fractional 0 and CI atoms will only be 

about 0.4 to 0.7 A.46,74.75.76 However, it has not been generally realized that 

the same constraints pertain to compositionally disordered crystals. The work of 

Parkin and coworkers46 clearly demonstrates that mixtures of blue 1 and yellow 3 

cocrystallize over a wide range of compositions to give a continuum of Mo=O bond 

lengths. Thus, an X-ray structure investigation of a crystal of green 2 is not able to 

unambiguously distinguish between a mixture of blue 1 and yellow 3 (S 0.10 mole 

percent), and the hypothesized distortional isomers. 

General Conclusions on MoOCI2(PMe2Ph)3 Distortional Isomers. 

Although all of the analytical and spectroscopic results for green 2 support the 

conclusion that it is a mixture of blue 1 and yellow 3, the differences between the 

characterizations of blue 1 and green 2 are subtle and are apparent only after careful 

comparison of all of the data for 1, 2, and 3. The CI analyses for green 2 are 

somewhat high, but not alarmingly so. The small differences in the 1 H NMR spectra 

of blue 1 and green 2 would have been undetectable in the original 60 MHz spectra.3 

The assignment of the infrared bands in the 900-1000 cm-1 region is ambiguous, and 

the Raman spectra are needed to distinguish the ligand bands from the Mo=O band. 
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The XPS data require careful lineshape analysis to reveal that green 2 is a mixture. 

Of the original data,3 only the low frequency infrared data (350-250 cm- I ) and the UV

vis electronic spectra suggest that green 2 is a mixture.77 The results of Parkin and 

coworkers46 and the spectroscopic results reported here show that the blue and green 

forms of MoOCI2(PMe2Ph)3 are not "distortional isomers" and therefore cannot be a 

basis for the original proposal. 
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Results and Discussion: [LWOCI21PF 6 Isomers 

This particular reinvestigation began by assuming that the green isomer of 

[LWOCI2]PF6 was a mixture of blue fLWOCI2]PF6 and yellow [LW02CI]PF6. 10 This 

assignment was in agreement with original characterizations of the green isomer 

(Figure 24).10,78 However, once it became possible to reproducibly synthesize the 

green form it soon became clear that this system was more complicated than the 

simple two component mixture characterized for the Chatt molybdenum isomers. 

Rather, this green tungsten isomer appeared to involve not two but as many as three 

components in some kind of equilibrium mixture. It has been the intention of this 

study to present alternative descriptions of the green and blue forms of 

[LWOCI2]PFosomething other than "distortional isomers". This system was therefore 

studied from several different directions, yielding evidence that offers a more orthodox 

self-consistent explanation of the properties of the green "isomer" of [LWOCI2]PF6• 

Synthesis. To fully appreciate the complexity of the problem that these tungsten 

isomers presented it is necessary to begin with the synthetic route lO to the green 

Reaction 1: the preparation of the green isomer of [LWOCI2]PF6 

LW(CO)3 + 10 M HCI ~ green "LWOCI2+" 

1. reflux 2 days (T = 100+ 0c) 
2. add saturated NaPF6(aq) 
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Figure 24 The original cyclic voltammogram (top)lO and infrared spectrum (bottom)78 
of the green isomer of [LWOC12]PF6. 
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material. The simplicity of the written Reaction 1 belies the complexity of the mixture 

that is produced under these conditions. Progress of this reaction over time has been 

monitored by three different spectroscopic methods (IR, EPR, NMR). Very early in 

the reaction (within 30 min) a considerable amount of the starting material has been 

oxidized to the known seven coordinate W(II) complex, [LW(CO)3CI]+ (lR). Indeed 

this same reaction procedure is the reported method for preparing [LW(CO)3CI]PF6 

after 2 hours (instead of the 2 days to make green 5).10 Sodium hexafluorophosphate 

precipitates all cationic species in an aliquot of the reaction mixture as PF6- salts. An 

infrared spectrum of the solid so obtained clearly has three v(CO) peaks that 

distinguish the major carbonyl containing material in the mixture as [LW(CO)3CI]+' 

distinct from the W(O) starting material. These characteristic v(CO) peaks persist in 

infrared spectra of all PF6 - salts isolated from the reaction mixture, even after several 

days. It is interesting that as robust as the [L W(CO)3CI]+ cation appears to be under 

these conditions, treatment of freshly prepared solid [LW(CO)3CI]PF6 (pale yellow

green) with 10 M HCI induces rapid oxidation of the compound to a colorless W(VI) 

species. Over time, peaks assignable to v(WV=O) of [LWOCI2]+ and the v(WVI=O) 

characteristic of a cis-W02 +2 unit can eventually be observed in aliquots taken from 

Reaction 1. The v(CO) bands of [LW(CO)3CI]+ persist, and appreciably diminish in 

intensity only after about 4 days. After only two days, therefore, several species may 

be present in a green PF6 --precipitate of the reaction mixture. 
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Figure 25 Frozen EPR spectra (77 K) of aliquots of the reaction between LW(CO)3 
and 10 M HCl over time. '*: g = 1.700 
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Every spectroscopic and chromatographic characterization of the green material 

isolated from this reaction mixture indicates that blue [LWOCI2]PF6 is one of the 

components. In particular this d 1 species is the only paramagnetic species in the final 

product and accounts for the EPR spectrum observed for the green material. To see 

at what point this compound appears in the green reaction mixture, aliquots of the 

reaction over time were placed in quartz EPR tubes and quenched in liquid nitrogen. 

The resulting glasses were of excellent quality and well suited lOr low temperature 

EPR measurements. At liquid nitrogen temperature, three nonequivalent g values may 

be observed in the EPR spectra of the reaction mixture (Figure 25). It is interesting 

that a paramagnetic species is present in the reaction even after only a short period of 

time. 

Close inspection of the spectra early in the reaction reveals that two different 

paramagnetic complexes are present, indicated by the spectral changes in the region 

3700-3850 Gauss. One of these species is [LWOCI2]+, the final paramagnetic product. 

From these data, there appears to be a rapid oxidation of L W(CO)3 to some 

[LWOCI2]+, and to another paramagnetic species which slowly decreases in 

concentration as [L WOCI2]+ increases (Figure 25). 

A third spectroscopic study of the green reaction mixture involved IH NMR of 

aliquots of the reaction between LW(CO)3 and 10 M DCl(D20). Absolute chemical 

shifts between respective aliquots are uncertain due the changing acid concentration 
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Figure 26 IH NMR spectra of aliquots of the reaction between LW(COh and 10 M 
DCI over time. The ppm scale is only relative. 
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Figure 27 IH NMR spectra of the 0.58,44.5, and 101.0 h LW(CO)3 + DCI reaction 
aliquots, separated for clarity. 
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throughout the reaction. Therefore it was difficult to absolutely assign any 1 H 

resonances in these spectra. The spectra of Figure 26 indicate the complexity of the 

reaction mixture that has been confmned by other methods (vide infra). Initially, the 

resonances assignable to diamagnetic species decrease in intensity. The minimum 

intensities are observed in the aliquot at 44.5 h, and then the diamagnetic resonances 

begin to increase again. The initial behavior for the first 44 h parallels the increasing 

concentration of paramagnetic [L WOCI2]+ in the mixture followed by EPR 

(Figure 25). Therefore, the changes in the intensities of the resonances may be due 

to varying relaxation of the diamagnetic species in the mixture by the changing bulk 

concentration of [L WOCI2]+· 

After 0.58 h, at least two diamagnetic species are present in the mixture, 

[LW(CO)3CI]+ and some LW(CO)3' The spectrum of LW(CO)3 in dTDMF shows a 

methyl singlet (3.1 ppm) and two complex multiplets (centered at 2.8 ppm, ethylene 

carbons) up field of the methyl resonance. 12 It is difficult to definitely assign the 

resonances in Figure 26 to any species, especially when the possible fluxionality of a 

seven coordinate W (II) cation is considered. As the reaction progresses, characteristic 

ethylene resonances are observed downfield in addition to two singlets (2: 1) and some 

other upfield resonances. Methyl singlets in the ratio 2: 1 would be consistent with a 

[LWVI0 2CI]+ monomer (Cs symmetry) but also consistent with the related p-oxo 

W(VI)-W(VI) dimer, [(LW02ClhO]+2 (also Cs)' 
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Chromatography has proven to be a powerful method of demonstrating that the 

materials originally formulated as distortional isomers are actually mixtures. The 

simple separation of green MoOCI2(PMe2Ph)3 by thin layer chromatography is the fIrst 

reported case of chromatographic analysis of any material believed to be a distortional 

isomer.48 The present discussion of the nature of the green 5 tungsten "isomer" is 

only the second such report, and further demonstrates the importance of 

chromatography for elucidating the composite nature of such substances. 

Three key characteristics of the green product of Reaction 1 are illustrated by 

passing this material down the acidic alumina column. First, it is clear that the green 

material isolated from the reaction between LW(CO)3 and 10 M HCI is a 

multicomponent mixture, separating into [LW(CO)3CI]PF6, blue 4, and green 5, 

respectively, in order of elution. Second, although visible separation of the blue and 

green bands is achieved by this method only ~ of the blue 4 is removed from the 

green material; EPR and NMR spectroscopies conflrm the presence of blue 4 in green 

5 even after passage down the column (vide infra). Third, reelution of purifIed green 

5 down a second acidic alumina column under identical conditions returns the green 

material unchanged with no further separation. These second and third points have 

significant ramiflcations for the true character of green 5 and are discussed in more 

detail in a later section. 

500 MHz 18 NMR also confmns the presence of blue 4 in green 5 (Figure 28). 



II: Characterization of Dist. Isomers as Mixtures 115 

A 

B 

--------_._------
, 

~~, .. 04.J' • 
i i 

.. 5 .. ~'" " S5',u 10' .. , 
PPM 

j j .. ----' \_----

, 
5. ~ 

iii i 
_:: .' -I". -l5.J "c!U; 

Figure 28 IH NMR spectra of green 5 (A) and blue 4 (B) (d3-acetonitrile solutions). 
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Figure 30 IH NMR spectrum of 7d green 5 (d3-acetonitrile solution). 



Table 11 
1 II: Characterization of Dist. Isomers as Mixtures 
H NMR resonances for blue 4 and green 5. 

118 

Oil (ppm) 

blue 4 32.1 brb 7.5 6.4 5.7 0.8 -4.8 -10.8 

green 5 

2d green 5 3.79 3.39 3.32 3.05 2.94 

7d green 5 3.31 3.22 3.0&' 2.94k 

a Relative to residual CH3CN protons. b br == broad k This peak was very weak. 

Wide scans of both 4 and 5 reveal up to six resonances due to blue 4 in each spectrum 

(Table 11). A closeup of the methyl region of the spectrum of 2d green 5 (Figure 29) 

reveals an interesting pattern of five singlets (2:2: 1 :2:2 intensity pattern low to high 

field) in addition to several complex multiplets attributable to the ethylene protons of 

triazacyclononane ligand. Among the many explanations for the singlet pattern is one 

that entertains the existence of a W(VI) (Le. [LW02CI]+) and a W(IV) (ie 

[LWOClX]+, X = solvent) monomer in the solution (cf. Figure 49). The W(VI) 

complex would have Cs symmetry, with one of the methyl groups lying on the mirror 

plane that bisects the ligand. Such a species would be expected to give a methyl 

proton pattern of 2:1. This same 2:1 methyl singlet pattern was observed in proton 

NMR of [LM(NO)(CO)2]PF6 (M = Mo, W).12 The W(IV) species depicted above 

would have three nonequivalent N-methyl groups; its expected methyl singlet pattern 

would be 1: 1: 1. There is no similar explanation for the spectrum of 7 d green 5 
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(Figure 30) which closely resembles the 101 h reaction aliquot spectrum described 

above. The latter is due to the presence of the colorless, symmetric dimer (Cs) 

[(LW02CI)20]+2 in solution, a fact confrrmed by infrared spectroscopy of the resultant 

CI04- and PF6- salts precipitated at the end of the reaction. Adding to the intrigue is 

that the W(VI) monomer ([LW02CI]+), if present in the 7d green 5 solution, should 

give a similar spectrum. Proton NMR helps, but does not absolutely identify the 

diamagnetic components in the green mixtures. 

Table 12 EPR parameters for blue 4 and green 5. 

I gl g2 g3 Ail 
1 I 

blue 4 1.869 1.81112 1.761 57.4 

green 5 1.868 1.80~ 1.761 

a 183W (xlO-4 em-I) 12 These values the same within experimental error (± 
0.003). 

Electron paramagnetic resonance spectra confmn the presence of blue 4 in 

green 5 (Figure 31, Table 12). Only one spectrum is observed for both samples in 

toluene/acetonitrile glasses at 77 K. This single spectrum is of a rhombic system; 

three distinct g values are clearly visible. Moreover, there appears to be hyperfine 

splitting of the highest g value due to coupling of the single unpaired electron of W(V) 

with the 183W nucleus (tungsten's only spin active isotope; 1= 'l2, natural abundance 

= 14.4 %). A simulated spectrum79 confrrmed this assignment. The spectrum of an 
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Figure 31 Frozen EPR (77 K). A. blue 4 B. green 5 Y: g = 1.700 
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original sample of green 5 revealed this same pattern. Only one <g> value is therefore 

observed at room temperature for our preparations of these materials, not the slightly 

different values reported «g>: blue, 1.775; green, 1.790) in the original proposal of 

blue and green [LWOCI2]PF6 distortional isomers.9 

UV -Visible electronic spectra of blue 4 and green 5 appear in Figure 32 and 

Figure 33 and are similar to those reported previously for these materials. However, 

one significant feature of the green 5 spectra is that the ratio of the absorbance of the 

peak at 419 nm and the peak at 695 nm varies with preparation, suggesting that green 

5 is a mixture. The spectra of Figure 33 are normalized to the same absorbance of 

their 695 nm peak to facilitate this comparison. This strongly suggests that the 419 

and 695 nm peaks are unrelated, resulting from transitions within at least two different 

materials whose relative concentration might be expected to vary from prep to prep. 

Identical behavior was observed in several visible spectra of green "LTiCI3" which 

later was characterized to be a mixture of pure LTiCl3 (blue) and LTiOCl2 

(yellow).80 

The original visible spectroscopy of blue 4 gave a single broad peak with a Amax 

of 715 nm; the present spectrum of blue 4 confirms this broad peak, but also shows 

a second maximum at 610 nm. The broad peaks in the spectrum of blue 4 and the 

single asymmetric peak of green 5 were deconvoluted using a gaussian fitting 

program.81 The deconvoluted spectra are shown in Figure 34 with the pertinent 
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Figure 32 Visible spectrum of blue 4 (6 mM in acetonitrile). Inset is the visible 
spectrum of reduced blue 4 (ca. 1 mM) following the controlled potential coulometry 
experiment. 
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Figure 33 Visible spectra of four different preparations of green 5 (acetonitrile 
solutions). The spectra are nonnalized so that A at 695 nm (Amax) is the same for all 
four spectra. 
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Table 13 Numerical results of gaussian fitting of the broad visible bands of blue 4 and 
green 5. 

I 
"-max (nm) E (cm-l) width (cm-l)ll absorbance 

I 
blue 4 722 13,850 973 0.030 

618 16,190 2,080 0.030 

green 5 703 14,230 923 0.035 

648 15,440 1,560 0.030 

II Peak width at a height of lIe. 

numerical results given in Table 13. The asymmetric band of green 5 fits well to two 

peaks. The splitting of the d-xl band in blue 4 is ascribed to spin-orbit coupling and 

to ligand field splitting of the {~z' dyz} LUMO. The peak-to-peak energy separation 

of 2,340 cm-! is on the order of a spin-orbit interaction (ca. 2700 cm-!, free ion)82 

for tungsten. The relative intensity of the two peaks in the spectrum of blue 4 is 

invariant for different preparations of the compound. This nondegeneracy of the ~ 

and ciyz orbitals is also supported by the rhombic EPR spectrum of blue 4 in frozen 

solution. 

Coulometry of Blue [LWOCI2]PF6. Because the XPS spectra of green 5 show 

the presence of a W (IV) species, the reduction of blue 4 by controlled potential 

coulometry was carried out in the hope that the same or a very similar W(IV) species 

could be produced in solution and unambiguously characterized by electronic 



II: Characterization of Dist. Isomers as Mixtures 125 

A 

12500 13500 14500 15500 1S500 17500 18500 1Q500 

B 

12500 13500 14500 15500 1e500 17500 

energy (1/an) 

Figure 34 Gaussian fitting of the broad visible bands in blue 4 (A) and green 5 (B). 
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spectroscopy. The addition of 1.2 equivalents of electrons to a solution of blue 4 

resulted in a color change from the pale blue of 4 to a pale green color. However, the 

visible spectrum of this resulting solution had none of the features observed in the 

visible spectrum of green S. Rather its broad peak was centered at 780 nm, red shifted 

from the original blue 4 peaks at 610 and 715 nm (see inset, Figure 32). Upon 

standing in contact with air (ca. 12 h) the solution slowly changed back to pale blue, 

and the visible spectrum of blue 4 reappeared. Similar reversible coulometric 

reduction behavior has been observed for {HB(3,5-Mcv>z)3} Mo V OCI2. The one 

electron reduced product, {HB(3,5-MezPz)3}MoIVOCI£, has a broad band that is 

shifted toward longer wavelengths relative to (HB(3,5-MCzPz)3}MovOCI2, and the 

reduced Mo(IY) complex slowly reoxidized to the Mo(Y) precursor on exposure to air 

(as observed in this laboratory). The product of the coulometric reduction of blue 4 

is probably the neutral W(IY) complex, LWOCI2• However, this W(IV) complex is 

not observed in the visible spectrum of green 5. 

Cyclic Voltammetry. Electrochemistry further confmns the composite nature 

of green 5 and offers insight into the characteristics of the green mixtures. It is 

interesting that the original cyclic voltammogram (CY) of green 5 showed two waves; 

one was due to blue 4 and the second more negative wave was assigned to a W(YI) 

impurity (Figure 24).10 The present voltammogram of blue 4 is exactly the same as 

that originally reported for this material. IO Some differences were observed in the 
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Table 14 Half-cell potentials for blue 4 and green 5 in several solvents. 

I solvent E~ (V'f' I 
blue 4 DMF -1.14 

2d green 5 DMF -1.14 -1.43 -1.61 

acetonitrile -1.08 -1.38 -1.57 

pyridine -1.16 -1.61 

7d green 5 DMF -1.10 -1.44 

acetonitrile -1.05 -1.36 

pyridine -1.08 -1.43 

a All potentials relative to E~ of the Fc/Fc+ couple as internal standard. 

electrochemistry of the various samples of green 5. 

The green materials synthesized here can be classed into two forms, a 7 day 

green and a 2 day green, where these times represent the time allowed for Reaction 

1 between LW(CO)3 and HCI. The 7d green 5 shows two waves in all of its CV's, 

and the more negative wave has the greater relative intensity (Figure 36 through 

Figure 38). It also appears that the reduction portion (top) of the most positive wave 

in the CV's of 7d green 5 is less intense than the oxidation peak (bottom), suggesting 

that some chemical process may be involved with the W(V) component once it is 

reduced to W(IV). The 2d green 5 shows three waves (Figure 39 through Figure 41). 

The two more positive waves correspond well to the two observed in the CV of the 

7d green. The effect of different solvents on the electrochemistry of each species may 
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Figure 35 The cyclic voltammogram of blue 4. Fc = ferrocene/ferrocinium. 
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Figure 36 Cyclic voltammogram of 7d green 5 in dimethylfonnamide. Fc = 
ferrocene/ferrocinium. 
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Figure 37 Cyclic voltammogram of 7d green 5 in acetonitrile. Fc = 
ferrocene/ferrocinium. 
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Figure 38 Cyclic voltammogram of 7d green 5 in pyridine. Fc = 
ferrocene/ferrocinium. 
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Figure 39 Cyclic voltamrnogram of 2d green 5 in dimethylfonnamide. Fc = 
ferrocene/ferrocinium. 
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Figure 40 Cyclic voltammogram of 2d green 5 in acetonitrile. Fc = 
ferrocene/ferrocinium. 
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Figure 41 Cyclic voltammogram of 2d green 5 in pyridine. Fc = 
ferrocene/ferrocinium. 
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be observed in the variant E~ values (Table 14) and variable relative peak heights of 

the cyclic voltammograms. The reversibility of the CV's of the green materials 

depends upon the solvent and scan rate, suggesting a competitive solvent dependent 

chemical process in solution. 

The CV's of these green materials are consistent with the presence of three 

oxidation states for tungsten in solutions of green S. In particular, the three waves in 

the CV of 2d green 5 could each be from a separate tungsten component (Figure 39). 

The two most positive waves are likely due to the redox chemistry of W(V) and 

W(VI) components, respectively. Considering that no oxo-W(Im monomers are 

known and that the W(IV) species in green 5 is likely to have at least one oxo ligand, 

it is reasonable to assign the most negative potential to the redox chemistry of a W(IV) 

complex (perhaps LWIVOCIS+ JiI LWvOCIS+2, S = solvent). XPS studies of blue 4 

and green 5 provide information about the distribution of these tungsten oxidation 

states in the solid materials. 

X-ray photoelectron spectroscopy has been an extremely useful technique in 

the recent reinvestigations of distortional isomers. Spectra of the core electron binding 

energies (in this case the W 4f electrons) are most sensitive to the metal oxidation 

state and much less so to differences in the ligand environment. As demonstrated for 

the Chatt molybdenum isomers, there is a direct correlation between the metal electron 

binding energy and the formal oxidation state of the metal. For tungsten, this 
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Figure 42 XPS spectra of blue 4 and 7d green 5. Energies are relative; these spectra 
are not corrected for charging effects. A. Blue (-) and green (.). B. Green -
O.70(blue). 
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Figure 43 XPS spectra of blue 4 and 2d green 5. The energies of these spectra have 
been corrected for charging effects. A. Blue (-) and green (e). B. Green - O.50(blue). 
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correlation appears to be approximately a 0.9 eV shift toward higher binding energy 

with each unit increase in metal formal oxidation state (see box and Figure 44). This 

pattern is well represented for a series of W(O)-W(VI) complexes with various ligand 

environments and coordination geometries.83 Considering the electrochemical 

measurements on these green materials, it is helpful to have the solid state XPS data 

as well, which give the static composition of the green materials in the absence of 

intervening solvents. 

The spectrum of blue 4 is representative of that expected for the W 4f region of 

a W(V) species (Figure 42A and Figure 43A). The 4fSW4f7(2 peak separation is well 

defined, unlike that in any of the green spectra. Even cursory observation of the green 

spectra confmns that these materials are mixtures. The lack of 4fSW4f7 (2 peak 

definition and the overall width suggest that these spectra are the summation of more 

than one tungsten species in different oxidation states. Subtraction of the blue 4 

spectrum from each green spectrum yields different results for the two different green 

samples. 

The difference spectrum resulting from 7d green 5 (Figure 42B) is indicative of 

a remaining mixture of W(VI) and W(lV) species. The central peak is a summation 

of the 4fS(2 peak of W(IV) and the 4f7(2 peak of W(VI) components in a 40/60 ratio, 

respectively. This identical difference spectrum had been observed for an original 

sample of green 5. At that time, the unusual appearance of the spectrum was 
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Figure 44 Correlation between the measured W 4f7 {2 binding energy and the fonnal 
oxidation state of the metal. 

Key to numbered standards measured for this discussion: 
(1) LW(COh 
(2) [Et.J[ (HB(3,5-Me2Pz) }W(CO)3] 
(3) [LW(CO)3CI]PF6 
(4) [LWCI3]CI 
(5) [LWOCI2]PF6 (blue) 
(6) H2W04 
(7) W02Cl2 

Other data were taken from the Handbook of Photoelectron Spectroscopy.83 
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attributed to some yet unknown electronic characteristic of distortional isomers. Even 

then, however, at least one individual suggested that the XPS data indicated that green 

5 was not a pure homogeneous materia1.84 The difference spectrum for 2d green 5 

(Figure 43B) indicates the presence of a great deal of W(IV) in the mixture; the 

difference spectrum appears to be a somewhat broadened W(IV) 4f spectrum. The 

4f5/2 peak of the difference spectrum appears to be more intense than expected for a 

pure W(IV) spectrum, due to the presence of a small contribution of W(VI). What 

correlations, if any, can be made between these solid state measurements of 

composition and those of the preceding discussion on cyclic voltammetry? 

Quantitative comparisons between the CV and XPS experiments of the green 

materials are not possible because of the demonstrated solvent dependence of the CV 

measurements. However, the electrochemical measurements and the XPS results are 

qualitatively consistent with the idea that the green materials are mixtures of at least 

three components and that the relative amounts of these components vary with reaction 

time. XPS studies of both samples of green 5 show that the solids contain tungsten 

species in 3 different oxidation states. For 7d green 5 the relative amounts of each 

oxidation state are W(V) > W(VI) > W(IV) (the mole fractions of each are estimated 

to be: W(V), 0.70; W(VI), 0.18; W(IV), 0.12). For 2d green 5 there is more W(IV) 

in the sample than W(VI) so that the order of composition is W(V) > W(IV) > W(VI) 

(mole fraction estimates: W(V), 0.60; W(IV), 0.35; W(VI), 0.05). The CV's of these 
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materials are qualitatively consistent with these XPS based conclusions (Figure 36 

through Figure 41). The relative intensities of the waves in the CV's of green 5 do 

vary with solvent, although the order of the intensities is conserved. For example, at 

short reaction times the most negative wave of 2d green 5 (assigned to a W(IV) 

species) is more intense than the center wave assigned to a W(VI) species (cf. 

Figure 40); XPS indicated more W(IV) than W(VI) for this sample. At longer reaction 

times, two waves are visible in the CV of 7d green 5 (cf. Figure 36). Here, the 

intensity of the most negative wave may be obscuring features due to the less 

concentrated W(IV) (amount of W(VI) > W(IV) by XPS) component which, by 

comparison with the 2d green 5 CV's, is expected to be observed at more negative 

potentials. The interaction of the different W(V), W(VI), and W(IV) species in 

solution is probably also a factor in the appearance of the CV's; however it is difficult 

to determine the exact effect under the present conditions. Longer reaction times 

would be expected to produce more oxidized tungsten products; the data confirm this 

for Reaction 1. Therefore, these electrochemical and XPS results are consistent with 

the relative contributions of W(IV) and W(VI) to the different green 5 mixtures. 

Infrared. One fundamental characteristic of distortional isomerism is that two 

such isomers have different v(M=E) (E = 0, S) stretching frequencies (Table 1) in 

accord25 with the differences observed in their respective M-E bond lengths. This is 

a feature reported for the blue and green isomers of [LWOCI2]PF6.9,1O The infrared 
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Figure 4S Infrared spectra of blue 4 (top) and green S (bottom). 
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Figure 46 Infrared spectrum of L W(COh· 
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Figure 47 Infrared spectra of blue 4; 160 (top) and 180 (bottom) substituted products. 
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Table 15 Infrared data for blue 4, green 5, and LW(CO)3' 

I blue 4 I 7d green 5 I 2d green 5 I LW(CO)3 I 
1495 m 1500 m 1505 m 1502 m 

1469 s 1470 s 1470 s 1452 vs 

1428 w 1427 w 1425 m 1418 m 

1295 m 1296 m 1296 m 1291 m 

1168 w 1163 w 1161 w 1149 m 

1124 w 1123 w 1125 w 1067 s 

1048 m 1053 m 1054 m 1057 s 

993 m 997 m 997 m 1005 vs 

978 sa 978 s 977 s 980 m 

960m 960 sO 963 s 

922 vso 920 w 

885 m 890m 889 m 892 w 

839 VSk 840 VSk 840 VSk 

798 s 799 s 782 s 788 s 

749 m 749m 748m 748 m 

a v(W=O) ° v(W=O) of cis-W02+
2 k v(P-F) of PF6-

spectra of these materials are complicated in the 1000-900 cm-! region, where v(W=O) 

bands are expected to appear (Figure 45, Figure 46, and Table 15). The reponed 

v(W=O) frequencies for blue (980 cm-!) and green (960 cm-!) [LWOCI2]PF6 lie in 

this region. The peak in the blue spectrum at 978 cm-! is the most intense peak in the 
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1000-900 cm-1 region and so is a logical choice for the assignment of v(W=O). 

However, L W(CO)3 (Figure 46) also has a peak of nearly coincident frequency 

although less intense; presumably this is an L based band as the material contains no 

tungsten-oxo units. In LW(COh, this peak is approximately half the intensity of the 

adjacent peak at 995 cm-! (also a common L band); therefore, the enhanced intensity 

of this peak in the spectrum of blue 4 lends further confidence to assigning it to 

v(W=O). But because of the significance of this peak in the present discussion of 

[LWOCI2]PF6 distortional isomers, more definitive assignment was made by 180 

substitution. The literature method to prepare blue 4 involves the reaction between 

[LWCI3]CI and H20 in an open air vessel. 10 Running this reaction with H2
180 under 

anaerobic conditions yields the labeled product, blue [LWl80CI2]PF6 (Figure 47), 

following the purification described for blue 4 (vide supra). Its infrared spectrum 

shows a new intense peak at 925 cm-l assignable to v(W=l80) [(978 cm-1)(16/18)ln. 

= 922 cm-1)] and a much diminished peak at 978 cm- l . The original assignment of 

the intense 978 cm- l peak in blue 4 to coincident v(W=O) and L bands is confirmed 

by this experiment. 

The identity of another component in green 5 is suggested by peaks reminiscent 

of the infrared signature of a cis-W02 +2 unit. The spectrum of green 5 has a 978 cm-l 

band that is more intense than in LW(CO)3 but not as intense as in pure blue 4. This 

is consistent with other evidence of the presence of some blue 4 in the mixture. Other 



1100 1000 

II: Characterization of Dist. Isomers as Mixtures 147 

900 

I 

/~ 
I I I , 
I N 
I I 
I I 

I, I ( II I 
I I 
I 

800 

I 
\I 

700 em-l 

Figure 48 Infrared spectra of 2d green 5 (top) and 7d green 5 (bottom). 
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significant peaks are also observed in this region of the spectrum at 959 and 922 cm-1 

(with 922 > 959 cm-1 in intensity). The appearance of two such peaks at these 

frequencies where the lower energy peak is the more intense is the spectroscopic 

pattern for a cis-M02+2 moiety (M = Mo,85 W55). It is interesting that the original 

spectrum of green 5 (Figure 24) as well as a recent spectrum of an original sample of 

the material show these same peaks. Furthermore, the relative intensities of the 978, 

959, and 921 cm-1 peaks appear to vary among samples of green 5. From Figure 48, 

it can be seen that the cis dioxo v(W=O) peaks of 2d green are of weaker intensity 

relative to the ligand band at 995 cm-1 than in the spectrum of 7d green. This 

observation is consistent with the XPS and CV results on these materials. Thus the 

frequencies observed in green 5 in the 1000-900 cm-1 region can be assigned to blue 

4 and to a cis-W02 +2 impurity. There is no need to invoke the concept of distortional 

isomerism to explain the band at 959 cm-1 in green 5. In order to assign the 959 cm-1 

peak to the single v(W=O) vibration of a green distortional isomer of [LWOCI2]PF6, 

the 922 cm-1 peak assignable to cis-WOt2 must be ignored. 

Powder X-ray Diffraction. During the course of the reinvestigation of the blue 

and green forms of [LWOCI2]PF6, it became desirable to confIrm the structural 

characteristics of the materials that were being synthesized. Blue 4 is easily 

crystallized. For green 5, no single crystals could be obtained during the course of the 

investigations of these materials. The unit cell of a representative single crystal of 
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Table 16 Refined unit cells for the blue and green materials obtained from X-ray 
single crystal and powder diffraction measurements (space group = orthorhombic 
Pbcm). 

I sample I ')."Il I #refl I ~2ab I a (A) I b (A) I c (A) I 
blue9 (c)~ Mo 34 --- 7.223(4) 14.898(6) 16.535(8) 

blue 4 (c) Mo 25 --- 7.162(1) 14.839(3) 16.553(2) 

blue 4 (p) eu 31 0.05 7.135 14.792 16.532 

blue 4 (p) eu 37 0.15 7.069 14.616 16.266 

green9 (c) Mo 28 --- 7.267(5) 14.95(1) 16.49(1) 

green 5 (p) eu 29 0.05 7.060 14.625 16.695 

Il ')."Mo = 0.71073 A, Acu = 1.54060 A b Maximum deviation between 9(hkl)calc 
and 8(hkl)obs' ~ Method: (c) = single crystal; (p) = powder diffraction. d The 
refined powder cells have errors on the order of 1 % 

blue 4 was determined by single crystal X-ray diffraction and was found to be in 

agreement with the original structure report for this compound.9 Lacking suitable 

crystals of green 5, the bulk sample was subjected to a powder diffraction study as was 

a sample of blue 4 (acting as a standard whose structural characteristics had already 

been confirmed). The results of X-ray diffraction studies on these solids are 

summarized in Table 16. 

Refined cells were obtained from the powder diffraction data of blue 4 and 7d 

green 5. The powder reflections were initially indexed for the blue solid using 13 

reflections common to both the crystal and the powder. Subsequent refinement of 31 
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indexed reflections yielded a cell for the blue powder that was in complete agreement 

with the cell determined from a single crystal of the compound. For the green powder 

the initial orthorhombic unit cell (Pbcm) of a = 7, b = 14, and c = 16 A was assumed. 

This initial guess produced a successful refinement of the 7d green 5 powder cell as 

one that was isomorphous with solid blue 4 and the original green and blue isomers 

of [LWOCI2]PF6• These results are encouraging and strongly suggest that the present 

reinvestigation is concerned with materials that are identical to the solids studied in 

1985. 

On the other hand, powder diffraction studies of a sample of 2d green 5 

exhibited several lower order reflections not present in either the blue 4 or 7d green 

5 patterns. These additional data suggested that the 2d green 5 material contained a 

solid that was of a symmetry lower than orthorhombic Pbcm and not isomorphous with 

either of the samples previously studied. Other methods of characterization of the 

various preparations of green 5 have illustrated the differing compositions of the 2d 

and 7d samples of green 5, so that these powder diffraction results are not unexpected. 

General Conclusions on Distortional Isomerism in [LWOCI21PF 6. 

The Inseparable Green Material and Competing Equilibria. From the above 

studies it is clear that green 5 is not a distortional isomer of blue 4, but rather that 

green 5 is a ternary mixture of blue 4 (which can be independently synthesized in pure 

form from [LWCI3]CI and H20), a dioxo-WV1 complex (most likely [LW02CI]PF6), 
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EClU I L ISR I UM 1 

EQUILIBRIUM 2 

bluo ~ bluo ~ 
[

0 1BO ]+2 
11 II = L~-C I-~L 
C I CI 

Figure 49 Possible competing equilibria involved with green 5 in solution. 

and a WIV species. Chromatography of the crude green reaction product yields pure 

blue 4, which elutes from the column fIrst, but the resulting green 5 solution cannot 

be further separated by chromatography. How can this seemingly paradoxical behavior 

of green 5 be explained? 

It is proposed that the W(lV), W(V) and W(VI) species are involved in two 

kinds of competing equilibrium processes (Figure 49). One process is chromatographic 

separation. Blue 4 interacts with the acidic alumina less strongly than the other 

components and passes through column fIrst. However, if this were the only 

equilibrium process involving blue 4, then it would be expected that successive 

chromatography runs on the green eluent should separate additional pure blue 4. Such 

is not the case. The green 5 mixture that is eluted from the column cannot be further 

separated by additional chromatography under the present conditions. This behavior 
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of the chromatographed green 5 mixture is consistent with a second kind of competing 

equilibrium that completely scrambles the tungsten atom oxidation states through a 

series of atom transfer reactions that carry out inner sphere electron transfer reactions 

among all three oxidation states, as suggested in Figure 49. 

It is further proposed that in a strongly coordinating solvent such as acetonitrile 

the principal species in solution are [LWIVOCI(NCMe)]+, [LWVOCI2]+ (blue 4), and 

[LWVI0 2CI]+. Dissociation of solvent from [LWIVOCI(NCMe)]+ according to 

Equilibrium 1 would generate the five-coordinate species [L WIV OCI]+ that could 

catalyze the interconversion of W(V) and W(IV) by the halogen transfer reaction of 

Equilibrium 2; [LWIVOCI]+ could also catalyze the interconversion of W(VI) and 

W(IV) by the oxo-transfer reaction of Equilibrium 3. Equilibria 2 and 3 are both 

known processes in the oxo-chemistry of group 6 metals.41 ,86,87 

When large amounts of blue 4 are present, as in the crude reaction mixture, some 

of this most rapidly moving cation separates from the mixture faster than it is 

scrambled by the atom transfer reactions of Figure 49. However, at lower 

concentrations of blue 4 the scrambling reactions compete with chromatographic 

separation, and the green 5 mixture behaves as a homogeneous material when 

rechromatographed. 

The similarity of the color of the green solid and the green solutions suggests 

that very little of the dimeric Wv_O_WV dimer is present in solution. To test this 
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Figure 50 Beer's Law plot of the absorbance of an acetonitrile solution of green 5 at 
419 nm. 

hypothesis the absorbance of the 419 nm band in a sample of 2d green 5 was 

measured over a wide range of relative concentrations (Figure 50). The net result was 

a strict adherence of the data to Beer's Law which implies that any equilibrium 

between the W(IV) and W(VI) monomers and a W(V)-O-W(V) dimer lies well toward 

the side of the monomers. The preferable description of the intimate association of the 

W(VI) and W(IV) species in solution is an oxygen atom exchange reaction 

(Equilibrium 3, Figure 49). It appears that this association of the W(VI) and W(IV) 
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components in green 5 precludes their separation under nonnal conditions. 

To further test the proposed equilibria of Figure 49, a mixture of green 5 and 

blue 4 (ca. 50 % 180 labeled) was dissolved in acetonitrile. The mixture was stirred 

for several hours. Periodically, a few drops of the solution were removed, placed on 

a NaCI plate, and the acetonitrile allowed to evaporate. The infrared spectrum of the 

residue was recorded over the range 1100-700 cm-1 (Figure 51). A weak peak at 904 

cm-1 was observed in these spectra, and it appeared to intensify over time. This peak 

may be assigned to the v(W=180) stretch of the high frequency component of a cis

wot2 unit in the solid; [(959 cm-l)(16/l8)~ = 904 em-I; (922 cm-l)(16/18)~ = 869 

cm-1]. The small amount (ca. 5 mole percent) of cis-W02+2 present in the 2d green 

5 (compare the IR spectra of Figure 48) meant that the 959 cm-1 was weak to begin 

with in this case. The 7d green 5, with more W(VI), would probably have been the 

better choice for this reaction, but the observation of such a peak in the mixture is 

consistent with scrambling of 180, originally derived from [LWl 80C12] PF6, into 

components of green 5 via the equilibria illustrated in Figure 49. The more intense 

922 cm- l band of the cis-W02+
2 group is expected to shift to 869 cm-1 and be hidden 

under the broad, intense PF6- band at 840 em-I. 

A Mixture of W(IV), W(V), and W(VI) Monomers and X-ray 

Crystallography. X-ray crystallography has been the defining experiment for 

distortional isomerism. I Therefore, this discussion still must address how a collection 
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WeV) W(V I) we IV) 

Figure 52 The cation of blue 4 and possible cationic W(VI) and W(IV) monomers 
in crystals of green 5. X could be a solvent molecule or the site may be empty. 

of W(IV) and W(VI) monomers and blue 4 can give the unusual bond lengths 

observed in the green "isomer" of [L WOCI2]PF 6' Compositional disorder was invoked 

to describe the anomalies in the Chatt isomers and the idea is still valid for these 

tungsten isomers. The advantages of a mixture of these three cations in a lattice 

include those outlined in models of mixtures of [LWOCI2]+ and [LW02CI]+ in Chapter 

III. All three are monocations so that a mixture of the three would require no 

difference in the number of associated counter PF6 - ions from a crystal of pure blue 

4. The size of the cyclic amine likely dominates the intermolecular packing forces 

between cations so that the less than Cs symmetry of the W(IV) cation may be of no 

consequence in the mixture. Furthermore, there are two possible enantiomers of the 

W(IV) cation (only one is shown in Figure 52). Thus a racemic mixture of the two 

forms in the green crystal would fill nearly half of each of the chloro sites, and thereby 

meet the mirror requirements of the blue 4 cell. Even so, there is no rule (a priorI) 

requiring the inclusion of the W(IV) component in single crystals of green 5, which 
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may only contain blue 4 and the W(VI) component. The relative concentrations of the 

W(IV) and W(VI) monomers has some bearing on the resulting unit cell and space 

group. Only the 7d green 5 [with more W(VI) than W(IV)] solid was isomorphous 

with blue 4, whereas the 2d green [more W(IV) than W(VI)] was not. A change in 

space group with composition was also observed in the series of mixtures of blue 

MoOCI2(PMe2Phh and yellow MoCI3(PMe2Ph)3.46 

At this point, it may appear that the description of the green fonn of 

"[LWOCI2]PF6" as a ternary mixture is as convoluted as describing it as a distortional 

isomer. The discussion presented here is, however, self consistent and is bounded by 

existing chemical principles. Some of the evidence reproduced for present samples of 

green 5 (Le. the IR and CV of Figure 24) had also been observed in the original 

samples of the material and yet did not dissuade the assignment of this system as 

another example of distortional isomerism. All of the characterizations of the green 

materials isolated from reactions between LW(COh and 10 M HCI are most consistent 

with the unusual properties of green "[LWOCI2]PF6" being the result of a mixture and 

not a new type of isomer of [LWOCI2]PF6. 
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Chapter III: Crystallographic Models of Disorder 

At the heart of distortional isomerism is crystallographic evidence that two 

differently colored materials with identical coordination geometries differ only in 

particular metal ligand bond lengths. One of the two "isomers" exhibits a typical 

metal-ligand bond length, while the other material has an exceptionally long length for 

the same bond. Recently, compositional disorder has been implicated as the cause of 

the unusually long metal ligand bonds in the original distortional isomer system46,48 

and in the widely referenced tungsten system of Wieghardt and Backes-Dahmann1O 

(Chapter II). A problem now brought to light by the reinvestigations of distortional 

isomerism is the pronounced affect of compositional disorder on metal-ligand bond 

lengths derived from a given crystal.46,48 Because of this, the following model process 

was developed, enabling an estimate of the effects of compositional disorder and the 

ability of modern X -ray crystallography to resolve this problem. 

In light of the evidence refuting the existence of distortional isomerism in the 

MoOCI2(PMe2Ph)3 system,46,48 reinvestigation of the [LWOCI2]PF6
9 system is also 

warranted. This latter case is one of the most widely cited examples of distortional 

isomerism. Both fonns have been well characterized spectroscopically both in the 

solid state and in solution,1O and their structural features are in accord with existing 
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theoretical interpretations of distortional isomerism.2 But now compositional disorder 

is known to produce similar dramatic effects in crystallographic ally determined metal

ligand bond lengths.46,S2 Therefore, the effect that this problem would have on the 

W-O and W-CI bond lengths in the [LWOCI2]PF6 system was modelled 

crystaUographically. 

A second set of models of the disorder in the MoOCI2(PMe2Ph)3 system was 

also undertaken. Whereas Parkin and co-workers performed numerous X-ray 

diffraction studies46 on a series of crystals, the present models give reasonable results 

without requiring samples of the complexes involved. This artificial data can be 

generated to any level of resolution and composition. The compositions of Parkin et 

al. are of the bulk sample, so that the actual composition of individual crystals may 

vary.46,48 In order to find the best value for the apparent metal-ligand bond lengths 

at a given composition, it would be necessary to determine the structure from a 

statistical sampling of independent specimens in the batch of crystals with a particular 

bulk concentration. Such a statistical experimental approach to the question of bond 

length versus composition is preferred, but impractical at times, especially if the 

individual components are not available in pure form. Thus, model calculations enable 

all possible compositions to be studied and compared with published structural results. 

In the case of the tungsten isomer system where the impurity has not yet been isolated 

in a pure form, the usefulness of these models is evident. The study of Parkin et al. 
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offers a check of the reliability of these models with respect to experiment; the 

agreement between the present theory and experiment is encouraging. Such a method 

is precisely suited for the task at hand, to see if compositional disorder could account 

for the bond length trends in the tungsten system and to see how well the model based 

bond lengths compare with those measured by experiment46 in the molybdenum

phosphine system. 

When compositional disorder is suspected, a fair guess is needed as to the nature 

of the minor disordering component. Yellow mer-MoCl3(PMe2Ph)3 and blue cis,mer

MoOCI2(PMe2Ph)3 are the known components in the green form of 

MoOCI2(PMe2Phh.46,4S Consideration of the precursors and possible side products 

formed during the synthesis of the green form1O of [LWOCI2]PF6 suggested that the 

yellow species, [L W02Cl]PF 6' was the most likely compound. Infrared analysis of the 

green reaction mixture over time indicated an increasingly more intense pair of bands 

at 960 and 922 cm-1 characteristic of the cis-W(O)2+2 unit.1O,SS Furthermore, the 

original paper on blue and green [LWOCI2]PF6
1O reported the presence of 

[LW02CI]PF6 in the cyclic voltammogram of the above green species (Chapter In. 

Yellow [L W02CI]PF 6 has several crystallographic advantages supporting its feasibility 

as the disordering component in green [LWOCI2]PF6. 

Each of the three following characteristics of [LW02CI]PF6 suggest that it could 

easily replace [LWOCI2]PF6 in a crystalline lattice thereby facilitating cocrystallization 



(Figure 53). It, like blue 

[LWOCI2]PF6, is a complex 

monocation with a single 

hexafluorophosphate anion. 

Second, the complex cation of blue 

[LWOCI2]PF6 and yellow 
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Figure 53 The similar symmetries of the 
tungsten coordination spheres in [LWOCI2]+ and 
[LW02Cl]+. 

[LW02CI]PF6 have the same symmetry: each has a mirror plane splitting the cis

dichloro and cis-dioxo ligands, respectively. Third, the cations [LWOCI2]+ and 

[LW02CI]+ are likely to have nearly equal volumes, where the common 

triazacyclononane ligands dominate this characteristic in both cations. The similar 

assumption. These charge, symmetry, and volume considerations led to the decision 

to model the compositional disorder in green [LWOCI2]PF6 with the pure blue fonn 

Before proceeding further, it is constructive to present the notation convention 

adopted for the following study. The bracket notation, "{ }", implies a site of 

compositional disorder--two fractional atoms contributing to this region of electron 

density. The term "site" is reserved for a volume of electron density in which would 

be found the center of a single atom, for example. Lastly, "position" will be used to 

imply point positions in space. These latter two terms, "site" and "position", are often 
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used interchangeably; the above conventions should help clarify the following 

discussion. 

Disordered Model Process 

Model Overview. The 

following approach was used for 

both the tungsten and molybdenum 

systems, with the former presented 1 - x 

as an example. An idealized 

11 
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Figure 54 The fractional sum of the WOCl2 
and W02CI units and the resulting effects on 

was generated as a composite of W=O and W -CI bond lengths with increasing x. 

(l-x) mole fraction WOCl2 and x mole fraction W02CI (Figure 54). For simplicity, 

only the atoms W, 0, and CI of [LWOCI2]PF6 and [LW02CI]PF6 were used in the 

model. Similar reasoning produced the models of the 

that all of the structural changes on going from blue to green [LWOCI2]PF6 could be 

explained from the kind of compositional disorder modelled here. The variable x 

represented the fraction of compositional disorder in a predominantly [LWOCI2]PF6 

lattice. Several pieces of information were obtained from these models. Electron 
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density contour maps clearly show the changes in density distribution that led to 

anomalous W=O and W-CI bond lengths. A second result based on these models is 

W -0 and W -CI bond lengths within the WOCl2 unit as a function of an increasing 

mole fraction of [LW02CI]PF6; these values came from a standard refinement of the 

preceding electron density. The process involved in this case is applicable to any 

system where there is a need to see the effects of assumed compositional or rotational 

disorder on particular metal-ligand bond lengths. 

There were several steps involved in developing the particular model of 

compositional disorder of WOCl2 with W02Cl. The disordering atoms of the W02CI 

unit were first made to lie along the respective W-ligand vectors in a manner 

consistent with a model that assumes the replacement of x mole fraction of WOCl2 

units with W02CI (Figure 55). From the orientations of these five atoms (oxygen and 

two chlorines of WOCI2, chlorine and two oxygens of W02CI, and tungsten which was 

common to both species) fractional atomic coordinates for the disordered chlorine (Clo) 

and oxygen (Oc) were calculated and used in subsequent calculations of the disordered 

electron density. Special considerations of the bond angle differences in the MoOCl2 

and MoCl3 units were involved in determining the atomic positions for this system 

(vide infra). A complete set of Miller indices (from 28 = 0 to 50°) and corresponding 

structure factors were generated using existing and modified Structural Data Package 

(SDP)89 programs with the scattering factors and positions of the atoms mentioned 
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above. A unique set of these "reflections" was detennined for the tungsten and 

molybdenum models at each degree of compositional disorder (x), and following a 

standard Fourier synthesis, was then used to prepare contour maps of the electron 

density or was refined to give apparent M-O and M-CI bond lengths. 

Bond Lengths and Cell Parameters. The unit cell parameters (Table 18) and 

bond lengths (Table 17) in WOCl2 and MoOCl2 where taken from the structures of 

blue [LWOCI2]PF6
9 and MoOCl2(PMe2Ph)3,46 respectively. Necessary bond lengths 

for W02CI were not directly obtained from anyone structure because [LW02CI]PF6 

has not been structurally characterized. Best estimates were used for the W=O and W

CI bond lengths in the cis-dioxochloro species. An average W=O bond length reported 

by Mayer16 (1988) for a collection of cis-dioxo tungsten(VI) structures was used. In 

light of the propensity for disorder in such structures, this statistical value was 

probably a superior choice as the distributions for metal-oxo bond lengths tend to be 

quite narrow. 15,16 When available, these distributions are the most useful measure of 

the reliability of a particular bond length obtained from an X-ray structure 

detennination. For example, the W=O bond length of 1.757 A detennined from the 

crystallographic analysis of [LW02Br]B~O seems a bit long (perhaps due to 

rotational disorder within the W02Br unit) when viewed against Mayer's value of 

1. 709 A, an average of 11 cis-dioxo structures.16 A similar approach was used in 

choosing the W-CI bond from a Cambridge Structural Database/GSTAT analysis 



III: Crystallographic Models of Disorder 165 

subject to the following criteria: only those terminal W-Cl bond lengths in six-

coordinate, tungsten(VI) complexes that did not contain either a terminal oxo or sulfido 

ligand were considered. The last criterion was meant to exclude any anomalous W-CI 

bond lengths that may be artifacts of rotational disorder. 

Determination of Fractional 
m • ( .50)x 

Atomic Coordinates. To represent a 
m • (l-x)(.50) 

three-dimensional lattice of WOCl2 units 

in which a fraction (x) of them are /
w ••• m •• 50 

m • x '. 
/oc .... , .. , 

m • 1 -x C I replaced by W02CI, this disordered 

Figure SS Diagram of relative atom 
arrangement was considered to be an positions and multiplicities (m) for WOCl2 

models. 

Table 17 Bond lengths used in calculating disordered atom coordinates. 

bond length (A) bond length (A) 

w=oa 1.719 Mo=oU 1.675 

W=Ob c 1.709 Mo-Clo~ 2.400 

W-Clil 2.322 Mo-Clcbd 2.481 

W-CI ~ 
0 2.354 Mo-Clcy~ 2.420 

Mo-C~bd 2.528 

Mo-C~l 2.427 

il From original blue [LWOCI2]PF6 (ref. 9). b ref. 16 ~ GSTAT/CSD search d 
From blue MoOCI2(PMe2Ph)3 (ref. 46). ~ From original yellow MoC13(PMe2Ph)3 
(ref. 46). 
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Table 18 Cell constants from blue [LWOCI2]PF6 and MoOCI2(PMe2Ph)3 structures. 

blue [LWOCI2]PF6 (ref. 9) 

a = 7.223(4) A 
b = 14.898(6) 

c = 16.535(8) 

ex = p = Y= 90° 

Pbcm no. 57 

Z=4 

blue MoOCI2(PMe2Ph)3 (ref. 46) 

a = 11.294(1) A 
b = 17.627(3) 

c = 28.280(5) 

ex = p = Y = 90° 

Pbca no. 61 

Z = 8 

array of W(O)(Oc)(CI)(Clo) units, where each of these contains fractions of oxygen and 

chlorine atoms consistent with x (Figure 55). As mentioned above, one of the 

structural advantages of the [L W02Cl]+ cation is its identical mirror plane symmetry 

with [LWOCI2]+. Therefore in a lattice of WOCl2 units, the tungsten atom of W02CI 

was placed at the same position as in WOCI2. The remaining chlorine and two oxygen 

atoms then lay at typical WVI_CI and WVI=O distances along the W=O and two W-CI 

vectors of WOCI2, respectively (Table 17). The resultant orientation of each W02CI 

was such that its mirror plane of symmetry was coplanar with that of WOCl2 

(Figure 55). 

For the MoOCI2(PMe2Phh system, a model consisting of the superimposed 

MoOCl2 of blue cis,mer-MoOCI2(PMe2Ph)3 and the MoCl3 unit of yellow mer

MoCI3(PMe2Ph)3 was prepared (Figure 56). The center of the model was occupied 
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by the shared molybdenum atom of the two 
m - x 

disordered units. The two cis-chlorine- 0 
m - 1-x 

molybdenum vectors (Mo-Clcb from MoOCl2 

and Mo-Clcy from MoCI3) were arranged to 

be collinear, taking the Mo-Cl distances from 

their original respective structures (Table 17). 

Coordinates for Clcy were calculated at a 

distance Mo-Clcy along the Mo-Clcb vector. 

Taking the positions of the oxygen (0) and 

trans chlorine (Clt~ from the original structure 

Cl ab m - 1-x 
110-----

Clay m - x 

e,l ly m· x 

Cl lb m-1-x 

Figure 56 Diagram of relative atom 
positions and multiplicities (m) for 
MoOCl2 models. 

of blue MoOCI2(PMe2Phh, the positions of the two remaining MoCl3 chlorine atoms 

(Clo and C~y) were calculated with respect to the MoOCl2 reference. With Mo-Clcy 

and Mo-Clcb collinear, the small difference in the angles Clcy-Mo-C~y and Clcb-Mo

C~b « 1 0) allowed for the position of C~y to be approximated by a distance of Mo

C~y along the vector Mo-C~b. The larger angular deviation between the Mo-O and 

Mo-Clo vectors (70) required that this be considered in calculating the Clo position at 

a distance of Mo-Clo along a vector that was at the correct MoCl3 angles with respect 

to Mo-C~y and Mo-Clcy (Figure 56). A detailed example is presented below for one 

of the oxygen atoms (Oc) of W02CI (See also Appendix B). 

With the disordering atoms of W02CI (Oc and Clo) chosen to lie along the W -CI 
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and W=O vectors, respectively, it was possible to z 

calculate the fractional atomic coordinates of these r 

atoms. For W, 0, and CI of WOCI2, these atomic 

coordinates came from the original structure of blue ---~f7---T--" Y 

[LWOCI2]PF6
9. The process was similar for all atoms x 

calculated to lie along a particular vector; Oc of 

W02CI is presented as an example. The two vectors Figure 57 Polar coordinate 
axis used to calculate 

W -CI and W -Oc are collinear (Figure 55), and, disorded atom positions. 

therefore, with tungsten as the origin, these two vectors would have the same values 

of 8 and cjl but different values of r (rW-CI and rw.o) in polar coordinates (Figure 57 

and below). Based on this idea, 8 and cjl were calculated using the known value of 

rW-CI = 2.322 A and fractional coordinates of CI and W (Table 18 and Table 19). It 

was then possible to determine the corresponding fractional atomic coordinates for Oc 

using the above 8 and cjl from the W-CI vector, and rW-O (Table 17, Appendix B). 

x = rsin8coscjl 
y = rsin8sincjl 
Z = rcos8 
rW-atom i = [(xrxw)2a2 + (YrYw)2b2 + (Zj-zW)2c2]~ 

Where Xi' Yi and Zj and xw, yw, and Zw represent the known fractional atomic 
coordinates of Wand the ith atom, respectively. The variables a, b, and c are the 
cell constants. Calculated fractional coordinates are listed in Table 19. 
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Table 19 Fractional atomic coordinates used in disorder models. 

I atom x y z I 
Wa. 0.00724 0.01262 0.7500 

Oil 0.17234 0.09574 0.7500 

0 12 
c 0.08327 -0.05822 0.8242 

Cia 0.11054 -0.08366 0.85080 

Clb 
0 0.2328 0.1262 0.7500 

Mcf 0.0743 0.7205 0.6518 

Ok 0.1887 0.6758 0.6771 

Clb 
0 

0.2277 0.6607 0.6971 

Clcbk 0.0718 0.8344 0.7033 

Clcyb 0.0743 0.8316 0.7021 

C~bk -0.0967 0.7693 0.6028 

C~} -0.0899 0.7674 0.6048 

a. From original blue [LWOCI2]PF6 (ref. 9). 12 Calculated using the polar 
coordinate approach (Appendix B). k From the structure of blue 
MoOCI2(PMe2Ph)3 (ref. 46). 

Atom Multiplicities and Fractional Compositional Disorder. With the 

coordinates of all atoms now determined (Table 19), a series of multiplicities (m) for 

each x were calculated that were consistent with increasing mole fractions of W02CI 

or MoCl3 (Figure 55 and Figure 56). The mirror symmetry of the WOCI2/W02CI 

system required special consideration; the following example is for the case when x 

= 0.10. In calculating these multiplicities (Table 20), all atoms were accounted for 



III: Crystallographic Models of Disorder 170 

me· ( . 5 0 ) ( • 1 0 ) C I 0 C I 0 • 10 C I a t om 

mirror --+ 
ma· ( . 50 ) ( • 9 0 ) 0 operatIon o .90 0 atom 

mw·.50 W W 1.00 W atom 

Figure 58 Example of atom multiplicities for 10% disorder that accounts for all 
atoms: x = 0.10, I-x = 0.90 (See Figure 55). 

Table 20 Atom multiplicities used to create models with fractional disorder x. 

1 x 1.00 1 .05 1 .10 1 .15 1 .20 1 .25 1 .30 I .35 I .40 I .45 I .50 I .55 I 
W .50 .50 .50 .50 .50 .50 .50 .50 .50 .50 .50 .50 

0 .50 .475 .45 .425 .40 .375 .35 .325 .30 .275 .25 .225 

Oc .00 .05 .10 .15 .20 .25 .30 .35 .40 .45 .50 .55 

C1 1.0 .95 .90 .85 .80 .75 .70 .65 .60 .55 .50 .45 

C10 .00 .025 .05 .075 .10 .125 .15 .175 .20 .225 .25 .275 

I Atom I Multiplicity I 
Mo 1.00 

0 1 - x 

Clo x 

Clcb 1 - x 

CICY x 

C~b 1 - x 

Clcb X 
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with each value of x; for example the sum of m's for 0 and Clo led to a composite 

atom with m = 1 (after performing a mirror plane reflection) along the W -D-Clo vector 

(Figure 58). Consider the disordering atoms of W02CI, Oc and Clo' The atom Clo 

lay along the W=O vector, and only a single chlorine atom contributed to this position. 

Its multiplicity contribution to the sum of Clo and 0 was (0.50)x (Figure 55). 

Similarly, an Oc from W02Cliay along each of the W-CI vectors of WOCI2, and its 

multiplicity contribution to the sum of Oc and CI was (1.00)x. See that in Figure 58 

the multiplicity sum of Clo and D represented a composite of 10% chlorine and 90% 

oxygen at this site. The values so obtained for all x were subsequently used to prepare 

models of corresponding percent compositional disorder. 

The situation was more straightforward in the MoOCl2 + MoCl3 models, because 

this case lacked the rigid mirror symmetry of the tungsten models (Figure 56). Except 

for the molybdenum atom fixed at 1.00, the oxygen and chlorine multiplicities were 

simply incremented up or down depending on whether it was part of the diminishing 

(MoDCI2) or increasing (MoCI3) component in the mixture. Each of the disordered 

sites was represented by a total atom multiplicity of 1.00 so that all atoms were 

accounted for in the model (Table 20). 

Complete Miller Indices Sets •• Program NICLIN. The next step toward 

generating an array of artificial "reflections" based on each percent disorder was to 

prepare a complete set of the associated Miller indices. The SDP data reduction 
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program, NICSYN, was modified (NICLIN) to perform this task (Appendix A). In 

its original form, NICSYN reads in raw reflection intensities from which it calculates 

the concurrent structure factors (F), after applying absorption, Lorentz, or polarization 

corrections and writes the resulting structure factors and particular Miller indices into 

the correct addresses (Fobs) of the reflection file refl.foa.91 All portions of NICSYN 

dealing with the reading of experimental intensities and calculations of structure factors 

were discarded, but the useful algorithm for writing Miller indices to the correct 

positions in refl.foa was retained. This being a purely hypothetical exercise, there 

were no experimental intensities from which to calculate Fobs; the Fobs were later 

calculated using the preceding atomic coordinate information to produce complete Fobs 

for each value of x. 

Calculation of Structure Factors and Fourier Synthesis. The model was now 

at the point where the structure factors for individual {h,k,l} and the related Fourier 

synthesis were calculated. First, however, two adjustments were made dealing with 

systematic absences consistent with the space group (Table 18) and the weight of 

individual "reflections". Both were performed using standard SDP software to give 

a resulting set of indices completely prepared for the ensuing calculations. 

The systematic absences were removed and proper "reflection" weights set using 

programs REJECT and WEIGHT, respectively. In writing a complete set of Miller 

indices, NICLIN was not confined to writing only those {h,k,l} that were in accord 
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with the space group symmetry constraints. Thus, rell.foa, contains {h,k,l} that would 

otherwise be systematically absent for the space group. Program REJECT is designed 

to recognize these {h,k,l} and mark them within rell.foa, thereby allowing these 

systematically absent reflections to be discarded from the data set. The last correction 

to the now truly complete {h,k,l} set was to assign unit weights to each "reflection". 

Ordinarily individual reflections would be weighted statistically, based on intensities 

relative to other reflections and with respect to background radiation. Lacking such 

an experimental basis, these model "reflections" were therefore each weighted equally 

(WEIGHT = 1). With these final corrections in place, the actual structure factors were 

calculated. 

Structure Factor Calculation. At this point the processes of preparing model 

electron densities leading to either density contour maps or structural refinement began 

to diverge. The algorithm used to determine the structure factors (F) based on each 

individual disordered model was the SDP program, SFC (structure factor calculation), 

and was used for both processes. Therefore, the numerical values of F's used to 

prepare the respective electron densities were identical in each case prior to refinement. 

This first procedural difference was in writing the output from SFC to the reflection 

file, rell.foa. Program SFC is designed to calculate model-based structure factors and 

so was the correct choice for the current problem. 

Program SFC calculated the structure factors for the model represented by the 
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atoms contained in the atoms parameter list. It used the fractional atomic coordinates, 

multiplicities, thermal parameters, and individual atomic scattering factors to generate 

Fhkl for each series of (h,k,l}. Each fractional disorder model was determined by 

adjusting the atomic parameters above (multiplicities based on x, Table 20). The 

output of SFC was a set of calculated structure factors, Fcalc's, that are ordinarily 

written to the F calc slots of refl.foa.92 Contour maps of the model electron density 

utilized the F calc values of a normal SFC operation because the following Fourier 

synthesis works with these Fca1c's alone. Structural refinement, however, required an 

original set of "Fobs" against which the approximate structure (represented by F 

calculated during the refinement) is fitted. To create these Fobs's based on the 

disordered model, a copy of program SFC was modified (SFCPD) so that it would 

calculate the same model-based structure factors, only it would now write these to the 

Fobs slots of refl.foa (Appendix A). In summary, when making contours, SFC was 

used to give a file of Fcalc's (Fobs = 0), and as initial setup for refinements, SFCPD, 

was used to prepare a file of artificial Fobs's (Fcalc = 0). 

Electron Density Contours of Disordered Models. Existing SDP programs 

were used for this exercise. The order of steps includes: a standard Fourier synthesis 

(DFOUR), choice of observation plane (MATRIX), computational adjustment of the 

data to this plane (TILT), and the final contour representation of this data 

(CONTUR). A difference Fourier (IF obs - F calc I, where Fobs = 0) was used to 



convert the set of F calc to an electron 

density representation. The asymmetric 

unit of {lA,l,;,2,} was used for the 

tungsten and {;,2" 1.-2, 1.-2} for the 

molybdenum models. These were 

taken from the original blue structure 

in both cases (Table 18). Next, 

program MATRIX was used to defme 

the plane of observation (Le. one 

containing the vectors W -O-Clo and 

W-Oc-Cl), and determine the 

transformation matrix that would later 

be used to transform the Fourier peaks 

to this plane. Program TILT actually 

performed this transformation 
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ytL 
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Figure 59 Atom layout for WOCI2/W02CI 
contour maps. (+ = atom position) 

City 

\ 
++ + + 

! Mo o 
("tilting") using the aforementioned C I tb 

matrix and prepared the numerical y t L 
equivalent of the electron density 

contours. Lastly, program CONTUR 

-+ 
X 

Figure 60 Atom layout for MoOCI2/MoCI3 
contour maps. (+ = atom position) 

took these values as output from TIL T and prepared the more readable contour 
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representation. This program allows manipulation of the presentation of the contour 

maps. For example, in these particular maps the difference between successive 

contours is 2 e"/A3,93 and the n+n symbols in the maps (Figure 59 and Figure 60) 

represent the atomic positions used to calculate the electron density. 

Structural Refinements of Modeled Disordered Electron Density. The goal 

in refining this electron density prepared from a compositionally disordered model was 

to see what bond lengths would result from a standard refmement of this data. For all 

x, the initial trial structure was the original coordinates of WOCl2 unit in blue 

[LWOCI2]PF6 or MoOel2 in blue MoOCI2(PMe2Ph)3 (Table 19). A conventional full

matrix least squares (LSFM) refmement was performed on this data, a treatment not 

unlike the process that would be performed had this been real experimental data 

derived from an actual crystal composed of x mole fraction W02CI and I-x mole 

fraction WOCI2. With this model it was possible to observe the changes in M-CI and 

M-O bond lengths as the refinement proceeded to use only MOCl2 to approximate this 

disordered data. 

Following the model based structure factor calculation of SFCPD, several further 

steps were required prior to running the refinements. The atoms parameter list was 

adjusted to include only the atoms M, 0, and CI (of WOCl2 or MoOCI2) with 

multiplicities set at their nondisordered values (Table 19 and Table 20). With unit 

weights on all reflections, the density was now refined against the MOCl2 model. 
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Program LSFM is the standard refinement program within SDP, and treated the 

artificial Fobs's as though they were real data. The scale factor was not refined, but 

rather was held at 1.00 throughout the refinements. This parameter again is in part an 

artifact of experimental reflection collection, and there was no such experimental basis 

for a value other than unity. Atom multiplicities were not refined; this would represent 

an attempt to solve for the inherent disorder in the data which was already known. 

Atomic coordinates and isotropic thermal parameters (Biso) only were refined, as only 

isotropic parameters were used to generate the original Fobs's. Refinement of 

individual data sets for different values of x proceeded in steps, and each step was two 

iterations. At the end of each LSFM run, the improved Peale's, atomic coordinates, 

and Biso's replaced the previous values. This whole LSFM process was repeated until 

the largest shift in anyone refmed parameter divided by its error (SHIFTR) was zero. 

This fmal approximation of the disordered electron density yielded the bond lengths 

and Biso's for WDCl2 and MoDCl2 units which were increasingly more distorted with 

x (Table 21 - Table 24). 

Results of Disordered Models 

Both of the models served their intended purpose which was to see the affects 

on observed metal-ligand bond lengths with increasing amounts of compositional 

disorder. Results for the tungsten system offer approximations of the amounts of 
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Table 21 Bond lengths (A) obtained from refmement of disordered models. 

01 W-O W-Cl I Mo-O Mo-Clcb Mo-C~b I 
0 1.719(18): 2.322(5)il 1.675(3)12 2.481(1f 2.528(1f 

0.05 1.755(2) 2.3172(4) 1.6999(7) 2.4776(3) 2.5229(3) 

0.10 1.800(3) 2.313(8) 1.735(2) 2.4747(5) 2.5181(5) 

0.15 1.854(5) 2.304(1) 1.785(2) 2.4716(8) 2.5133(8) 

0.20 1.919(6) 2.296(2) 1.856(3) 2.469(1) 2.509(1) 

0.25 1.991(7) 2.286(2) 1.955(4) 2.466(1) 2.503(1) 

0.30 2.063(7) 2.275(3) 2.078(4) 2.463(1) 2.498(1) 

0.35 2.130(7) 2.260(3) 2.187(4) 2.460(1) 2.493(1) 

0.40 2.182(7) 2.241(4) 2.254(3) 2.456(1) 2.488(1) 

0.45 2.221(7) 2.220(4) 2.298(3) 2.453(1) 2.483(1) 

0.50 2.252(7) 2.194(5) 2.326(3) 2.450(1) 2.478(1) 

0.55 2.277(7) 2.157(5) 2.345(2) 2.447(1) 2.473(1) 

il From blue [LWOCI2]PF6 (ref. 9). 12 From blue MoOC12(PMe2Ph)3 (ref. 46). 
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Table 22 Bond angles (0) from refinement of disordered molybdenum models. 

I x II O-M-Clcb O-Mo-C~b Clcb-Mo-C~b I 
oa 98.0(1) 169.8(1) 92.1(1) 

0.05 97.71(3) 170.07(3) 92.182(9) 

0.10 97.36(5) 170.42(5) 92.20(2) 

0.15 96.87(7) 170.91(8) 92.22(2) 

0.20 96.2(1) 171.5(5) 92.24(3) 

0.25 95.4(1) 172.2(1) 92.26(4) 

0.30 94.6(1) 172.9(1) 92.25(4) 

0.35 93.8(1) 173.4(1) 92.28(4) 

0.40 93.42(8) 173.58(9) 92.32(4) 

0.45 93.16(8) 173.68(8) 92.35(4) 

0.50 92.97(7) 173.76(7) 92.38(4) 

0.55 92.84(6) 173.80(6) 92.41(4) 

a From structure of blue MoOCl2(PMe2Ph)3 (ref. 46) 
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Table 23 Fractional atomic coordinates of refined tungsten models. 

0 .17234 .09574 .7500 4.O<P 
Cl .11054 -.08366 .8508 4.O<P 

0 .l758(2) .0975(1) .7500 4.23(3) 
Cl .11032(6) -.08345(3) .8509(2) 4.299(7) 

0 .1800(4) .0997(2) .7500 4.43(6) 
Cl .1101(1) -.08320(5) .85035(5) 4.63(2) 

0 .1853(6) .1023(3) .7500 4.53(9) 
CI .1098(2) -.08291(8) .85005(8) 4.99(2) 

0 .1916(8) .1054(4) .7500 4.5(1) 
Cl .1094(2) -.0826(1) .8497(1) 5.39(3) 

0 .1986(9) .1088(4) .7500 4.3(1) 
CI .1090(32) -.0822(1) .8493(1) 5.83(4) 

0 .206(1) .1123(5) .7500 4.0(1) 
CI .1084(4) -.0817(2) .8488(2) 6.33(5) 

0 .212(1) .1155(5) .7500 3.4(1) 
Cl .1078(4) -.0811(2) .8481(2) 6.90(6) 

0 .217(1) .1181(5) .7500 2.9(1) 
CI .1071(5) -.0804(2) .8472(2) 7.55(8) 

0 .221(1) .1200(5) .7500 2.4(1) 
CI .1063(6) -.0796(3) .8462(3) 8.27(9) 

0 .224(1) .1214(5) .7500 1.9(1) 
Cl .1053(7) -.0787(3) .8449(3) 9.1(1) 

0 .2259(9) .1227(4) .7500 1.4(1) 
CI .1044(8) -.0773(4) .8431(3) 10.0(1) 

!! From structure of blue [LWOCI2]PF6 (ref. 9). l! Default values set by SOP. 
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Table 24 Final fractional atomic coordinates and isotropic thermal parameters in the 
MoOCl2 models. 

% atom lIi y Z 8110 (A~) 

O· Mo .0743( 1) .7205(1) .6518(1) 2.50U 

0 .1887(2) .6758(2) .6771(1) 4.00b 

Clcb .0718(1) .8344(1) .7033(1) 4.00b 
Cltb -.0967(1) .7693(1) .6028(1) 4.00b 

0.05 Mo .07431( 1) .72049(1) .65181(1) 2.501(1) 
0 .19013(6) .67523(4) .67782(3) 4.37(1) 

Clcb .07192(2) .83426(1) .70324(1) 4.004(5) 
Cltb -.09636(2) .76921(1) .60290(1) 4.013(5) 

0.10 Mo .07431(1) .72049(1) .65181(1) 2.501(2) 
0 .1920(1) .67446(8) .67881(5) 4.77(3) 

Clcb .07203(5) .83412(3) .70318(2) 4.007(9) 
Cltb -.09603(4) .76911(3) .60300(2) 4.024(9) 

0.15 Mo .07432(2) .72409(1) .65181(1) 2.502(3) 
0 .1948(2) .6734(1) .68024(8) 5.20(5) 

Clcb .07214(7) .83398(4) .70312(3) 4.01(1) 
Cltb -.09571(7) .76902(4) .60310(3) 4.04(1) 

0.20 Mo .07433(2) .72049(1) .65181(1) 2.504(4) 
0 .1986(3) .6719(2) .6822(1)" 5.57(6) 

Clcb .07226(8) .83384(5) .70306(3) 4.02(2) 
Cltb -.09539(8) .76892(5) .60320(3) 4.04(2) 

0.25 Mo .07433(3) .72048(2) .65181(1) 2.506(5) 
0 .2040(3) .6699(2) .6850(1) 5.70(8) 

Clcb .0724(1) .83370(6) .70300(4) 4.02(2) 
Cltb -.0950(1) .76883(6) .60331(4) 4.05(2) 

0.30 Mo .07434(3) .72047(2) .65181(1) 2.507(6) 
0 .2107(3) .6673(2) .6883(1) 5.29(8) 

Clcb .0725(1) .83358(7) .70293(4) 4.02(2) 
Clth -.0947(1) .76875(7) .60341(4) 4.06(2) 

0.35 Mo .07434(3) .72047(2) .65181(1) 2.507(6) 
0 .2165(3) .6651(2) .6914(1) 4.45(7) 

Clcb .0727(1) .83342(7) .70289(4) 4.03(2) 
Cltb -.0943(1) .76869(7) .60352(4) 4.06(2) 

0.40 Mo .07433(3) .72047(2) .65181(1) 2.507(6) 
0 .2201(3) .6637(2) .6932(1) 3.58(6) 

Clcb .0728(1) .83326(7) .70282(4) 4.03(2) 
Cltb -.0939(1) .76860(7) .60361(4) 4.07(2) 

0.45 Mo .07433(3) .72048(2) .65182(1) 2.506(6) 
0 .2225(3) .6628(2) .6944(1) 2.82(5) 

Clcb .0729(1) .83313(7) .70276(4) 4.03(2) 
Cltb -.0936( 1) .76849(7) .60371(4) 4.07(2) 

0.50 Mo .07432(3) .72048(2) .65181(1) 2.505(6) , 
0 .2240(2) .6623(1) .69514(9) 2.20(4) 

Clcb .0731(1) .83299(7) .70270(4) 4.03(2) 
Cltb -.0933(1) .76840(7) .60382(4) 4.07(2) 

0.55 Mo .07432(3) .72048(2) .65181(1) 2.504(6) 

0 .2250(2) .6619(1) .69564(8) 1.67(4) 

Clcb .0732(1) .83285(7) .70264(4) 4.03(2) 

Cltb -.0929(1) .76830(7) .60392(4) 4.07(2) 

• From structure of blue MoOCI2(PMe2Ph)3 b Default values set by SDP programs 
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disorder that would be required to produce the bond lengths observed for blue and 

green [LWOCI2]PF6. Similar models were performed on the MoOCl2 fragment of 

MoOCI2(PMe2Ph)3 to see how these idealized models compared with experimental 

bond length versus composition studies of Parkin et a1..46 Although not precise, the 

agreement between experiment and these models is encouraging, which supports the 

reasoning behind this approach. 

A discussion of the results of these models is divided over the two pieces of 

information obtained from this work. The logical order is to examine the density 

contours fIrst and the bond lengths second. Typically a collection of experimental data 

is examined in its entirety just to get a "feel" of the quality, resolution, interesting 

features, etc. that may be important in the ensuing manipulations using this data. 

Therefore, the electron density contours are presented fIrst as they represent the raw 

data later fItted with a refIned model. Following this will be a discussion of the bond 

length trends observed from these models and their relationship to compositional 

disorder in distortional isomers. 

Electron Density Contours. Far more than the effects in bond length, the 

changes in the electron density maps for successive values of x were often subtle 

(Figure 61 and Figure 62). Two ideas emerge for a discussion of the insight that this 

model process gives for compositional disorder. First, apparently slight changes in the 

observed electron density produce pronounced distortions of metal-ligand bond lengths. 
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Second, a broader concern is whether a standard X-ray structural investigation would 

note these effects in real data. It will be shown that only through a comparison of 

several different compositions is this problem easily observed. 

A discussion of the general appearance of the density contours draws attention 

to those more interesting features of these maps. The oxygen site density of the 

tungsten model is elongated along the W -O-CI vector, even for the x = 0 case were no 

Clo is present (Figure 61). This is in contrast with the molybdenum model where the 

oxygen site looks quite spherical (Figure 62, x = 0.10). Notice also that the maximum 

contour line of the oxygen site--and also of the chlorine site to some extent--is shifted 

toward the tungsten site. The oxygen atom position is found at this maximum level 

of density, albeit at the farthest perimeter (Figure 61). Such an elongation in the 

tungsten model and absence in the molybdenum model may be an artifact of the 

greater scattering ability of tungsten over molybdenum. Tungsten has 32 more 

electrons than molybdenum and would therefore have a greater contribution to the 

phases used in the Fourier synthesis that produced this electron density than would 

molybdenum in its model. Remember that the data presented in the density maps is 

entirely derived from models. It seems reasonable, therefore 'to observe that the 

oxygen and also the chlorine site contours are affected more by the heavier atom in 

the tungsten model. Despite these appearances, several points can be stressed 

regarding the information represented in these maps. 
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Figure 61 Electron density contours for disordered tungsten models. 
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Figure 62 Electron density contours for disordered molybdenum models. 
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The most important feature of these maps is that at all the disordered sites a 

single maximum is observed for all compositions. There is some dimpling of the {O, 

Clo} site density in the tungsten model (Figure 61), but a clear double maximum of 

density never emerges. For the molybdenum model the {O, Clo} site density is 

smooth throughout the gradual transition accompanying the increasing chlorine 

contribution (Figure 62). In both models, the additional chlorine contribution at a 

distance of about 0.7 A further down the M-O vector is manifested in an elongation 

of the maximum density contour until it is either shifted between the 0 and Clo 

positions (tungsten model, x = 0.15), or it spans these two atom centers (molybdenum 

model, x = 30). Just as important is that out to x = 0.20 these disordered sites are 

crystallographically well represented by an oxygen alone. Consider that these models 

were prepared to a resolution of 28 = 50° which is typical of many reported crystal 

structures. This lack of a distinct double maximum of electron density at the 

composite site underscores the difficulty of resolving with great certainty a chlorine 

and oxygen atom separated by only 0.7 A. 

All of the structural changes in the refined models came as a result of the 

relatively small changes in the electron density contours for chlorine and oxygen 

outlined above (Table 21 and Table 22). Two different effects give rise to the 

different appearances of the density contours of the chlorine sites in the tungsten and 

molybdenum models. The {CI, 0o} site of the tungsten model changes due to the 
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increased contribution of an oxygen scattering factor at a distance closer to the 

tungsten center (Figure 61). In the molybdenum cases, {Clcb' Clcyl and {C~b' C~y}, 

there is no difference in scattering factor; the only difference is the slight change in 

M-CI distance between the two contributing atoms. This explains the larger changes 

at the {CI, Dc} site of the tungsten model, relative to the minor ones associated with 

the disorder in the molybdenum model. 

In the tungsten model, the electron density corresponding to the site refined as 

a chlorine atom {CI, 0cl loses only one contour level up to x = 0.20 disorder. Nor 

is the general shape of these contours distorted over the same change in composition 

(Figure 61). These slight changes are evidence of the dominant scattering ability of 

chlorine at a site comprised mostly of chlorine. It is clear, however, that increasing 

amounts of oxygen (Oc) begin to reduce the amount of density in this region and 

distort the maximum toward the tungsten atom, thus shortening the apparent W -CI 

bond. 

The effects on the contours associated with the site refined as an oxygen {O + 

Clo} are much more pronounced over the same changes in percent disorder. Most 

important are the changes in oxygen site contours up to x = 0.20. Over this range the 

number of contours does not change for the tungsten model (Figure 61) and decreases 

only slightly in the molybdenum system (Figure 62). Crystallographically, this means 

that although the metal-oxo bond length is lengthened by a dramatic 0.14 A (W-O) and 
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0.18 A (Mo-O), this site still is approximated well by an oxygen atom alone. As 

expected, from x = 0.25 and greater, the {O, Clo} site quickly gains electron density 

due to the increasing amounts of chlorine (Clo) for the tungsten model. The change 

is more gradual in the molybdenum model; not before x = 0.40 does the amount of 

density appear to increase. Near x = 0.50, the number of contours for both the oxygen 

and chlorine sites of WOCl2 are nearly equal, 6 and 7 respectively (the seventh 

contour at the chlorine site is, however, quite small). 

Bond Lengths Versus Composition. In addition to providing a tool to study 

the changes in electron density at a site with incremental changes in disorder, 

conventional refinement of this density yielded bond lengths over the series of 

compositions (Table 21 and Table 22). The above artificial data were refined using 

a standard least-squares procedure, so that no further approximations were introduced. 

This refinement treated these artificial data as if they had been collected from an actual 

crystal. As with any such analysis, refinement of the data provides bond lengths, 

atomic positions and thermal parameters for a best-fit model of the "observed" density. 

The artificial data was refined against a model of the pure blue form for both 

systems. This is precisely the approach that produced the bond lengths in the original 

crystallographic studies of distortional isomers.1•7,9 There, the disordered sites were 

modeled as pure oxygen or chlorine atoms, with the result being the proposal of a new 

physical phenomenon to explain the unusual resultant bond lengths.1 In all cases the 
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initial trial structure was the pure blue form, WOCl2 or MoOCI2, and the refmement 

of this model against the disordered data studied the changes that occurred in the 

MOCl2 units as they tried to fit increasingly more disordered data. 

Before discussing the specifics of individual models, it is apparent that both 

correctly reproduce the bond length trends attributed to compositional disorder in the 

[LWOCI2]PF6 and MoOCI2(PMe2Ph)3 distortional isomer systems. A change of blue 

to green in either system is accompanied by a lengthening of the terminal metal-oxo 

bond coupled with a concomitant shortening of one of the metal-chloro bonds (shorter 

W-CI and Mo-C4rans' respectively; Figure 54). The heavier more distant chlorine 

places increasingly more density further away from the metal center making the metal

oxo bond appear longer. These models are in complete agreement with experimental 

results which show how intermolecular disorder can produce unusual effects in metal

ligand bond lengths.46,52 

At approximately x = 0.15 this model predicts the bond lengths that were 

observed for the green form of [LWOCI2]PF6 and MoOCI2(PMe2Ph)3 (Table 21 and 

Table 22, Figure 63 and Figure 64). With increasing amounts of disordering 

component (W02CI or MoCI3), the apparent M-O bond lengthens while the M-CI bond 

grows shorter. It is significant that at a single composition the metal-ligand bond 

lengths for the refined WOCl2 or MoOCl2 models are reached that agree with the 

experimental values.46,48 At this composition (ca. x = 0.15-0.20) refinement of the 
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Figure 63 Apparent W -0 and W -CI bond length with increasing mole fraction 
W02Cl. 

disordered data gives the M-O (1.89 A, Wieghardt system;9 1.80 A, Chatt system1,46) 

and M-CI (2.295 A, Wieghardt system;9 Mo-Cltrans = 2.510 A and Mo-Clcis = 2.471 

A, Chatt system46) bond lengths observed in the green form of that particular system. 

Therefore, this model does not predict the experimental M-CI bond length (in WOCl2 

or MoOCI2) at one composition and the experimental M-O at another. This further 

reinforces the reliability of these models in two ways. First, as mentioned above, the 

significance of reproducing both M-O and M-CI bond lengths is that it supports the 
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assumption of the nature and orientations of the disordering components in the 

mixture. For example, modelling an incorrect assumption in the choice of disordering 

component might reproduce the experimental Mo-O bond length at one composition 

and the M-Cllength at a different composition. Second, the bond length values act 

as a guide for the amount of disorder required to produce a given elongation of a 

particular bond. 

Most encouraging is the agreement between the values obtained for the present 
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models of (l-x)(MoOCI2) + x(MoCI3) and the experimental data of Parkin et al. 

(corrected for composition).46 The linear change in Mo-Cllength with composition 

(R2 = 0.999, slope = -0.061 A/mole fraction unit for Mo-Clcis) makes this graph useful 

as a calibration curve (Figure 64). Parkin et al. determined the compositions of their 

crystals from NMR measurements of the bulk samples.46 The uncertainties in the 

actual composition of the single crystal determined from this method could be 

significant (for some of the reasons given earlier in this chapter). However, for the 

present models, the compositions are known with absolute certainty. Assuming the 

model Mo-Clcis length to be a good gauge of crystal composition, the experimental 

Mo-Clcis bond lengths of Parkin et al. were used to determine the corrected 

compositions of their single crystals using the above calibration curve. Their 

experimentally observed bond lengths (Mo-O, Mo-Clcis' Mo-Clu-ans) are plotted against 

these corrected compositions in Figure 64. 

Three kinds of disorder were actually modelled in studying the two 

WOCI2/W02CI and MOClfMOCl3 systems: a site modeled as oxygen, {O, Clo}' with 

increasing amounts of chlorine density, a site modeled as chlorine, {CI, 0c}, with 

increasing amounts of oxygen, and sites refined as chlorine, {Clcb' Clcy} and {C~b' 

C~y}' where the different positions of the two chlorines provides the impetus for the 

observed bond length changes. The effect of the latter case is clearly represented in 

Figure 64, where the Mo-CI bond lengths vary linearly with composition. There is no 
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change in scattering factor with composition at these sites, merely a constant difference 

in distance; therefore, a linear change in Mo-Cl bond lengths is observed with x. The 

former two cases are similar in that there is a difference in distance and scattering 

factor at each change in composition. 

The two oxo-chloro sites illustrate the effects of modelling combined oxo-chloro 

electron density with different single atoms, chlorine or oxygen. At the {CI, 0c} site, 

the density is becoming more diffuse (Figure 61) with more 0c contribution and the 

chlorine refined against this density only slowly decreases its distance from the 

tungsten center relative to the larger changes for the oxygen refined against the {O, 

Clo} site (Figure 63). This disparity in rates of change in the refined W-{ CI, 0c} and 

M-{ 0, Clo} (M = Mo, W) bond lengths with composition is a manifestation of the 

difference in scattering abilities of chlorine versus oxygen. Even at significant 

compositions of 0c' the refined chlorine position at the {CI, 0c} site continues to 

primarily fit the CI contribution, however diminished. The dominant scattering 

influence of Clo on the refined oxygen position at the {O, Clo} site is apparent in the 

large changes in M-O at relatively small compositions of Clo (Figure 63 and 

Figure 64). 

Both the {O, Clo} sites of WOCltfW02CI and MoOCI2/MoCI3 show the isolated 

effect of adding more chlorine density and modeling that site as oxygen alone 

(Figure 63 and Figure 64). Despite starting from different initial M-O bond lengths, 
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the change in the M-O length with composition is the same for both models up to x 

= 0.20. Beyond this the Mo-O bond rises slightly more steeply than the W-O bond 

length because Mo-Clo is greater than W -Clo (Table 17). 

After bond length and angle values, ORTEP diagrams offer a visual 

representation of the quality of a structure in the shapes and sizes of the atoms. All 

of the atoms in these models are thermally isotropic and therefore represented as 

spheres (Figure 65 and Figure 66); however, it is apparent that the sizes of the spheres, 

particularly at the (0, Clo} site, change markedly with composition. The major 

structural changes are clear as each diagram is viewed in turn. Beginning with the 

blue structure (WOCI2, MoOCI2), the features of the model become those of the 

"green" isomer (x = 0.10-0.20) on the way to an ultimate transformation into the 

yellow disordering component (W02CI, MoCI3). This latter change is clearly visible 

in the bond angles and bond lengths associated with the (0, Clo} site. Also notice the 

change in the size of the "oxygen" sphere as it grows and then rapidly contracts with 

increasing Clo contribution. At small compositions of Clo' the oxygen thermal 

parameters grow to include the extra density at the perimeter of the {O, Clo} site. 

Further addition of the more compact Clo density causes the refmed oxygen to contract 

as its weaker scattering factor is fit to more density derived from the stronger 

scattering Clo' Even so, the appearance of the atoms in anyone of the intermediate 

composition diagrams might not be considered exceptional viewed apart from the 
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series. 

A question arises as to whether it is possible to see a hint of the composite 

nature of the oxygen and chlorine atoms in the thermal parameters refined for these 

sites (Table 23 and Table 24). Up to x = 0.25-0.30 disorder the refilled isotropic 

thermal parameters (Biso) for chlorine and oxygen are not inconsistent with values 

observed for well-behaved convergent structures. Up to x = 0.30 disorder, Biso for 

oxygen never deviates by more than 13% from the non-disordered value of 4.00 A2. 

Beyond x = 0.30 this value begins to drop, an artifact of approximating the 

increasingly more intense scattering at the oxygen site (due to Clo contribution) with 

the weaker scattering atom in oxygen alone. For chlorine, Biso grows steadily as a 

higher composition of the weaker scattering oxygen (Oc) is modelled by a pure 

chlorine atom. Although the Biso's of chlorine grow with increasing x, even at their 

largest they are not uncommon values (7-10 A2 in WOCI2) for terminal halide ligands. 

To reiterate, only isotropic thermal parameters were used in the structural refinements 

of the disordered data in this exercise, because the model electron density was 

generated with isotropic parameters. This exercise could be thought of as a model of 

low temperature structures of disordered data. Further refining of the structures with 

anisotropic thermal parameters would give a better fit between the "observed" data and 

refined model. However, the slight distortions in the "observed" density due to 

compositional disorder would be absorbed by the anisotropy of the thermal parameters. 
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Figure 65 ORTEP's of disordered tungsten models. 
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Figure 66 ORTEP's of disordered molybdenum models. 
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It is clear that the process used for the above two models has several advantages. 

First, the models successfully predict the apparent bond length changes in these two 

distortional isomer systems.1,9 The model process presented here illustrates the 

concentrations of chlorine that produce significant changes in the "observed density" 

at a particular 28 resolution. Second, aside from the actual production of the artificial 

data (which uses modified SDP programs) all of the subsequent data manipulations, 

least-squares refinements, Fourier syntheses, density maps, etc., used standard SDP 

programs, treating the artificial data as though it were data collected from an actual 

crystal. Therefore, the advantages and limitations inherent in applying these SDP 

programs to real experimental data also apply to the artificial data. Third, unlike real 

crystals, the artificial data can be produced to any resolution. Where it may be 

impossible to collect data from a real crystal past a certain value of 28 due to weak 

diffraction, all possible values of 28 are accessible with these models (0 S 28 S 180°). 

One application of this feature is that it would be possible to anticipate whether or not 

the increased resolution from reflections at higher values of 28 would provide further 

useful information from a crystal. These models could be used to extrapolate 

information beyond the boundaries set by the diffraction limits of a real crystal. 

As with any model, there are also limitations which have some bearing on the 

interpretations of the results. The work presented here was on idealized cases of 

compositional disorder, although real bond lengths and angles were used wherever 
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possible. Assumptions were made in placing 

the atoms at their particular positions. The 

metal atoms of the two disordering 

components were exactly superimposed in the 

artificial lattice; without experimental evidence 

to suggest otherwise, this assumption is 

certainly the logical choice. A greater 

approximation was assuming the collinearity of 

the W -0 and W -Cl vectors; this was only 

necessary in the tungsten case due to a lack of 

structural information for the [L W02Cl]+ 
Figure 67 Geometries and apparent 

cation. Consider the W-O-Clo vector. It may M-{O + CI} bond lengths from 
placing Cli along M-O (CIa) or at 

at first appear that placing Clo directly along some angle away from M-O (CI~. 

this vector incorrectly allows for a higher contribution of chlorine to the refined bond 

length. But the geometry of the situation indicates that the W -{ 0 + Clo} distance (M-

x) does not vary greatly if Clo lies along the W-O vector or just beside it (cf. 

Figure 62; the {O, Clo} site in the x = 0.30 contour map of the molybdenum model). 

In Figure 67 the M-x distance represents the apparent distance from M to the center 

of the site of disordered density (ellipses). 

One last concern about these models was that only portions of the molecules or 
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cations were modeled, and much of the structure was left out in order to simplify the 

process. However, the part of the structure modeled here was that most affected by 

the disorder. There are no appreciable changes in the phosphine ligands or Mo-P 

bonds between MoOCI2(PMe2Ph)3 and MoCI3(PMe2Ph)3.46 Similarly, it is reasonable 

to expect no large structural differences in the cyclic amine of [LWOCI2]PF6 and 

[LW02CI]PF6.9.90.109.94 Nonetheless, the results of models involving the entire 

molecules would probably give the same M-O and M-CI bond length results. 

Some discussion of the agreement of these models with experiment is now 

appropriate. Direct comparison of the experimental results of Parkin et a1.46 with the 

MoOCI2/MoCI3 model shows that (with uncorrected compositions) experiment 

indicates a much more rapid rise in Mo-O bond length with composition than is 

predicted by theory. Figure 64 shows the good agreement between the model 

calculations and the (corrected) experimentally derived values. The applicability of 

these models improves more when a consideration of the different refinement 

approaches is factored into the argument. Parkin and coworkers46 refined the 

disordered site as a composite atom (L) positioned at the center of the disordered 

density. As mentioned above, the approach taken for these models was to instead 

refine the disordered {O, Clo} site as a pure oxygen atom, however distorted (i.e. small 

B at high x); this approach was in concert with the method that led to distortional 

isomerism. There is at least one more method to refining the density at the disordered 
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site, a discussion of which will be reserved for the following chapter. 

To illustrate the two different refmements of the disordered density, consider a 

representative low composition of x = 0.10-0.20. It is at these lower compositions that 

the agreement between theory and experiment is most important with respect to 

distortional isomerism. Assume that the {O, Clo} contour representation as in 

Figure 62 is an accurate depiction of the experimental density as well. This density 

is asymmetrically distributed about the 0 and Clo centers. If this density were refined 

against a composite atom (L = 0 + CI), the chlorine influence in the composite 

scattering factor would induce the refined L position to move further out to 

accommodate the fractional Clo density. Applying only an oxygen atom to the same 

density, the refined oxygen position would not be so inclined to move as far from the 

o center where there is still a 90% contribution from a pure oxygen scatterer. The 

difference in experimental and theoretical bond lengths is thus explained in terms of 

the choice of how the disordered site density is refined. 

General Conclusions 

The influence of an increasing mole fraction, x, of an impurity in a lattice of 

WOCl2 or MoCl2 modeled here shows that such an impurity has a profound effect on 

the refined M-O bond length. A series of models with various compositions were 

built, and the trends within the series were studied. For real crystals unless 
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compositional disorder is expected or, in this case contrived, only a single 

representation of a series would be observed. A normal crystallographic investigation 

yields only the one electron density map of the observed data; several crystals are not 

typically analyzed in the structural investigation of a new compound. The conclusions 

drawn from this single observation could be misleading to the point that an entirely 

new phenomenon is theorized to explain it (i.e. distortional isomerism). One appealing 

result of this model is that it correctly mimics the observed structural trends on going 

from blue to green for [LWOCI2]PF6 and MoOCI2(PMe2Ph)3 while using the single 

atom (Le. oxygen only) refinement approach. 

The alterations in electron density are most subtle at low fractions of disorder. 

Even so, these are enough to produce significantly distorted structural features. 

Consider that x = 0.15-0.20 of impurity (W02CI or MoCI3) in WOCl2 or MoOCl2 was 

enough to produce a 0.14 A lengthening of the refined W-O bond length and a 0.18 

A increase in Mo-O, respectively. Many inorganic compounds structurally 

characterized by crystallography either contain chlorine and/or oxygen and many are 

derived from chloro precursors. Disorder is not limited between different single atoms 

only. Other examples of compositional disorder have been observed between 

structurally unrelated atom groups as well (Le. between CI and CH3; CH3 and CCH3; 

CH3 and CH2CH3; CI and N2).S2 The disparity in scattering ability of chlorine over 

oxygen is such that even a small amount of residual chlorine at a supposedly pure oxo 
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site could significantly affect the apparent metal-oxo bond length. 

Understandably, the effect on the bond length is greater for the addition of a 

heavier atom, chlorine with 17 electrons, than a lighter atom, oxygen with only 8 

electrons ({ 0, Clo} versus {CI, Oc D. At a O···Clo separation of 0.7 A and x = 0.10 

fractional disorder there would be roughly (1 - 0.10)(8) = 7.2 electrons at the 0 

position and (0.10)(17) = 1.7 electrons at the Clo position. A typical O-H distance is 

0.96 A (H20). This problem of resolving the 1.7 electrons introduced by 

compositional disorder at a distance of 0.7 A is therefore akin to fmding a hydrogen 

atom bound to oxygen. At the resolution of these models (26 = 50°, representative of 

most structure determinations), the minimum theoretical atomic separation (d) that can 

be resolved is given by Bragg's law: d = "'MJ(2sin8) = (0.71073)/(2sin25°) = 0.84 A. 

This ideal theoretical resolution is only improved to ~in = (0.92)d = 0.77 A in 

practice (ref. 93, p 37). Thus it is difficult to find these few electrons so close to 

oxygen, and to completely characterize the compositional disorder in these systems. 
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IV: A Reinvestigation of the Crystallography of Distortional Isomers56 

The synthetic and spectroscopic reinvestigations of distortional isomers were 

discussed in Chapter II. However, without the "concrete" evidence of an X-ray 

structure, there could be many explanations for the spectral differences between the 

two materials. In fact, Butcher and Chatt fIrst proposed that the green and blue 

materials, which both analyzed for the formula MoOCI2(PMe2Ph)3' were actually 

geometrical isomers.3 Crystallography 7 played the decisive role in the development 

of the concept of "distortional isomerism" by suggesting that two compounds with 

identical coordination geometries could differ only in certain metal ligand bond 

lengths. 

It is now clear that compositional disorder produces the bond length anomalies 

that were interpreted as evidence for distortional isomers (Chapter III).46,48 A 

reinvestigation of the structures for green "MoOCI2(PMe2Ph)3" and green 

"[LWOCI2]PF6" was undertaken in this research, to see if such disorder was readily 

apparent from crystallographic data given the hindsight of the spectroscopic studies of 

Chapter II and the model crystallographic studies of Chapter Ill. A crystal of the 

green material described in Chapter II, green "MoOCI2(PMe2Ph)3'" was subjected to 

a room-temperature X-ray diffraction analysis. The other study involves a critical look 
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Figure 68 The sum of two structurally similar molecules leading to the green 
MoOC12(PMe2Ph)3 and green [LWOC12]PF6 isomers. 

at an original set of the experimental diffraction data for the green "isomer" of 

[LWOC12]PF6.9 Each of the data sets was refined once as the pure green oxo-isomer. 

The working hypothesis for both cases was that compositional disorder between two 

pure compounds with very similar structures is the cause of the apparent bond lengths 

observed when the data are refined as the green "isomer" alone (Figure 68). 

Spectroscopic evidence supports the conclusion that the green fonn of 

MoOCI2(PMe2Ph)3 is a mixture of blue cis,mer-MoOCI2(PMe2Ph)3 and yellow mer-

MoC13(PMe2Phh and that the green fonn of [LWOC12]PF6 is a mixture of blue 

[LWOC12]PF6 and at least two other components, one W(IV) and the other W(VI) 

(Chapter II). An effort is made in this chapter to see if the crystallographic data are 
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best approximated by a composite model. Sufficient evidence is obtained to support 

the above goal, despite some variations in the goodness of fits for the two systems. 
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Experimental 

The study of green "MoOCI2(PMe2Phh" involved a detennination of its structure 

from a crystal of the material synthesized according to the original procedure (Chapter 

II). The availability of the original crystallographic data collected for the crystal of 

green "[LWOCI2]PF6" offered a unique opportunity to reinvestigate the same 

experimental data that had previously been interpreted as indicative of distortional 

isomerism,9 but from the vantage point of knowing that compositional disorder was 

the cause of those previous results. 

Data Collection and Reduction for a Crystal of Green MoOClz(PMezPh)30 

The bulk composition of the green MoOCI2(PMe2Ph)3 synthesized and 

characterized in Chapter II was approximately 0.35 mole fraction of yellow 

MoCI3(PMe2Ph)3' Parkin and coworkers had detennined the apparent Mo-(O, CII 

bond length for crystals taken from samples whose bulk concentration varied from 0 

to 1 mole fraction yellow MoCI3(PMe2Ph)3.46 From the green sample described in 

Chapter II a representative single crystal was analyzed crystallographic ally to see if its 

structural features were consistent with its spectroscopically detennined composition 

and the results obtained by Parkin et al .. 46 

The green material prepared according to Butcher and Chatt's original repoi3 

was highly crystalline so that there was no lack of samples suitable for diffraction 

analysis. A representative single crystal (0.4 x 0.2 x 0.1 mm) was sealed into a thin-
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Table 25 Cell parameters for the crystal structures of blue and green 
MoOCI2(PMe2Ph)3 and yellow MoCl3(PMe2Ph)3' 

blue bluell green greenQ yellow 

ref. 5 46 this work 7 46 

space Pbca Pbca P2I/e P2I/e P2I/e 
group 

aA 17.009(6) 11.294(1) 16.090(2) 15.902 16.256(2) 

b 16.528(5) 17.627(3) 10.384(1) 10.370 10.329(1) 

e 19.311(8) 28.280(5) 18.039(2) 17.883 18.175(3) 

a, p, 'Y ° a=p="(=90 a=p=r=90 P=113.85(1) 114.05 113.56(1) 

V A3 5428.8 5630(1) 2750.9 2693 2797.4(6) 

Z 8 8 4 4 4 

! Mer-phosphines in a different orientation than in the original blue structure (ref. 5). h Structure 
determined at -160 °e. 

walled glass capillary under a nitrogen atmosphere. Several ro scans (Syntex P21 

diffractometer, Mo Ka radiation) through small-angle reflections revealed co half 

widths of 0.25 - 0.35°, indicating that the crystal had a satisfactory mosaicity. All 

subsequent measurements were made on a CAD-4 diffractometer with Mo K(l radiation 

(A. = 0.71073 A, graphite monochromator) at 21°C. An initial photograph had the 

Laue-projection symmetry of 21m consistent with a monoclinic space group for the 

crystal. The cell parameters were obtained from the centering of 25 independent 

reflections (4.6° ~ 29 ~ 29°). These cell parameters are listed in Table 25 along with 

those for related crystal structures. 
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Following the cell determination, 5332 reflections were collected up to a 

maximum 2e ::;; 50° (h, k, ±l) using a 8/2e scan technique.95 The time to collect 

individual reflections was a function of the intensity of that reflection with a maximum 

time of 60 seconds allotted to each reflection. Strong reflections were collected more 

quickly to save time in data collection, and weaker reflections were scanned more 

slowly to improve counting statistics. The intensities of two strong reflections, (002) 

and (101), were measured every 100 reflections to monitor crystal decay under the X

ray beam. After 72.5 hours of exposure a decay of only 0.6% was detected so that no 

decay correction was applied to the data. Because of the small absorption coefficient 

determined for this sample, 8.45 cm-1, no absorption correction was applied. The 

conditions for diffraction (reflections observed for hOI and 001: 1 even; OkO: k even) 

led to the assignment of the standard monoclinic space group P21/c for this crystal. 

The intensities of the 5332 measured reflections were converted to their 

corresponding structure factors, and corrected for Lorentz and polarization factors. 

General equations describing the relationship between the observed peak intensity and 

the derived scattering factors are given in Appendix B. A total of 316 of the original 

5332 reflections were rejected as being systematically absent for space group P2/c. 

Of the remaining 5016 data, only 4645 were unique, 257 were averaged, 66 were 

rejected on the basis of asymmetric backgrounds, and 48 were rejected as unobserved. 

A further 780 reflections were rejected as being less than three times the standard 
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deviation of their observed structure factor, leaving 4049 reflections to be used in the 

subsequent refinements and structure determinations. 

Models Applied to Data from a Crystal of Green "MoOCI2(PMe2Ph)3" 

I-Mo. Initial structure solution and refinement with {O, CI} = CI only. This 

first model included the complete structure determination (initial location and 

refinement of all atoms) with a single chlorine atom assigned to the disordered {O, CI} 

site. The position of the single Mo atom in the asymmetric unit was determined using 

a Patterson map. This single position was initially refined isotropically (B fixed at 

2.50 A2) to SHIFfR = 0.83 and a weighted agreement factor, Rw = 0.646. Positions 

of the chlorine and phosphorus atoms bound directly to molybdenum were revealed in 

subsequent difference Fourier maps. Isotropic refinement (Mo thermal parameter now 

variable) of the MoCl2P3 fragment gave SHIFTR = 0.22 and Rw = 0.406. The 

remaining methyl and phenyl carbon atoms were located from further difference 

Fourier maps. All 31 of these non-hydrogen atoms were then refined anisotropically 

to SHIFTR = 0.32 and Rw = 0.0943. Approximately 16 of the hydrogen atoms were 

visible in the next difference Fourier map. Of these, one hydrogen position for each 

of the six methyl carbons was used to determine the conformation of each methyl 

group. The two remaining hydrogen atoms were placed at idealized geometries 

(methyl carbon, C-H = 0.95 A) with respect to the hydrogen from the difference map. 

Following this, the difference-map hydrogen was replaced with a hydrogen at an ideal 
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methyl geometry with respect to previous two hydrogen atoms.96 All of the phenyl 

hydrogen atoms were placed at idealized positions on their respective carbon atoms 

(trigonal-phenyl carbon, C-H = 0.95 A). Each of these 33 hydrogen atoms was refined 

with a fixed isotropic thermal parameter (B = 5.00 A 2) and as a riding atom on its 

respective carbon. The complete model, 31 anisotropic non-hydrogen atoms 

(MoCI3P3C24) and 33 isotropic riding hydrogen atoms, was refined until SHIFTR = 

o and Rw = 0.0723. 

Three more models (ll·Mo - IV·Mo) were applied to the data collected from this 

crystal. The initial trial structure for each of the remaining models included the final 

structure derived from the preceding refmement of the experimental data (I.Mo). The 

difference for models Mo-ll through Mo·JV was in the model applied to the {O, CI} 

site. 

II·Mo. Structure solution with {O, cn = 0 only. Following the model I·Mo 

solution, the chlorine at the {O, CI} site was replaced with a single anisotropically 

refined oxygen atom, an approach analogous to that which led to the original proposal 

of distortional isomerism. 1 This trial structure was again refined against the observed 

data until SHIFfR = 0 and Rw = 0.0758. 

Ill-Mo. Structure solution with {O, CI} = (0.7)0 + (0.3)CI. Because this 

crystal was known to be a cocrystallized mixture of blue MoOCI2(PMe2Ph)3 and about 

0.35 mole fraction of yellow MoCI3(PMe2Ph)3' the next model applied to the observed 



IV: A Reinvest. of the Cryst. of Dist. 150m. 218 

data was one that assigned 70 % of an oxygen atom and 30 % of a chlorine atom to 

the {O, CI I disordered site. As mentioned in Chapter III, there are several approaches 

to the refinement of density of a disordered site of electron density. One of these is 

to refine the site as a single pure atom, i.e. oxygen only. Another is to refine a single 

composite atom, L {L = xO + (l-x)CII, at the center of the disordered site. Both of 

these have already been discussed in Chapter III along with the effect on the associated 

metal-ligand bond lengths. A third approach, adopted in this present structure solution, 

was to refine the disordered density as two partial atoms (0.7 of a pure ° and 0.3 of 

a pure CI) at respective Mo-O and Mo-CI distances along the Mo-{O, CI I vector. 

Parkin et al. rejected this approach in their work,46 because such partial atom positions 

have been observed to converge to a single position with refinement.75 In the initial 

trial structure used here, the partial oxygen and chlorine atoms were calculated to lie 

at blue Mo-O (1.675 A) and yellow Mo-CI (2.400 A) distances, respectively, along the 

Mo-{O, CII (Mo-Cl) vector of case Mo-I above.97 The entire structure, with 

isotropic partial atoms, was refined until SHIFTR = 0 and Rw = 0.0577. 

IV -Mo. Structure solution with to, CI} = xO + (l-x)CI. A last addition to the 

much-improved llI-Mo model was one that allowed the multiplicities of the partial 

atoms to be refined. It was hoped that this would give some crystallographic 

measurement of the mole fractions of the two impurities in the crystal. The 

multiplicity (m) of the partial chlorine atom was refined while the value for the partial 
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Table 26 Parameters for the I - IV model refinements of density from the crystal of 
green MoOCI2(PMe2Ph)3' 

I MODEL NA§ NANQ NV£ R Rw ERRWT I 
I·Mo 64 31 280 0.0484 0.0723 2.881 

II·Mo 64 31 280 0.0480 0.0758 3.020 

III·Mo 65 30 279 0.0366 0.0577 2.297 

IV·Mo 65 30 280 0.0350 0.0548 2.l83 

§ Number of refined atoms. Q Number of anisotropic atoms in model (33 isotropic H's). £ 

Number of variables refined. 

oxygen was forced to be I-m. This choice was consistent with the assumption of I-x 

mole fraction MoOCI2(PMe2Ph)3 and x mole fraction MoCI3(PMe2Ph)3' The oxygen 

and chlorine positions calculated for case Ill·Mo were used for the respective partial 

atom positions in the initial trial structure. The entire structure, with isotropic partial 

oxygen and chlorine atoms, was refined to SHIFTR = 0 and Rw = 0.0548. This 

structure refined to {O, Cil = 0.558(1)0 + 0.442(I)Cl. Parameters indicative of the 

success of the refined models (I·Mo - IV·Mo) at approximating the data derived from 

this compositionally disordered crystal are presented in Table 26. Refined structural 

parameters are presented in Table 27 through Table 30. 

Reinvestigation of Original Data for Green "[LWOCI2]PF6" 

The observed structure factors from the original crystal of green [LWOCI21PF69 

were obtained from Prof. K. Wieghardt and refined against several new models. It was 

hoped that a better fit of the observed data would result from disordered models 
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Table 27 Isotropic thennal parameters (A2) of atoms for green MoOCI2(PMe2Ph)3 
models (this work). 

MODEL (O, CII Mo Clcis' Cltrans P Cmethy1 Cpheny\ll 

I·Mo 10.70 (CI) 2.703 4.29,3.87 2.99-2.91 5.5-4.5 5.9-3.09 

D·Mo 3.09 (0) 2.769 4.36,4.02 3.04-3.00 5.5-4.2 6.3-3.1 

DI·Mo 4.17,2.71J! 2.766 4.36,3.99 3.05-2.99 5.4-4.5 6.2-3.12 

IV·Mo 3.85, 4.29J! 2.756 4.35,3.96 3.03-2.98 5.5-4.5 6.0-3.13 

J! 0C' Clo Q Lowest value is Cl position bound to P in all cases; highest value observed randomly 
over 3,4,5-phenyl positions. 

Table 28 Bond length (A) comparison: blue MoOCI2(PMe2Ph)3,46 green IV-Mo, and 
yellow MOCI3(PMe2Ph)3.46 

I bond blue green yellow I 
Mo-Oc 1.675(3) 1.728(4) ---
Mo-Clo --- 2.270(2) 2.400(1) 

Mo-Cllcis 2.481(1) 2.453(1) 2.420(1) 

MO-Cl2uans 2.528(1) 2.489(1) 2.427(1) 

Mo-Pl 2.489(1) 2.534(1) 2.572(1) 

Mo-P2 2.533(1) 2.570(1) 2.610(1) 

Mo-P3 2.529(1) 2.538(1) 2.567(1) 
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Table 29 Bond lengths (A) for nondisordered atoms in green "MoOC12(PMe2Ph)3 ". 

I bond I-Mo I1-Mo ill-Mo IV-Mo I 
Mo-O --- 2.125(2) 1.817(3) 1.728(4) 

Mo-CI 2.110(2) --- 2.314(2) 2.270(2) 

Mo-Cll cis 2.454(1) 2.453(2) 2.454(1) 2.453(2) 

Mo-C12 trans 2.489(1) 2.491(1) 2.4878(9) 2.4890(9) 

Mo-Pl cis 2.533(1) 2.534(1) 2.533(1) 2.534(1) 

Mo-P2 2.571(1) 2.570(1) 2.570(1) 2.570(1) 

Mo-P3 2.537(1) 2.537(1) 2.538(1) 2.538(1) 

----------------- ------------------------------------------------------------
PI-Cll methyl 1.813(6) 1.836(6) 1.840(4) 1.835(4) 

PI-CI2 1.808(5) 1.804(5) 1.807(4) 1.806(4) 

P2-C21 1.818(6) 1.810(6) 1.820(5) 1.822(4) 

P2-C22 1.820(6) 1.824(6) 1.816(4) 1.818(4) 

P3-C31 1.817(5) 1.828(5) 1.841(4) 1.829(4) 

P3-C32 1.803(5) 1.825(6) 1.808(4) 1.813(4) 

r----------------- ------------------------------------------------------------
PI-C13 phenyl 1.818(6) 1.830(6) 1.825(4) 1.827(4) 

P2-C23 1.833(5) 1.822(5) 1.830(4) 1.831(4) 

P3-C33 1.812(5) 1.808(5) 1.803(4) 1.805(4) 

----------------- -----------------------------------------------------------
high C-Cphenyl 1.402(8) 1.41(1) 1.404(6) 1.398(6) 

low C-Cphenyl 1.323(7) 1.337(8) 1.348(6) 1.352(7) 
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Table 30 Representative bond angle (0) comparison: blue MoOCI2(PMe2Ph)346, green 
(IV·Mo), and yellow MoCI3(PMe2Ph)346. 

I angle blue green yellow I 
°c-Mo-C12 169.8(1) 169.5(3) ---

°c-Mo-Cll 98.0(1) 97.9(1) ---

°c-Mo-P1 84.1(1) 84.4(1) ---
°c-Mo-P2 99.7(1) 98.7(2) ---

°c-Mo-P3 97.2(1) 97.0(2) ---
----------------- ----------------------------------------------------------

Clo-Mo-CI2 --- 174.54(7) 174.8(1) 

Clo-Mo-Cll --- 91.87(7) 91.1(1) 

CkMo-PI --- 90.21(7) 86.7(1) 

CkMo-P2 --- 103.87(7) 100.2(1) 

CkMo-P3 --- 90.73(7) 89.6(1) 

~------------------ ------------------------------------------------_.--------
PI-Mo-Cll 177.6(1) 177.01(3) 177.4(1) 

Cll-Mo-P3 83.1(1) 82.04(4) 82.3(1) 

P3-Mo-Pl 95.4(1) 95.80(3) 96.1(1) 

P2-Mo-P3 160.5(1) 162.65(3) 167.2(1) 

CI2-Mo-P2 80.0(1) 80.99(3) 83.5(1) 

P3-Mo-CI2 85.0(1) 84.90(3) 87.4(1) 

CI2-Mo-Pl 85.8(1) 86.98(3) 89.4(1) 

PI-Mo-P2 95.8(1) 93.51(3) 92.7(1) 
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Table 31 Cell parameters and other details of the original structure investigation of 
green "[LWOCI2]PF6". 

Pbcm 

a = 7.267(5) A 
b = 14.95(1) 

c = 16.49(1) 

ex = p = y = 900 

V = 1791.8 A3 
Z=4 

(from 28 centered reflections) 
--------------------------------------------------------------------

1378 reflections, 1 > 20(1) 

2.50 < 28 < 600 

(sin8/A.)max = 0.7549 (102 10) in the 1378 refl. 

predict 28max = 640 from above 
--------------------------------------------------------------------

11max = 10, ~ax = 20, ~ax = 22 

R = 0.069 

Rw = 0.073 

similar to those applied in the above molybdenum examples. Some assumptions were 

required in preparing these original structure factors for refinement. Unit weights were 

given to each reflection, because there was no experimental information for statistically 

based weights. In the original structure these uncertainties would be based on peak 

scan rates and background counts. 
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I-W. Refinement as the original [LWOCI2]PF6 structure. The data were ftrst 

fit to the original green [LWOC12]PF6 structure with 11 anisotropic and 15 isotropic 

atoms (includes fluorines of PF6 -) and refined to convergence (SHIFTR = 0), Rw = 

0.0749. No signiftcant differences between the structural results obtained from this 

refinement and those observed in the original structure were observed (Table 34), 

indicating that the choice of unit weights had little effect on the observed structure. 

Rw for this reftnement was slightly larger (0.0749) than that obtained in the original 

report (0.073). This rerefined structure of green [LWOCI2]PF6 was used as the initial 

trial structure in the following two models, where the disordered {O, CI} site was fit 

with two other disordered models. 

II-W. Structure solution with green {WOCI2} = (O.8)(WOCI2) + 

(O.2)(W02CI). The first new model applied to this original data was one with fixed 

mole fractions of 0.8(WOCI2) and 0.2(W02CI). This model was analogous to the 

model used to prepare the artiftcially observed data of Chapter lll. Vectors for the 

W -0 and W -CI bonds were determined from the above rerefinement of the original 

data. These vectors were then used to calculate the position of the contributions from 

W02CI in the structure; the position of 0c was calculated to lie along the W-CI vector 

and Clo calculated to lie along the W-O vector.97 The single WOCl2 unit of the 

original green [LWOCI2]PF6 structure was thus fitted with a composite model, 

W(O,Clo)(CI,Och- One problem encountered for this and the following model (In-W) 
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was the divergent behavior of the partial Oc atom during the refinement. Initially all 

four partial atoms were refined isotropically. However, after about six cycles the 

thermal parameter for the Oc atom had become undefmed (non-positive definite) so 

that the atom's position could not be reasonably defined. Because of this, the 

refinement was carried out with isotropic 0 and Clo atoms, where the thermal 

parameter of Oc was fixed at 5.00 A2. CI was refined anisotropically. This model 

converged at Rw = 0.0746. 

Ill-W. Structure solution with x(WOCI2) and (1-x)(W02CI). The same atom 

positions as in the initial trial structure of II· W above were used as the starting 

positions in this model. In order to refine the multiplicities in this model several more 

constraints needed to be placed on the model. As before, 0, Clo' and Oc (B fixed at 

5.00 A2) were refmed isotropic ally, and CI was refined anisotropic ally. The 

multiplicities (m) of 0 and CI were refined with those of Clo and Oc equal to (l-m)O 

and (l-m)CI, respectively. A further constraint fixed the positions of these four partial 

atoms at their starting values. Without these conditions, the structure did not converge 

when the multiplicities were also refmed. A final Rw value of 0.0749 was obtained. 

Results and Discussion 

The results of the structure solutions for the two systems studied here are 

encouraging. For green MoOCI2(PMe2Ph)3 the best model fit to the experimental data 

is the one that assumes compositional disorder between blue MoOCI2(PMe2Ph)3 and 
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Table 32 Refinement parameters for models I-W - In-W applied to the original green 
[LWOCI2]PF6 data. 

I MODEL NA NAN NY R Rw ERRWT I 
I-W 26 15 90 0.0711 0.0749 5.231 

n-w 28 10 93 0.0707 0.0746 5.203 

In-w 28 10 85 0.0717 0.0749 5.240 

yellow MoCI3(PMe2Phh in the green crystal. Both of the composite models for green 

u[LWOCI2]PF6
U gave a better fit to the original data than did the original model. The 

systems will be discussed separately, followed by some general conclusions that are 

salient to both. 

Structural Models of Green" MoOCI2(PMe2Ph)3". The application of several 

models to the data obtained from the crystal of green MoOCI2(PMe2Ph)3 offers insight 

into the problem of dealing with compositionally disordered data. The structural 

features of the disordered model further confirm that green MoOCI2(PMe2Ph)3 is a 

mixture of the above blue and yellow compounds. 

One of the interesting characteristics of this green structure is that it is 

minor component of the mixture. Table 25 lists the cell parameters of this present 

structure and several other related structures. Parkin and coworkers46 observed an 
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abrupt change in space group, from Pbca to P21/c, as they went from a crystal with 

a given composition to a crystal a higher mole fraction of yellow. A discussion of the 

relationship between the MoOCI2(PMe2Ph)3 and MoCI3(PMe2Ph)31attices is reserved 

for later in this chapter. There is only a small difference between the cell constants 

of this structure of green MoOCI2(PMe2Phh and that of the pure yellow complex, 

Table 33 Isotropic thermal parameters (A 2) for refined non-hydrogen atoms of green 
"[LWOC12]PF6"· 

I atom I-W n-w III-W I 
W 4.47 4.48 4.47 

-------------- --------------------------------------------------------------
0 5.2 6.7 5.1 

CI 7.9 6.7 7.3 

°c --- [5.0]a [5.0] 

Clo --- 6.2 7.0 
--------------- --------------------------------------------------------------

N1 4.2 4.3 4.3 

N2 6.0 5.6 5.8 

C1 7.7 9.0 9.0 

C2 11.2 11.1 11.1 

C3 8.4 8.0 8.1 

C4 9.6 9.5 9.5 

C5 7.6 7.7 7.8 

P 5.1 5.1 5.0 

F 12.2-21 12.2-21 12.1-21 

a Brackets indicate values fixed throughout the refinements. 
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Table 34 Bond lengths (A) for the various models applied to the original green 
[LWOCI2]PF6 data. 

I bond green9 I-W II-W Ill-W 

W-O 1.893(2) 1.89(2) 1.76(3) [1.719]il,b 

W-CI 2.295(6) 2.304(7) 2.319(7) [2.322] 
---------------- r------------------------------------------------------------

w-O --- --- 2.11(6) [1.708] c 

W-CI --- --- 2.11(4) [2.354] 
0 

O-CI --- --- 0.36(5) [0.613] 
0 

CI-O --- --- 0.37(6) [0.634] ---------_<:._--- ------------------------------------------------------------
W-Nl 2.321(20) 2.33(2) 2.33(2) 2.33(2) 

W-N2 2.247(16) 2.24(2) 2.23(2) 2.24(2) 

CI-Nl 1.55(2) 1.44(3) 1.45(3) 1.45(3) 

NI-C5 1.45(2) 1.44(2) 1.45(2) 1.45(2) 

C3-N2 1.53(2) 1.52(3) 1.50(3) 1.51(3) 

N2-C4 1.44(1) 1.46(3) 1.45(3) 1.46(3) 

C2-N2 1.50(3) 1.51(3) 1.50(3) 1.51(3) 

(P-F) 1.57(2) 1.57(2) 1.57(2) 1.57(2) 

il In blue: W-O = 1.719(18) A, W-CI = 2.322(5) A (ref. 9). b Brackets denote 
values held fixed during the refinements. 

I 
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Table 35 Bond angles (0) in models of green [LWOCI2]PF6• 

I angle green9 I-W II-W In-W I 
O-W-CI 101.4(3) 101.8(4) 100.4(6) 101.70(4) 

------------- --------------------------------------------------------------
o -W-CI --- --- 110.(2) 101.69(5) 

C 0 

O-W-O --- --- 108.(2) 101.70(5) 
C 

o -W-Nl --- --- 83.(2) 90.4(3) 
C 

o -W-N2 --- --- 91.(2) 92.8(4) c 

CI -W-CI --- --- 102.2(8) 101.69(4) 
0 

CI -W-Nl --- --- 161.(1) 162.3(5) 
0 

CI -W-N2 --- --- 90.(1) 90.7(4) ---_Q._------- --------------------------------------------------------------
NI-W-CI 90.2(2) 90.3(4) 90.9(4) 90.4(3) 

N2-W-CI 93.3(2) 92.9(5) 92.6(4) 92.8(4) 

NI-W-O 162.8(5) 162.2(7) 163.(1) 162.3(5) 

N2-W-O 90.9(4) 90.6(6) 91.6(8) 90.7(4) 

NI-W-N2 75.8(4) 75.7(6) 75.6(6) 75.7(6) 

W-NI-Cl 118.(2) 119.(2) 120.(2) 120.(2) 

W-NI-C5 109.7(9) 110.(1) 110.(1) 110.(1) 

CI-NI-C5 103.1(8) 104.(1) 103.(1) 103.(2) 

W-N2-C3 112.(1) 112.(1) 112.(1) 112.(1) 

W-N2-C4 105.4(7) 103.(1) 103.(1) 104.(1) 

W-N2-C2 109.0(4) 109.(1) 109.(1) 109.(1) 

C3-N2-C4 105.6(6) 108.(2) 107.(2) 107.(2) 

C3-N2-C2 106.9(7) 108.(2) 108.(2) 108.(2) 

C4-N2-C2 118.(2) 117.(2) 117.(2) 117.(2) 
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MoCI3(PMe2Ph)3' Also favorable is the agreement with the original structural 

investigation of green MoOCI2(PMe2Ph)3; 7 the noticeably smaller values in this latter 

case may be attributed to the low temperature (-160 °C) at which they were measured. 

That all of the cells listed in Table 25 have nearly the same volume per molecule is 

further evidence for the role of the phosphines in the intermolecular packing. 

One indicator of disorder in a crystal structure is an abnormal thermal parameter. 

The disorder in the original structure determination 7 of green MoOCI2(PMe2Ph)3 was 

assigned to an "up-down" disorder of the molybdenum atom along the Cluans-Mo-O 

axis. This kind of disorder is not present in the current structure of the green material 

considering the typical isotropic thermal parameters (Table 27) and root-mean-square 

(RMS) displacement parameters (Table 36) for the molybdenum atom.98 

Comparison of the RMS values for the green structure with those measured in two 

other routine structural analyses shows that there is no abnormal disorder associated 

with the molybdenum atom in the present structure of green "MoOCI2(PMe2Ph)3'" It 

is interesting that Biso for molybdenum is slightly lower in the chlorine-only model 

(BMo = 2.703 A2, I.Mo) than in the oxygen-only model (BMo = 2.769 A, II·Mo). For 

each of the models (I-Mo - IV.Mo) the molybdenum atom is well defined, so that the 

disorder in the structure is apparently isolated to the {O, CI} site. 

ORTEP diagrams of the three models (I·Mo, II-Mo, and IV.Mo) illustrate the 

extent of the disorder in this crystal (Figure 69 - Figure 71). No abnormal thermal 
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Table 36 A comparison of the root-mean-square displacement parameters (A) for the 
present structure of green MoOCI2(PMe2Ph)3 and two other typical Mo containing 
structures. 

I 
STRUCTURE ATOM MIN AVG MAX Biso Rw ERR 

I WT 

MODEL IV-Mo Mo 0.165 0.186 0.207 2.756 0.0548 2.183 

(this work) P2 0.177 0.199 0.206 2.98 

Clcis 0.171 0.237 0.283 4.35 

L(l)MoO(SPb}z Mo 0.177 0.195 0.281 3.91 0.046 2.17 

ref.98a SI 0.205 0.219 0.315 4.99 

S2 0.196 0.209 0.355 ' 5.48 

L(2)Mo02(OMe) Mo 0.151 0.173 0.215 2.594 0.055 1.6 

98b 01 (OMe) 0.164 0.193 0.254 3.39 

02 0.183 0.199 0.248 3.54 

03 0.186 0.205 0.265 3.86 

ellipsoids are observed for any of the phosphines (see also Table 27 for equivalent 

isotropic thermal parameters). Lack of disorder in the phosphine ligands supports the 

habit of a pure yellow lattice, the different molecules adopt identical phosphine 

conformations. Localization of the oxo/chloro disorder at only one of the trans 

chlorine positions is immediately apparent in these ORTEP diagrams. The single cis 

chlorine, without the possibility of disorder from oxygen, is a gauge of a "normal" 

chlorine in this structure. Against this standard, it is clear that the chlorine atom 
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Figure 69 Structure of green MoOCI2(PMe2Ph)3 from the chlorine-only model (1-
Mo) (50% prob. ellipsoids). 
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Figure 70 Structure of green MoOCI2(PMe2Ph)3 from the oxygen-only model (H· 
Mo) (50% prob. ellipsoids). 
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Figure 71 Structure of green MoOCI2(PMe2Ph)3 from the refined-multiplicity model 
(IV-Mo) (50% prob. ellipsoids). 
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opposite the {O, CI} site is also unexceptional and that the chlorine of model I-Mo 

clearly represents the site of disorder with oxygen. This brings up the interesting 

observation that although two orientations are possible for the MoOCl2 unit of 

MoOCI2(PMe2Ph)3 in the yellow lattice, only ~ is observed. Free rotation about the 

Mo-P bonds may be hindered sufficiently by the phenyl and methyl substituents to 

"lock" only one orientation of the MoOCl2 unit. IH NMR results of Chapter II seem 

to suggest this lack of rotation in solution. 

The localized nature of the disorder in this structure is only part of the 

information apparent in the ORTEP diagrams. The chlorine atom fit to the {a, CII 

site of model I-Mo is clearly too large for a typical chlorine atom (cf. Cll and CI2). 

Conversely, a single oxygen atom (model II-Mo) is also a poor fit to the density at 

this site, evidenced by the compact ellipsoid at the oxygen position. Despite their 

anomalies, both ellipsoids are elongated along the same axis at an angle with respect 

to the Mo-{O, CII vector. Fitting the composite model (IV-Mo) to this disordered site 

resolves the reason for the elongated {O, CI I site density of the chlorine- and oxygen

only models (I-Mo and D-Mo). The positions of the partial oxygen and chlorine 

atoms of model IV -Mo lie along the elongation axis of the single atom ellipsoids. It 

is also clear that the refined positions of these partial atoms are consistent with the 

MoOCI2/MoCI3 superposition hypothesis (Figure 71). This is well represented in the 

bond angles of the individual Mo-Oc and Mo-Clo vectors with respect to the rest of 



IV: A Reinvest. of the Cryst. of Dist. 150m. 236 

the molybdenum coordination sphere (Figure 68). Note the excellent agreement 

between the bond angles containing Mo-Oc and those observed for Mo-O in the 

structure of blue MoOCl2(PMe2Ph)3 (Table 30). A similar trend exists for the Mo-Clo 

vector and structural features of yellow MoCl3(PMe2Ph)3' The somewhat poorer 

agreement for the Mo-Clo may be due to its lesser composition in the green mixture. 

These results allow even greater confidence in the assertion that green 

MoOCl2(PMe2Ph)3 is a mixture of the pure blue material and the structurally similar 

yellow MoCl3(PMe2Ph)3' 

Contrary to other cases of disorder,15 the positions of the partial atoms at the 

disorder site did not converge to a single position during the refinement. Moreover, 

final positions for the partial oxygen and chlorine atoms at the disordered site compare 

favorably with the positions expected from an exact replacement of MoOCI2(PMe2Ph)3 

for MoCl3(PMe2Ph)3' the working hypothesis in this green sample. The fits of the 

composite-atom models (Ill.Mo and IV.Mo) are indeed superior to the single atoms 

cases (Table 26). Even better is the fit of the model that allowed multiplicity 

refinement. Application of Hamilton's comparative Rw factor criteria t099 the four 

models confirms that model IV·Mo is preferred at the 99.5% confidence level over the 

other three. The structural features observed for this green crystal still show the 

limitations of such a highly disordered structure, even for one that confonns well to 

the chosen model. The limitations are illustrated in the bond lengths detennined from 



IV: A Reinvest. of the Cryst. of Dist. 150m. 237 

the composite models (ID-Mo and IV-Mo). Despite being an excellent fit to the 

observed data, model IV-Mo still gives Mo-O and Mo-CI bond lengths that are not 

exactly those seen in the respective structures of blue MoOCI2(PMe2Ph)3 and yellow 

MoCI3(PMe2Ph)3 (Table 29). 

Bond lengths detennined from each of the four Mo models are presented in 

Table 29. A direct comparison of the metal-ligand bond lengths is shown in Table 28. 

Although model IV-Mo gives the best fit to the observed data, Mo-Oe is still too long 

and Mo-Clo is too short; the other five metal-ligand bonds in the green structure are 

intermediate between the values for blue and yellow. The difference between the Mo-

0e and Mo-Clo bond lengths of IV-Mo and those in the pure blue and yellow 

components may represent the difficulty of completely resolving the contributions of 

these two atoms to the to, CII site. The maximum of density at the {O, CII site lies 

between the two extreme atom positions. Refinement of the Oe position places it to 

the Mo side of this maximum and Clo to the CI side of the maximum. But neither 

moves completely to their respective blue and yellow positions. Thus the apparent 

Mo-Oe is too long and the Mo-Clo is too short. 

As the best fit to the observed data, the composite model with refined 

multiplicities (IV-Mo) gives the composition of this crystal as determined by 

crystallography. This model refined the to, CII site to be 0.558(1) mole fraction 

oxygen (blue) and 0.442(1) mole fraction chlorine (yellow). This value seems high 
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considering that XPS and visible electronic spectroscopies found the bulk sample to 

be a 65:35 blue:yellow mixture (Chapter II). Furthermore, the oxygen-only model (lI

Mo) bond length of (2.125 A) is more consistent with a 0.30-0040 mole fraction of 

MoCI3(PMe2Phh in the mixture as determined from the crystallographic models of 

Chapter III (Figure 64). Parkin et al. also remarked that refinement of their mixed

crystal data with models like Mo-IV yielded multiplicities that were higher than those 

determined for the bulk samples.46 One reason for this discrepancy may be the strong 

cross-correlation of the refined multiplicities and the positional and thermal parameters 

of Oc and Clo' Several correlation coefficients of 0.7 were observed between these 

refined parameters. Fixing the positions of Oc and Clo to their respective blue and 

yellow positions and the thermal parameters to some typical values may allow a more 

accurate determination of the true multiplicities. But the problem still is one of 

resolving the two partial contributions to the {O, Cl} site. From Chapter III the 

theoretical resolution at 28 = 50° with Mo Ka. radiation (0.71073 A) is 0.84 A (or 0.77 

A in practice). The Dc···Clo separation is 0.634(5) A in model IV-Mo, a value that 

is at the limit of the experimental resolution, at best. Under these circumstances the 

crystallographically determined compositions (refined multiplicities) are not expected 

to be as true a representation of the crystal's composition as the values determined 

from independent spectroscopic measurements. 
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Similarities Between the Structures of Blue MoOCI2(PMe2Ph)3 and Yellow 

MoCI3(PMe2Ph)3' It is clear from Table 37 that the molecules MoOCI2(PMe2Ph)3 

and MoCI3(PMe2Phh have nearly the same size. Indeed their size is that expected for 

a mer-MX3(PMe2Ph)3 molecule in general (Table 37). This idea, coupled with the 

evidence for their propensity to cocrystallization, leads to the hypothesis that the two 

molecules crystallize with nearly identical lattices. They do not crystallize in the same 

space group (Table 37); however, it is intuitively possible that the two different space 

groups (orthorhombic and monoclinic) arise from nearly identical three-dimensional 

arrays of molecules. A consideration of this possibility was studied in the hope of 

finding a reason for the abrupt change in space group (blue Pbca to yellow P2l/c) 

observed over the range of mixed crystals studied by Parkin et a1.46 

Cell reduction was carried out for the orthorhombic cell of MoOCI2(PMe2Ph)3 

and the monoclinic cell of MoCI3(PMe2Phh using standard SDP programs. Only by 

allowing extremely large agreement factors (150 % or greater) could the yellow 

monoclinic cell be reduced to an orthorhombic form, and this contrived yellow 

orthorhombic cell was completely different from the original blue cell. Both of the 

primitive cells, blue: Pbca (reduced form no. 32) and yellow: P2tfc (reduced form no. 

33), are already in their reduced forms. lOO They are two of the only 44 reduced 

forms of unit cells observed for crystalline solids. Two different cells can be different 

representations of the same lattice if they have the ~ reduced cell.lOO,lOl That 
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MoOCI2(PMe2Ph)3 and MoCI3(PMe2Ph)3 have entirely different reduced cells (even 

forced reduction does not make them coincident) leads to the conclusion that they are 

not different representations of the same lattice. Comparison of the models of the two 

cells confirms the complete lack of coincident positions between the individual cells 

in their solid states. 

Still, there are marked similarities in the structural features of the individual blue 

and yellow molecules. Figure 72 shows the superimposed molecules of blue 

MoOCI2(PMe2Ph)3 and yellow MoCI3(PMe2Ph)3' Neglecting the coincidental Mo-O 

and Mo-Cl bonds, the molecules are effectively isostructural except for the pronounced 

twist of one of the phenyl rings in the yellow trichloride molecule. The conformation 

of this yellow molecule is the same one observed for all of the isomorphous mixtures 

studied by Parkin et al.46 and the green crystal of the present study. Mo-P2-C23-C28 

torsion angles102 are 49.01 0 for blue, 11.64.0 for green, and 14.970 for yellow (cf. 

Figure 70). The conformation of the phenyl ring in the yellow molecule is unexpected. 

Figure 73 shows space-filled representations of the blue MoOCI2(PMe2Ph)3 and yellow 

MoCI3(PMe2Phh molecules. From this perspective, it is apparent that the parallel PI 

and P2 phenyl rings of MoOCI2(PMe2Ph)3 are expected on steric grounds; the nearly 

parallel phenyl rings are in a sterically-appealing "stacked" geometry. The efficiency 

of this stacking is further illustrated by its repetition between adjacent molecules 

throughout the unit cell. Phenyl rings of P3 are directed to empty spaces in the lattice. 
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Figure 72 Overlay of the blue MoOCI2(PMe2Ph)3 and yellow MoCI3(PMe2Phh 
molecules. 
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Figure 73 Space filled representations of MoOCl2(PMe2Ph)3 (left) 
MoCI3(PMe2Phh (right) viewed done the O(red)-Mo-CI(green) and CI-Mo-Cl axes 
respectively. 



Table 37 Cell parameters for several mer-MX3(PMe2Ph)3 complexes. 

MoOCl2 MoOCI2 Mo(O,CI)CI2 MoCI3 WCI3 

ref. 5 46 this work 46 104 

Pbca Pbca P2I/e P2I/e P2I/e 

a=17.009(6) A 11.294(1) 16.090(2) 16.256(2) 16.228(3) 

1>=16.528(5) 17.627(3) 10.384(1) 10.329(1) 10.344(2) 

e=19.31l(8) 28.280(5) 18.039(2) 18.175(3) 18.100(3) 

a=\3=r-90° a=/3-J'=90° p=113.85(1) 113.56(1) 113.79(1) 

V=5429 A3 5630 2751 2797 2780 

Z=8 8 4 4 4 

678.6 A3/molec! 707.8 687.7 699.4 695.0 

~ The average volume of a mer-MX3(PM~Ph)3 molecule is 692.8(±9.5) A3. 

WOCl2 TeCI3 

104 105 

P2I/e P2I/n 

16.114(4) 10.935(9) 

10.413(2) 39.191(11) 

17.955(3) 13.738(7) 

114.50(1) 107.33(7) 

2741 5620 

4 8 

685.3 702.5 

IrCl3 

106 

P21/n 

10.814(1) 

38.894(3) 

13.663(1) 

107.15(1) 
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Destroyed by the twist of the P2 phenyl, no such efficient packing of the phenyl rings 

is observed in the MoCI3(PMe2Ph)3 molecule. The yellow cell offers no immediate 

reason for the twist of the one ring toward its neighbor. The nearest group to the 

twisted phenyl is a methyl group of an adjacent molecule, more than 5 A away from 

the ring. Moreover, this twist forces the phenyl ring toward one of the chlorine atoms 

(Figure 73). If such a twist is inherent in this meridional phosphine ligand set, it 

should be expected in the MoOCI2(PMe2Ph)3 molecule where the ring would be 

twisting toward a smaller atom: oxygen. The different phosphine interactions in the 

blue and yellow solids may not be the only reason for their unique crystalline 

habits. 103 

What reason is there for the observation that up to 2 mole percent yellow, 

mixtures of blue MoOCI2(PMe2Ph)3 and yellow MoCl3(PMe2Ph)3 crystallize in the 

space group of MoOCI2(PMe2Ph)3 (pbca) and thereafter, in the MoCI3(PMe2Ph)3 

space group (P21/c)'f6 The role of the MoOCl2 moiety versus MoCl3 cannot be too 

important in determining the space group considering that the molecule cis,mer

WOC12(PMe2Ph)3 is isostructural with its trichloride analog (Table 37) and that several 

mer-phosphine orientations are observed for mer-MX3(PMe2Ph)3 regardless of the 

MX3 fragment. 104,105,106,107 The most logical reason why there appears 

to be an abrupt change in space group for the green mixtures is convincing in its 

simplicity. From a solution containing the two compounds MoOCI2(PMe2Ph)3 and 
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MoCI3(PMe2Ph)3' whichever species initiates crystallization detennines the habit of 

the resulting mixed crystal. lOS Statistically, this would explain the clear favoring 

of the yellow lattice at high mole fractions of yellow; there is more of it in solution 

and therefore it would be more likely to be the flrst species to crystallize. Space group 

Pbca may be a tenuous habit for MoOCI2(PMe2Ph)3 for two reasons: (1) the tungsten 

analog is isostructural with its trichloride analog 104, 107 and (2) this space group does 

not appear to dominate in the green mixtures, even at high concentrations of 

MoOCI2(PMe2Ph)3·46 

Structural Models of Green" [L WOCI2]PF 6". Being able to study the original 

X-ray data that led to the classiflcation of green "[LWOCI2]PF6" as the distortional 

isomer of blue [LWOCI2]PF6
9 is a unique opportunity. The success in resolving the 

blue and yellow contributions in the Chatt system above gave hope that some 

resolution might also be possible with this system that has been the other cornerstone 

of distortional isomerism. The following discussion shows that despite the 

overwhelming spectroscopic evidence for green [L WOCI2]PF6 being a mixture of blue 

[LWOCI2]PF6 and a W(IV) and W(VI) component, the nature of the disorder in the 

original green data is elusive. 

The flrst model, a rerefmement of the original [LWOCI2]PF6 (oxygen-only) 

model, yielded bond lengths and angles that were nearly identical to those of the 

original green structure (Table 34 and Table 35). Using the phases from the original 
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Figure 74 A. Electron density contours of the original data for green [LWOCI2]PF6 
B. Difference Fourier (Fobs-Feale) map; Fobs as above and Fcale from original green 
model. Each contour differs by 2 electrons/ A 3• Phases from original green atomic 
positions, and observation plane defined by CI, W, 0 for both maps. 
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green structural model, a Fourier map based on the observed structure factors was 

prepared (Figure 74A). Interestingly, the oxygen site does not appear to be disordered. 

No severe elongations are seen for the density, which is quite spherical, and the 

number of contours at this site is consistent with a typical oxygen atom. The chlorine 

site appears somewhat diminished for a typical chlorine atom. This would be expected 

for a {CI, O} site with some mole fraction of oxygen present. The difference Fourier 

map (Figure 74B) also does not appear to indicate much disorder at these sites. 

The cation [L WOCI2]+ is required to possess Cs symmetry in this structure 

(Figure 75); its mirror plane contains atoms CI, NI, W, and 0 and bisects the C4-C4' 

bond. The small bite angles of the triazacyclononane chelate are evidenced in the 

constricted NI-W-N2 angle of 75.7°. The large thermal ellipsoids of the ethylene 

carbons, particularly those of C2, suggest that some disorder is also present at these 

sites. Similarly large ethylene carbons have been observed in other structures 

containing triazacyclononane ligands.109,90 Large thermal parameters of the 

hexafluorophosphate fluorine atoms indicate that these anions are rotationally 

disordered to some extent. Such behavior in the solid state is not unexpected for 

highly symmetrical counterions like PF6-. 109,90 These two factors undoubtedly make 

some contribution to the high agreement factor determined for this structure 

(Table 32). 

Only two new models were applied to the green [LWOCI2]PF6 data. Both are 
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Figure 75 ORTEP of the green "LWOC12+" cation (50% probability ellipsoids). 
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Figure 76 ORTEP of the blue LWOCI2+ cation (50% prob. ellipsoids). 
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composite and involved some difficulty with refmement of the structure. In each 

composite model the partial Oc atom either developed an undefined thennal parameter 

or drifted completely away from the W-CI vector (by as much as 3-4 A). Only 

through constraining the Oc with a fixed thermal parameter (II-W) or position (III-W) 

would the atom behave sufficiently well to allow the refinements to converge. The 

working hypothesis for these refinements was that the WOCl2 unit of the original 

green crystal was a combination of blue WOCl2 and yellow W02Cl. 

The first composite model (II-W) fixed the multiplicities at 0.80 mole fraction 

WOCl2 and 0.20 mole fraction W02Cl. This composition was chosen because it is 

approximately the amount required to give the w-o and W-Cllengths (Table 34) in 

the original green structure according to the models of Chapter III (Figure 63). It is 

the only one of the new models that represented an improvement over the refinement 

of the original model, I-W (Table 32). With fixed multiplicities, the positions of the 

four partial atoms were allowed to refine. The result of this refined model is 

encouraging because the W -0 and W -CI bond lengths converged to values identical 

to those of the pure blue within the experimental error (Table 34). Less impressive 

are the W-Oc and W-Clo lengths which are respectively longer and shorter than values 

expected for the W02Cl fragment of [LW02CI]PF6 (Table 34). Final interatomic 

distances for O .. ·Clc and 0c· .. CI (0.37 A for both), are far less than the resolution of 

the experiment. Holding to the assumption that the green data is a result of 
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compositional disorder of 0.20 mole fraction of [LW02CI]PF6 in a blue [LWOCI2]PF6 

lattice, the excellent agreement of the rermed WOCl2 fragment may be expected on 

the grounds that it is the most abundant component. 

For model III-W the multiplicities were refined. Cross correlations (ca. 0.7) 

between the refined multiplicities and the atomic positions and thermal parameters of 

the partial atoms ultimately led to all of the atomic positions being fixed. In model 

IU-W the WOCl2 and W(OchClo are fixed in an exact superposition orientation so 

that most of the refinement is centered around their respective compositions. At 

convergence this model gives a mole fraction of W02CI equal to 0.080(13) from Oc 

or 0.178(9) from Clo' The value for Clo is encouraging, being in excellent agreement 

with the theory of Chapter III; however, the very different number for Oc in the same 

refinement dampens the confidence in these values. The Clo position refined 

satisfactorily whereas the Oc required some constraints to refine properly. Therefore, 

the composition based on the Clo site refinement (17.8 mole percent W02CI) may be 

more correct than the ~c-based value. 

In the above reconsideration of the structural data for green [LWOC12]PF6 no 

mention is made of the possibility that rotational disorder of the cation may also play 

some role in the disorder of this complex. This kind of disorder alone has been shown 

to lead to anomalous metal-ligand bond lengths.15,58,llO,lll Mirror symmetry 

is observed for the L WOClt cation and assumed for L W02CI+. If rotational disorder 
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also contributes to the observed green crystal data, then the mirror symmetry imposed 

by the space group choice is not actually present. Even more elaborate models would 

be required to include the presence of rotational disorder in the green tungsten data. 

General Conclusions 

The high mole fraction of yellow MoCI3(PMe2Ph)3 in the present crystal of 

green "MoCI2(PMe2Ph)3" allowed for the study of the compositional disorder in this 

crystal by X-ray crystallography. Two different composite models (Ill-Mo and IV

Mo) proved to be superior to either of the models for which a single molecule was fit 

to the observed data (I-Mo and II-Mo). Because the partial atoms did not converge 

to a single position during refinement, the case can be made for the preferability of 

this model to one that uses a single composite atom.46,75 It is interesting that all of 

the green "molecules" adopted conformations identical to yellow in the solid state 

despite the steric arguments against this conformation. The particular crystal of green 

"MoOCI2(PMe2Ph)3" chosen for this study is well within those compositions predicted 

to be isomorphous with pure yellow MoCI3(PMe2Ph)3.46 Parkin et al. described their 

mixed crystals as solid solutions.46 The (0 scans performed on the present green 

crystal appear to confirm this; there is no evidence for a twinned crystal. 

Despite some difficulties in refining the 0c position of the W02CI fragment in 

the composite W models, it is clear that the data collected for the original crystal of 

green [LWOCI2]PF6 cannot support distortional isomerism in this system. Compared 
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to the original reported structure,9 the fixed (0.80:0.20, WOCI2:W02Cl) multiplicity 

model (IT·W) gives a better fit to the observed data, and the refined multiplicity model 

(ITI. W) fits the original data at least as well. Rotational disorder is also common to 

structures containing ligands with pseudo three-fold axes like triazacyclononane. To 

what extent this kind of disorder contributes to the observed green data cannot easily 

be determined. 

Structural evidence provided the impetus for the proposal of distortional 

isomerism. The present work on green IMoOCI2(PMe2Ph)3" and green 

I[LWOCI2]PF6" complements the independent spectroscopic studies of Chapter IT in 

implicating compositional disorder as the cause of the anomalous properties of these 

materials. 
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V: Distortional Isomers and Related Mixtures 

Proposed distortional isomers are of a class of materials that are prone to subtle 

compositional disorder. That such mixtures can be mistaken for pure compounds is 

representative of the clear characterizations they often give and the apparent 

homogeneity of the materials themselves. Without prior know ledge of these kinds of 

mixtures such systems may be taken as genuine, whereupon entirely new theoretical 

explanations of their unique features may be presented. Such has been the history of 

distortional isomerism as well as some other examples of mixtures that were later 

resolved. 

Most of the following examples have been or are likely to be reformulated as 

mixtures of two or more compounds. The reason for presenting these examples is to 

illustrate the many reports of materials in the chemical literature whose unusual 

properties have contributed to the rise of compounds like distortional isomers. These 

mixed materials resulted from synthetic procedures. One similarity of many of the 

examples is the reaction of excess phosphine with a transition metal precursor, where 

further side reactions are possible. In only one of the following examples was 

chromatographic separation employed to elucidate the mixture. In the few examples 

where a mixture is proposed, chromatography would likely suggest a mixture as well. 
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The results of Chapter II indicate the many different techniques than can be applied 

to ensure the integrity of such materials. 

Re(OH)CI~~bPhh: A Mixture or Not? 

During the course of work on the nitrogen fixation chemistry of many second 

and third row transition metals, Chatt and coworkers prepared numerous metal-oxo-

halo-phosphine complexes.112 Indeed, most papers dealing with metal-halo

phosphine complexes reference some of Chatt's work. In 196218 Chatt and coworkers 

were working on a series of rhenium complexes and prepared blue, green, and violet 

rhenium-oxo-chloro-diethylphenylphosphine compounds by the following reaction in 

an HCVethanol medium: 

C I CI CI 

I I I I I 

Figure 77 Coordination geometries of Chatt's blue, green, and violet rhenium 
phosphine complexes. 

The blue complex was characterized to be isomer I (Figure 77) and the green 
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compound to be the trans isomer, II, on the basis of NMR, JR, and UV-visible 

spectroscopies. The violet product, however, was described as the complex 

"Re(OH)CI3(PEt2Ph)2" with an analogous trans configuration as in II. The basis for 

the latter assignment was a low dipole moment (3.0 Debye; therefore it could not be 

the cis isomer), an analysis that was consistent with the formula ReOCl3(PEt2Phh, and 

a preliminary X-ray structure investigation confmning the coordination geometry (II) 

but indicating a long Re-O bond. IS Neither the chemical nor the X-ray structure 

analysis would be able to distinguish between a rhenium-oxo or rhenium-hydroxo units 

with any certainty on the basis of a single hydrogen atom (the rhenium-hydroxo unit 

would show a longer Re-O bond length, however). Interestingly, the infrared spectrum 

lacked the v(O-H) band required by the formula Re(OH)CI3(PEt2Ph)2' 

Two years after the original report of violet "Re(OH)CI3(PEt2Ph)2'" Chatt and 

coworkers published19 further work on related rhenium complexes and, in the process, 

resolved the anomalies of this violet product. One of the new compounds reported was 

a violet Re(IV) complex, trans-ReCliPEt2Ph)2 (III, Figure 77) which had been 

obtained using anyone of three independent synthetic routes. 19 It was also realized 

at this time that the aforementioned violet "Re(OH)CI3(PEt2Phh" showed similar 

reactivities to both trans-ReOCI3(PEt2Ph)2 (green) and the new trans-ReCl4(PEt2Phh 

(violet). For example, each of these is reduced by excess PEt2Ph in boiling ethanol 

to yield the complex ReCI3(PEt2Ph)3.19 Whereas recrystallization of the violet 
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"Re(OH)Cl3" species failed to purify the material, column chromatography (acidic 

alumina, benzene and ethyl acetate eluents) did quantitatively separate this violet 

mixture into the green trans-ReOCI3(PEt2Ph)2 (90 - 78%) and violet trans

ReCl4(PEt2Phh (10 - 22%). Furthennore the original infrared, UV-vis, and IH NMR 

spectra18 of violet "Re(OH)CI3(PEt2Ph)2" were each shown to be composite spectra 

of the above pure green Re(V) and violet Re(N) complexes.19 Thus in two years, 

Chatt and coworkers had corrected their original proposal for violet 

"Re(OH)Cl3 (PEt2Ph)2"· 

In 1982, green trans-ReOCI3(PEt2Ph)2 was structurally characterized,113 

revealing a typical Re=O bond length of 1.660(9) A. In that same year, new support 

for the original formulation of violet "Re(OH)CI3(PEt2Phh" 18 came in the form of a 

new crystal structure of the violet material (observed Re-O = 1.795(4) A) and a 

reinterpretation of the spectra characterizing it. 114 Two reasons were given for this 

resurrection of the rhenium-hyclroxo fonnulation. First it was proposed that green 

trans-ReOCI3(PEt2Ph)2 was never physically isolated from the chromatographic 

separation of the violet mixture.114 In truth, separation of violet 

"Re(OH)CI3(PEt2Phh" gave an immobile green band that subsequently decomposed 

on the column (this was taken to indicate ReOCI3(PEt2Ph)2) and a violet band which 

eluted completely as ReCI4(PEt2Ph)2 and provided the basis for the quantitative 

separation.19 Secondly, that the long apparent Re-O bond 18 could be an artifact of 
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compositional disorder was discounted since trans-ReOCI3(PE~Ph)21l3 and 

trans-ReCI4(PEt2Ph)2 were not isomorphous and therefore would not cocrystallize. 19 

Recently, of course, it has been clearly shown that two compounds need not be 

isomorphous to cocrystallize.46 As mentioned above it is difficult to imagine 

formulating a complex as a metal terminal-hydroxo species that lacks a clear v(O-H) 

in its IR spectrum. The workers performing the crystal structure of 

"Re(OH)CI3(PEt2Ph)2" claimed that this material does exhibit such a stretch; however, 

it was assigned to a band at 2920 em-I. This low frequency for the assignment of 

v(O-H) was explained by formulating the rhenium-oxygen bond as "Re=O-H.,,1l4 

Crystallographic ally, the lack of elongation of the electron density along the Re-OH 

vector and lack of residual "chlorine" density in the difference Fourier maps at the 

supposed hydroxy-oxygen site as well as the "normal" anisotropic thermal parameters 

for the oxygen atom were used to further the argument for the rhenium-hydroxo 

formulation and against Re=OJRe-CI compositional disorder. II4 Despite its 

inconsistencies, to date this paper stands as the only structural characterization of a 

material formulated as Re(OH)CI3(PEt2Phh (CAS registry number 80811-90-1). An 

authentic sample of this compound has not been reported. 

OsOCI3(PPhJl2: A Rare Example of Osmium(V)? 

Interestingly, there is another example of compositional disorder in a material 

originally formulated as "OsOCI3(PPh3h" .17 This product was claimed to be the 
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brown solid derived from the reduction of Os04 by PPh3 in an ethanolic hydrochloric 

acid medium. A result of work on potential osmium nitride chemistry, this brown 

substance was induced to undergo further reduction by hydrazine hydrochloride in 

A formal Os(V) complex, 

OsOCI3(PPh3)2 would have represented a rare example of this oxidation state in 

osmium chemistryl15 and been a successful extension from the corresponding 

rhenium complex. 18,17 

The true nature of brown "OsOCI3(PPh3)2" was resolved nearly 20 years later 

when this material was considered as a possible precursor to the formation of Os-Os 

bonds.116 Twenty minutes at reflux yielded the orange-brown solid from a mixture 

of Os04 and excess PPh3 in ethanol and hydrochloric acid. 17, 116 It had a 

characteristic infrared band at 840 cm-1 that was assigned to v(Os V =0).17 Questioning 

this assignment, the reinvestigatorsl16 felt this frequency to be low for a terminal 

M(V)=O bond and that such a value was more typica1117,118 of linear OS02+2 

or Os-O-Os units. Furthermore, it was observed that the intensity of this 840 cm- l 

peak was inversely proportional to the reflux time (Table 38). An X-ray photoelectron 

spectrum of this brown material confIrmed that it was not an example of a rare Os(V) 

complex because it showed a complex (4f7/2' 4f5/2) manifold that was more consistent 

with a mixture of Os(VI) and Os(IV).116 The respective 4f7/2 peaks of a series of 

Os(VI) and Os(IV) were in the range 54.1-54.7 eV and 52.8-53.3 eV. 116 This 
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Table 38 Products of the reaction between Os04 and PPh3 in ethanolicl cone. Hel 
solution (ref. 116). 

reflux time (min) major product 4f7/2 (VI/IV'j! 840 cm-! band 

0 Os VI02Cl2(PPh3)2 very strong 

20 Os(VI) > Os(IV) 1.03 strong 

30 Os(IV) > Os(VI) 0.66 weaker than 20 min 

30-45 OsIV C14(PPh3)2 absent 

.!! Ratio of Os VI 4f7/2 to OsIV 4f7/2 peaks. 

difference coupled with the large osmium spin-orbit (4f712, 4f512) splitting of 2.7 eV 

allowed a clear resolution of the complex "OsOCI3(PPh3)2" spectrum. Salmon and 

Walton 116 proceeded to measure the infrared and XPS spectra of the substances 

produced at different reflux times and found that "OsOCI3(PPh3)2", produced after 20 

min, was approximately a 50:50 mixture of Os VI02CI2(PPh3)2 and OsIV CI4(PPh3)2 

(Table 38). 

Coincidental with the work of Salmon and Walton above, Goeden and Haymore 

also showed that "OsOCI3(PPh3)2" was a mixture of these same Os(VI) and Os(lV) 

complexes through studying the products of subsequent reactions involving the 

proposed "Os(V)" material.119 Two major products (one pink and one yellow) were 

obtained from the reaction between "OsOCI3(PPh3)2" and the phosphinimine 

ToC(O)NPPh3 (To = tolyl) in refluxing p-xylene (Figure 78). Similarly, it had 
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Figure 78 Reaction products of various osmium complexes with the phosphinimine, 
ToC(O)NPPh3, in refluxing p-xylene (ref. 119). 

previously been shown that two products, OsCI2(pyh(PPh3) and OsC13(pY)2(PPh3), 

were obtained from the reaction of "OsOCI3(PPh3)2" with pyridine (py).116 

Independent reactions between Os02CI2(PPh3h and either ToC(O)NPPh3
119 

(Figure 78) or pyridine1l6 yielded yellow OsCI2{ToC(O)NPPh3}(PPh3h and 

OsC14(PPh3h was also shown to give 

in Figure 78. These reactivity studies further confl1ll1 the spectroscopic conclusions 

of Salmon and Walton implicating "OsOC13(PPh3)2" as a mixture of trans-

(CAS registry number 25398-91-8) has yet been reported. 

Green L TiCI3 and Compositional Disorder 

Recently Wieghardt and coworkers80 have synthesized and characterized two 
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fonns, one blue and one green, of the titanium complex LTiCI3 (L = 1,4,7-

trimethyltriazacyclononane). Crystal structural analyses of both materials revealed that 

they had the same apparent coordination geometries (R = 0.03 for both structures).80 

Further characterization of these materials revealed, however, that the green form was 

in fact an intimate mixture of the pure blue L TiCl3 complex and the interesting titanyl 

containing yellow complex, L TiOCI2•80 Visible spectra of the blue and green solids 

had the same d~d band at lower energies, but differed markedly in the region around 

400 nm where only the green form had an intense band. This evidence, coupled with 

the infrared spectrum of the green fonn which exhibited a band at 950 cm-1 (v(Ti=O)) 

not present in the blue spectrum led them to the conclusion that the green solid was 

a case of compositional disorder between L TiCl3 and LTiOCI2.
80 L TiOC12 was not 

isolated in a pure form; however, their synthesis and characterization of the analogous 

L TiIV O(NCSh supported this conclusion. 

NbECI3(PMe3h (E = O. S) Distortional Isomers 

Subtle compositional disorder has been shown to result in anomalous metal 

ligand bond lengths46,52,48 for a variety of compounds. Based on the existence and 

pitfalls of mixtures masquerading as pure compounds, some recently proposed 

complexes deserve close reconsideration. One of these involves the claim of 

distortional isomerism in pairs of the analogous niobium(V) complexes, 

NbOCI3(PMe3)3 and NbSCI3(PMe3)3.24 Structural data for the proposed isomers are 
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given in Table 39. The latter set of Nb=S isomers led to the fIrst assertion of 

distortional isomerism in a metal-sulfIdo unit. These examples are pairs of materials 

Table 39 Niobium-oxo and -sulfIdo bond lengths for the proposed distortional isomers 
of NbECI3(PMe3)3 (E = 0, S). 

I E, "isomer" color Nb=E (A) vNb=E (em-I) I 
O,la yellow 1.781(6) 882 

0, 1~ green 1.929(6) 871 

()ll 1.709(36) 

S,2a orange 2.196(2) 455 

S,2~ green 2.296(1) 489 

Sb 2.132(35) 

a An average Nb=O bond as described by Mayer (ref. 16). b An average Nb=S 
bond determined by a GSTAT statistical analysis of several Nb=S containing 
structures in the Cambridge Structural Database 

in which one exhibits a typical (short)15,16 and one an exceptionally long Nb=O or 

Nb=S bond. The oxo and sulfIdo isomers will be discussed in turn due to some 

unique differences in their spectroscopic and structural characterizations. 

First, consider the la and 1~ isomers whose Nb=O bond lengths differ by 25 

times the uncertainty in either bond. The Nb=O bond length of isomer 1 ~ has two 

possible explanations. Either it represents a manifestation of the besieged theory of 

distortional isomerism or some form of disorder is the reason for this deviant value. 



The latter description is more likely 

due in part to the existence of the 

structurally similar NbCI4(PMe3)3 

(Figure 79).120 It may be that 

pure and the 1 ~ form is a mixture 

of NbOCI3(PMe3)3 and 

NbCI4(PMe3)3· 
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CI C I 

NbOCI!(PW'3)3 NbCI.(PM'!)3 

Figure 79 The similar capped octahedron 
coordination geometries of NbOCI3(PMe3)3 and 
NbCI4(PMe3)3. Oxygen and chlorine cap the 
tris phosphine face in the respective compounds. 

The synthetic routes to both forms of NbOCI3(PMe3)3 offer further evidence to 

support this conclusion. Isomers lex and l~ are produced from essentially the same 

reaction mixtures only at different reaction times. The general scheme is given below, 

[NbOCI3]n or [NbOCI3(NCMeh] + PMe3 (excess) ~ NbOCI3(PMe3)3 

in which trimethylphosphine is allowed to react with a Nb V =0 precursor in 

dichloromethane.24 One particular route produces crystals of 1 ex from a toluene extract 

of the concentrated reaction mixture, [NbOCI3(NCMe)2] + PMe3' after cooling (-20 

°C) overnight. The associated filtrate then yields l~ after continued cooling (-20°C) 

for several more days. At the same time, consider the parallel synthesis of pure green 

NbCI4(PMe3)3' produced from the action of PMe3 (ca. 2-fold excess) on 

NbCI4(NCMe)2 in toluene. 120 Assuming compositional disorder for l~, it is likely that 

the prolonged reaction time required to produce 1 ~ allows more time for the excess 
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phosphine to reduce some of the Nb V OCl3 to the corresponding NbIV Cl4 species, 

thereby yielding a green mixture (Nb v, NbIV) that could be called lrl Consistently 

high percent chlorine analyses have been observed for samples of 1~, and a 

paramagnetic impurity has been detected in 1~ (Nb(IV».24 All of this is plausible in 

light of the reducing capability of trlmethylphosphine.3,121 However, this is not the 

only reason for suggesting that 1 ~ is a product of compositional disorder; structural 

analysis of both 10. and 1~ provides more evidence. 

Key features in the solution of the structure of 1~ serve the belief that it is an 

example of compositional disorder. Initial refmements of the oxo-ligand site resulted 

in anisotropic thermal ellipses that were elongated along the Nb-O vector. 

Furthermore, a residual electron density peak of 1.5 e-,A3 was observed along this 

direction at a distance of 0.51 A past the oxygen position. Suspecting compositional 

disorder with NbCI4(PMe3)3' occupancies for chlorine and oxygen at this disordered 

site were refined to 80% oxygen and 20% chlorine.24 The refined Nb-CI bond length 

was 2.33(2) A, in good agreement with the value observed for the capping chlorine in 

pure NbCI4(PMe3)3.120 

The differences in Nb-O and Nb-CI bond lengths between la and 1~ are 

consistent with 1~ being a mixture of NbOCI3(PMe3)3 and NbCI4(PMe3)3 (Table 39 

and Table 40). First, the extremely long Nb-O bond of 1~ compared to the typical 

value observed for 10. exactly fits the expected behavior of a weighted average of x 
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Table 40 Nb-CI bond lengths in the proposed NbOCI3(PMe3)3 distortional isomers 
and in NbCI4(PMe3)3' 

Nb-CII 

Nb-CI2 

Nb-C13 

lex 

2.516(3) 

2.533(3) 

2.505(3) 

2.453(13~ 

1~ 

2.486(2) 

2.508(2) 

2.491(2) 

a Average of the three chemically equivalent Nb-CI bond lengths in this molecule 
(ref. 120). 

mole fraction oxygen and I-x mole fraction chlorine at the site refined as oxygen alone 

(cf. Chapter III). Second, the Nb-CI bonds of 1~ are intermediate between those of 

lex and the average of the trans Nb-CI distances in NbCI4(PMe3)3 (Table 40). 

Therefore, the Nb-CI distances of 1 ~ could be manifestations of crystallographic 

averaging of the longer contribution from lex and the shorter contribution from 

NbCI4(PMe3)3' The collective bond length changes from lex to 1~ mimic the behavior 

predicted from an electronic/trans-effect argument. By this theory, the strong trans 

influence of oxygen is reduced upon moving the oxygen away from the metal center 

allowing the competing chlorines trans to the oxo ligand to move closer to the metal 

(lex ~ 1~). From this argument the 1ex~1~ bond length trend makes chemical sense, 

illustrating some of the deception that has contributed to the theory of distortional 

isomerism. 
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The proposal of distortional 

isomerism in the sulfur analogs, 

CI 5 

seems to bolster the theory. 
2a 

Examples in metal-oxo, possibly Figure 80 The structure of the 20. isomer of 
NbSCI3(PMe3)3 and one of its geometrical 

metal-nitrido,122 and now metal- isomers, 20.' . 

sulfido units suggests the broad application of distortional isomerism. However, 

inconsistancies in the characterizations of the isomers, 20. and 2~, lead to the 

conclusion that some manner of disorder may also be working in this system. It is 

generally understood that bond orders are directly and bond lengths inversely 

proportional to the stretching frequency observed for that bond.2S Yet, despite the 

observation of a longer Nb-S bond in 2~, the higher of the two v(Nb=S) stretching 

frequencies is assigned to this isomer and not the one with the shorter bond, 20. 

(Table 39). X-ray diffraction analysis of both 20. and 2~ revealed that their structures 

were analogous to the 10. and l~ isomers; each has a capped-octahedron geometry in 

which sulfur caps the tris-phosphine face (Figure 80). Although never reported, a 

geometrical isomer of 20. (Le. 20.') is possible, in which the sulfur atom and one of 

the chlorines in 20. have switched coordination sites about the Nb center. It is likely 

that the v(Nb=S) frequency of this geometrical isomer, 20.' , of 20. comes at a different 

value than that measured in 20. due to the different electronic environment of Nb=S 
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in 2a;. This is only one explanation. 

"The accumulated evidence supports the very persuasive argument that 
ipso facto the phenomenon of bond-stretch isomerism is an artifact of 
contamination. However, it may not be that simple, as there remain a 
number of unanswered questions"-Gibson and McPartlin (1992)24b 

Certain features of the characterizations of the 2a and 2~ isomers are difficult 

to refute and give the investigators confidence in assigning these materials as 

distortional isomers.24 Assigning 2~ as a mixture of a geometrical isomer of 2a 

explains why a different v(Nb=S) frequencies are observed, but it does not easily 

explain the crystallography. The structural features of 2~ are best described as the 

result of compositional disorder between 2a and NbCI4(PMe3)3 but then this material 

would not be expected to have a different v(Nb=S) from 2a. Solution infrared spectra 

confrrmed the differences in v(Nb=S) for 2a an 2~, thereby ruling out solid state 

effects as the cause. Despite this evidence which might suggest that 2a and 2~ are 

real distortional isomers, there are still some problems that must be resolved. As for 

1~, the investigators observed that the analyses of 2~ are also consistently high in 

percent chlorine. Thus, they claimed that no pure ~ (1 or 2) isomers were yet 

available, so that a decision against distortional isomerism in this system must wait. 

They suggested that pure 2~ may in fact have a shorter Nb-S bond than 2a, thus 

explaining its higher v(Nb=S) frequencies. In light of the current evidence against 

distortional isomerism, it remains the task of these investigators to completely 
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characterize (Le. apply chromatography, Nb 3d XPS, and 31p NMR--the latter might 

facilitate the detection of structural isomers) their ~ isomers when they ~ obtained 

in the pure form. 

WCI3(PMe2~.h: A Long W-CI Bond 

Table 41 M-CI bond lengths for some mer-MX3(PMe2Ph)3 complexes. 

M-X WOCl2 WCl3 WCl3 IrCl3 .a IrCI b 3 

ref. 104 ref. 104 ref. 107 ref. 106 ref. 106 

Clltrans 1.752(4) (W-O) 2.342(4) 2.295(2) 2.363(1) 2.359(1) 

C12trans 2.493(2) 2.423(4) 2.437(1) 2.368(1) 2.364(1) 

C13cis 2.478(3) 2.428(5) 2.441(1) 2.439(1) 2.434(1) 

.a First molecule in the asymrnteric unit. b Second molecule in the asymrnteric 
unit. 

A recent crystal structure of mer-WCI3(PMe2Ph)3 reported two normal and one 

unusually long W-CI bond length for this compound (Table 41).107 The synthesis of 

this complex by the simple reduction of WCI4(PMe2Ph)3 using elemental zinc in 

tetrahydrofuran was encouraging. Monomeric tungsten(Un compounds are rare due 

to their propensity for the formation of metal-metal bonds.123 Some of the few 

other examples are mer-WX3(pY)3 (X = CI, Br; py = pyridine),I24a mer

WCI3(PMe3)3,64 and LWCI3- (L = (HB(pz)3}",I24b (HB(Me2Pz)3}" 124~. The 

structure of WCI3(PMe2Ph)3 confIrmed its meridial coordination geometry. It was the 
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W -CI bond length trans to chlorine and not the W -CI trans to phosphorus that had the 

shorter value. This is exactly consistent with the bond length versus compositional 

disorder effects of the homologous MoOCI2(PMe2Ph):fMoCI3(PMe2Ph)3 mixtures 

modelled in Chapter III and described by Parkin et al .. 46 The more than 0.1 A 

difference between the short W -CI length and the other two W -CI bond lengths was 

certainly within the magnitudes of differences in structures of similar compositionally 

disordered materials.46 Regarding their IH NMR of the paramagnetic mer

WCI3(PMePh)3' Hills et al. remarked, "[It] shows sharp, shifted peaks which we could 

not assign." This system appeared to be a case of compositional disorder analogous 

to that observed in the MoOCI2(PMe2Ph):fMoCI3(PMe2Ph)3 mixtures. 

Parkin et al. and the original investigators of the mer-WCI3(PMe2Ph)3 structure, 

set out to reinvestigate the unusual W-CI bond length in this material. 104 Following 

the synthesis of cis,mer-WOCI2(PMe2Ph)3 they studied the NMR (IH and 31p) of this 

and the original mer-WCI3(PMe2Phh complex.104 It became apparent that the original 

31p NMR spectrum (-155.19 and -164.62 ppm; 2:1, respectively) reported for 

WCI3(PMe2Phh was identical to (and due solely to) that observed for the diamagnetic 

WOCI2(PMe2Ph)3' No reasonable 31p spectrum could be obtained for pure 

WCI3(PMe2Ph)3 due to the close proximity of the 31p nuclei to the paramagnetic 

tungsten(III) center.104 The "sharp, shifted peaks" of the original WCI3(PMe2Ph)3 IH 

spectrum were also due to WOCI2(PMe2Ph)3; these were the methyl resonances of 
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WOCI2(PMe2Ph)3 shifted from the values in the pure W(IV) complex (Bppm: 1.92, 

triplet; 1.67, triplet; 1.31, doublet). Pure WCI3(PMe2Ph)3 did show two upfield IH 

resonances at -24.7 and -16.4 ppm (2:1, respectively) assignable to the methyl protons 

of the complex. Thus it was shown spectroscopically that the original WCI3(PMe2Ph)3 

material suffered from contamination by the W(IV) complex, WOCI2(PMe2Ph)3' 

In addition to structurally characterizing WOCI2(PMe2Ph)3' Parkin et al. also 

reinvestigated the data collected from the original crystal of WCI3(PMe2Ph)3.104 The 

latter structure confirmed the cis,mer geometry of the complex and gave bond lengths 

expected for WOCI2(PMe2Ph)3; however, the W-O bond length of 1.752(4) A 

appeared long, likely due to some compositional disorder with WCI3(PMe2Ph)3 

(Table 41).104 A composite model was next applied to the original WCI3(PMe2Ph)3 

X-ray data. The disordered {CI, O} site refined to 79% CI and 21 % 0, but the 

respective W -CI and W -0 bond lengths still were not exactly those seen in the pure 

materials. Parkin et a1. went on to note their inability to obtain WOCI2(PMe2Ph)3 

completely free of contaminating WCI3(PMe2Ph)3.104 This reinvestigation of the 

original structure of WCI3(PMe2Ph)3 is just one more example of the effects of 

compositional disorder on metal-ligand bond lengths derived from single crystals. 

One note to the original structural study of WCI3(PMe2Ph)3 was the comparison 

by Hill et aI. of other similar MX3(PMe2Ph)3 (M = Re, Os, Ir) complexes.107 In 

describing their apparent short W -CI bond length, they noted that for theirs and these 
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other metal complexes, the M-CI length trans to a chlorine was consistently shorter 

than the M-Cllength trans to a phosphine. In hindsight one could wonder whether the 

rhenium, osmium, and iridium examples also suffer from compositional disorder with 

a related oxo-metal(IV) species. For iridium, whose terminal-oxo chemistry is rare, 

the implications would be significant. 

One practical feature of what appears to be the facile cocrystallization of 

paramagnetic WCI3(PMe2Ph)3 with diamagnetic WOCI2(PMe2Ph)3 is the use of these 

materials for single crystal EPR measurements of the tungsten(III) species. Of the few 

known examples of tungsten(III) monomers, no EPR spectra have been reported. The 

spin only magnetic moments (3.3-3.5 BM) of these mer-MX3L3 (M = Mo, X = CI, L 

= PMe2Ph; M = W, X = CI and Br, L = PMe2Ph and pyridine) complexes all indicate 

as = 3/2 ground state. The magnetically dilute solid solutions of MCI3(PMe2Ph)3 (M 

= Mo, W) in their corresponding diamagnetic MOCI2(PMe2Ph)3 lattices are ideal for 

studies of the EPR spectra of these group 6 metal (III) complexes. 

[MoO(OH2)(CN)4r2 Distortional Isomers 

The last example to be discussed is the proposed distortional isomers system of 

bi ue trans- [AsPh4 h[MoO(OH2)(CN)41 '4H20 and green trans

[PPh4h[MoO(OH2)(CN)4]·4H20. Two different terminal Mo=O bond lengths were 

observed in the complex anions of the above compounds leading to the classification 
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Figure 81 Several proton related fonns of trans-tetracyanomolybdate anions. 

of these two materials as distortional isomers (Table 42).23 Strictly speaking, if 

distortional isomers exist, two such isomers should have identical molecular fonnulas 

to help rule out solid state effects as the cause of the bond length differences. A 

discussion of these and some other tetracyanometalate complexes will be helpful in 

reconsidering distortional isomerism in these molybdenum complexes. 

Tetracyanometalate complexes have been reported for several transition metals 

(Os118, W l25, MOl 26, Re l27). Common to all of these is a trans coordination 

geometry about the metal center as in Figure 81. Studies of the molybdate examples 

illustrated the moderately strong basicity of the anions [Mo02(CN)4r4 and 

[MoO(OH)(CN)4r3; pKal = 10.9 and pKa2 = 12.2 for [MoO(OH2)(CN)4r2 (see also 

Figure 82).l26a.b Both of the fonner anions are sufficiently basic to fix atmospheric 

carbon dioxide as carbonate. l26b It is clear from Figure 82 that more than one 

molybdate species may be present in a given solution. The diprotonated fonn, 

[MoO(OH2)(CN),J-2, was at fIrst fonnulated as [Mo(OHh(CN),J-2, the dihydroxo 

anion. l26a Later, this species was refonnulated as the oxo-aquo anion on the basis of 



Table 42 Structural characteristics of several tetracyanometalate complexes. 

anion cation(s) 'nH2O compound M-O M-°lIx avg. M-C v(M=O) structure 

I 
n= color (A) (A) (A) (em-I) reference 

I 
MoO(CNh-3 (PPh4"13 7 1.705(4) 2.173(6)~ 920 23 green --
Mo02(CN)4 -4 (Na"1(K"13 6 red-violet 1.834(9) --- 2.205(13) 850 126c 

Re02(CN)4-3 (K"13 0 orange 1.781(3) -- 2.135(3) 2 12Th 

MoO(OH)(CN)4 -3 Cr(enh+3 1 blue 1.698(7) 2.077(7) 2.18(1) 90Q£ 126~ 

MoO(OHz}(CN)4-2 (AsPh4"12 4 blue 1.60(2) 2.48(3) 2.19(3) 9~ 23 

(PPh4"12 4 green 1.72(2) 2.96(6) 2.14(4) 9~ 23 

Pt(enh+2 2 blue 1.668(5) 2.271(4) 2.158(7) I: 126b 

ReO(OH~Elr4-2 (NEt4"12 0 red 1.71(4) 2.32(4) --- 1005 127c 

~ Mo-C (trans to MO=O) = 2.161(6) A. 2 Not reponed (ref. 127a). £ 937 em-I, (Na~ salt; 915 em-I, (K"13 salt (ref. 126d). 
!! 980 cm-1 in blue [AsPh4][MoO(OH~(CN)4] . 9H20 (ref. 23) ~ 980 cm-1 in blue [PPh4][MoO(OH~(CN)4] . 9H20 (ref. 23) 
! Mo site refmed as two half Mo atoms centered along the O-Mo-O axis; MOo.S-Mo05 = 0.428(8) A. I: Not reported (ref. 126b). 
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Figure 82 Mole fractions of three proton related forms of Mo02(CN)4 as a function 
of pH. 

its structural and dibasic properties. A dihydroxo coordination geometry should show 

fairly equal Mo-OH bond lengths; however, structural analysis of compounds like 

[Pt(en)][MoO(OH2)(CN)~ . 2H20 (Table 42) gave very different Mo-O bond lengths 

for the two oxygens bound to molybdenum, more typical of an unsymmetrical 

aquooxomolybdenum unit. These bond lengths are the only indicator of an 

aquooxomolybdenum unit from X-ray diffraction studies, where resolution of the 

protons bound to the oxygen atoms is at the limit of typical experimental uncertainty. 



Table 43 Electronic spectral data of several tetracyanomolybdates. 

I anion cation 'nH ° 2 color Amax (nm) conditions ref. II 

MoO(CN)5-3 (PPh/)3 7 green 390,680 solid stateR 23 

(AsPh/)3 7 turquoise 380,680 solid stateR 23 

Mo02(CN)4 -4 --- --- red 594 KOH(aq)12 126a 

--- --- 520 (28)k aq. solution 126b 

MoO(OH)(CN)4-3 --- --- blue 596 Na2C03(aq) d 126a 

--- --- 595 (42)k aq. solution 126b 

(K+)3 3 585 nujol mull 126d 

(Na+h 0 585 nujol mull 126d 

(Na+)3 4 600 nujol mull 126d 

MoO(OH2)(CN)4-2 --- --- blue 609 aq. phosphate 126a I 
buff., pH 7.10 

126b I --- --- 610 (42.5)k aq. solution 

(AsPh/)2 9 400,620 solid stateR 23 

(PPh/) 2 4 green 400,680 solid stateR 23 

R Emission spectra, BaS04 as white-standard. 12 Mole fraction of this species = 0.89, pH = 13.62. k Molar 
absorptivity (liter.mor1·cm-1) d Mole fraction of this species = 0.90, pH = 11.67. 
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With this background, the blue and green isomers of the anion 

[MoO(OH2)(CN)4r2 will now be considered. The reported synthesis23 of the two 

fonns is inconsistent with the preparation of the [MoO(OH2)(CN)4r2 anion. Both blue 

[AsPh4][MoO(OH2)(CN)41 . 4H20 and green [PPh4][MoO(OH2)(CN)41 . 4H20 were 

produced by the action of 0.1 M KOH(aq) on the precursor, Cs2H[MoO(CN)s], in the 

presence of the appropriate counter-ion [(AsPh4)CI and (PPh4)CI, respectively]. Under 

the reaction conditions employed, hydrolysis of the pentacyano precursor in 0.1 M 

KOH (pH = 13) would most likely yield a mixture of the mono- and unprotonated 

anions of [Mo02(CN)4r2 (Figure 82). No appreciable quantities of the oxo-aquo 

species should be expected from such a basic medium. If the material actually isolated 

from the reported preparation differs by even a single proton, the numbers of cations 

in the solid will be different in the fmal product. The anions [Mo02(CN)4]-4, 

[MoO(OH)(CN)4r3, [MoO(OH2)(CN)4r2 require four, three, and two monocations, 

respectively. Other than the large tetraphenyl cations, there are also Cs+ and K+ ions 

available in the solution to fonn neutral salts with the complex anions. That the 

structures of the blue and green isomers of the [MoO(OH2)(CN)~-2 anion are 

isomorphous (values for blue isomer (and green values in parantheses): P2}/n; a = 

15.624 (15.649), b = 20.030 (19.938), c = 16.949 (16.668) A, ~ = 101.30 (l01.4); 

(values for green»23 is, however, good evidence that these two materials do not have 

different numbers of ions in their respective lattices. The color and electronic 
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spectrum (Table 43) of the green form resemble those observed for the precursor anion 

in the complex [PPh4h[MoO(CN)sl . 7H20.23 Likewise, v(Mo=O) of the green 

isomer was assigned to the same frequency (920 cm- I ) as was found in this complex 

of the pentacyano anion (Table 42). 

No single explanation accounts for the bond length differences between blue 

[AsPh~2[MoO(OH2)(CN)41 . 4H20 and green [PPh~2[MoO(OH2)(CN)~ . 4H20. 

Their synthesis suggests that both could be mixtures of [Mo02(CN)4r4 and 

[MoO(OH)(CN)~-3, but the balance of charge is upset by this assumption. There was 

also spectroscopic evidence for some [MoO(CN)sr3 in the green form. A mixture of 

these three anions could account for the long bond lengths of the green form through 

compositional disorder. For example, the long terminal Mo-O length of [Mo02(CN)~-4 

and the shorter lengths in [MoO(OH)(CN)4r3 and [MoO(CN)sr3 (Table 42) could give 

the value in the green isomer as a crystallographic average. If the green form does 

contain some [MoO(CN)sr3 as its characterizations suggest, then why are there no 

similar observations seen in the blue form, which was isolated from an analogous 

preparation, and whose bond lengths and spectra are consistent with other 

[MO(OH2)(CN)~-2 complexes (Table 42 and Table 43)? Whatever the cause, 

structural data of the blue and green isomers are not conducive to further extrapolation 

due to the low accuracy to which the blue and green isomers structures were refined 

(Rw = 11.5, blue; 13.5, green).23 
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General Conclusions 

Several salient points from the above discussions are worth restating. They not 

only apply to the synthesis, spectroscopic, and structural characterizations of the 

compounds just discussed, but these points also relate to other transition metal 

complexes yet to be characterized. Phosphines are versatile compounds; in sufficient 

quantity they can be both a reducing agent and ligand in a reaction mixture. The 

former characteristic, however, is likely the cause of three of the mixtures just 

discussed--violet IRe(OH)CI3(PEt2Ph)2"' IOsOCI3(PPh3h", and the distortional isomers 

of NbOCI3(PMe3)3' In all of the syntheses leading to these products, there was 

sufficient phosphine present to produce a reduced species devoid of oxygen. For the 

rhenium and osmium examples this was proven through a variety of characterizations 

of the mixture, and for the niobium complexes, this conclusion can be inferred from 

the crystallographic data. What appeared to be straightforward preparations were thus 

proven to be more complicated by the multiple compounds produced in each. Few 

reactions give theoretical yields of the desired products. Occasionally crystals obtained 

from a reaction will be studied prior to any analysis other than a knowledge of the 

intended products of that particular reaction (see box).l28 It is desirable to proceed 

"Because recrystallization failed to give [a] unique product and due to the extreme 
instability of the compound towards atmosphere, no analysis or density determination was 
made, Visual observation showed that the prismatic crystals formed the bulk of the solid 
product,"-Brenele, J. V.; Ceh, B.; Segedln, P. (1980)1288 
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with caution in describing the reactivity or structural characteristics of a product whose 

identity has not been established with certainty. 

Lastly, and most importantly with respect to distortional isomers, is that in the 

niobium system, the bond length anomalies detennined from mixed crystals also 

exhibit the behavior expected from an electronic argument. According to the bond 

lengths observed in these complexes, as the strong field oxygen or sulfur moves further 

(a isomer ~ P isomer) from the niobium center, the chlorines trans to this ligand then 

move closer to the metal, experiencing an increase in the strength of their bonds to 

niobium. All cases of distortional isomers show such a behavior in their bond lengths, 

appearing to provide the isomerism with a chemical argument for its existence. More 

work clearly remains to be done on the niobium systems. Unfortunately for 

distortional isomers, crystallography has shown that even the minor impurities typical 

in many chemical reactions can cause significant deviations in structural characteristics 

so obtained. 
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VI: General Conclusions on Distortional Isomerism 

"The more original a discovery, the more obvious its seems 
afterward."-Arthur Koestler, The Act of Creation (Macmillan) 

Prior to this work there were three common opinions of distortional isomers: 

belief, disbelief, and ignorance of the entire problem. As a result of this and related 

work by other groups the first and last opinions are now less common. To those of 

the second opinion an entire dissertation devoted to refuting distortional isomerism 

may seem superfluous. But chemistry is an incremental science that relies heavily on 

previous work to provide a solid foundation for future studies. This work corrects 

errors in past research concerning distortional isomerism. The results of this 

dissertation have definite implications for other transition metal systems also believed 

to be examples of distortional isomers. 

Synthesis. Many synthetic procedures produce mixtures in varying degrees, so 

that the reactions that led to the preparation of the molybdenum and tungsten 

distortional isomers are not unique in this regard. However, the reactions that 

produced the green "isomers" of this study were well suited for producing mixtures 

instead of single products in high yield. Butcher and Chatt describe this problem in 
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the very paper that served as the beginning of distortional isomerism (see box). As 

stated in Chapter II, Backes-Dahmann and Wieghardt had evidence that their green 

"isomer" was impure (CV, IR) and yet this was not factored into their assignment. 

Chapter IV does show that the electron density at the disordered oxygen site appears 

quite nonna! for green "[LWOCI2]PF6". Despite all of these considerations, the 

suspect materials produced under these conditions were subjected to crystallographic 

analysis which required an interpretation as curious as "distortional isomerism" to 

explain the resultant structural abnonnalities. 

"Neither dimethylphenylphosphine nor triethylphosphine gave crystalline 
products in ... [reaction 1 below] ... perhaps because they caused partial 
reduction to molybdenum(III), so giving a mixture of products." 

MoCI4(NCEt)2 + PR3 in CH2CI2 (20 °C) (1) 

"On further reaction ... [the yellow crystalline products of reaction 2 below] 
pass rapidly through the yellow molybdenum(lIl) stage to form green oxo
molybdenum(IV) species, which cannot be easily separated from the yellow 
materiaL" 

trans-MoCI4(PR3)2 + PR3 in boiling ethanol-benzene (2) 

-Butcher and Chatt (1970)3 

Characterization of the Materials. For the sake of completeness, any 

reinvestigation of distortional isomers must be certain to involve true reproductions of 

the original solids. Sufficient evidence has been given in Chapter II to confinn that 
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the present study did involve authentic examples of these materials. Evidence for the 

composite nature of the unusual green isomer in both the tungsten and molybdenum 

systems was obtained from a series of standard characterization techniques in both the 

solid state and in solution. Some of these were methods that had been applied in the 

original characterizations of the materials, but then the inconsistencies were either 

overlooked or ignored. Each green isomer has been shown unambiguously to be a 

mixture of two or more compounds, and therefore not materials on which to base an 

argument in favor of a subtle form of stereochemistry. 

The characterizations of Chapter IT are complementary, presenting an alternative 

view of the green isomers that is difficult to refute. For example, the chromatographic 

analysis of the green "isomers" worked for the Chatt system, but was at first 

inconclusive for the tungsten green "isomers". However, each of the other experiments 

performed on the tungsten system did confirm that the resultant green material was a 

mixture. This present study illustrates the desirability of approaching a problem from 

several different directions, so that where one method is limited another can still 

provide useful information. 

Crystallography Exonerated. The crystallographic data used to support 

distortional isomerism was not wrong, only the interpretation was. This statement 

effectively summarizes one of most significant points of the present study. The 

experimental electron density derived from the green crystals of the molybdenum and 
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tungsten "isomers" was a true representation of that density within the bounds of X-ray 

crystallography. Relying on the repetitive pattern of millions of atoms in the crystal, 

the crystallography experiment produces an average of the three-dimensional 

arrangement of those atoms. Interpretations of this information are often safe in using 

absolute terms like "bond lengths", "interatomic distances", and "bond angles", because 

for the most part the average atomic positions were derived from a highly ordered 

array. But distortional isomerism is a clear illustration of the limits of X-ray 

crystallography in studies of compositionally disordered crystals. 

A reinterpretation of the crystallography in Chapter IV came only as a result of 

the certain knowledge that the crystals were compositionally disordered. Experiments 

on the bulk samples provided this information. The green crystal of 

"MoOCI2(PMe2Ph)3" used in the present study contained a sufficient quantity of 

yellow MoCI3(PMe2Ph)3 to allow some degree of resolution of the disorder in the 

crystal. But at this composition the derived Mo-O bond length was much greater than 

even the length originally assigned to distortional isomerism. That lesser amounts of 

the yellow impurity are all that is required to account for the bond length determined 

for the green "isomer" of MoOCI2(PMe2Ph)3 underscores the problem of compositional 

disorder. Chapter III indicates the effect on the observed M-O distance with changes 

in composition. Even for compositions that significantly affect the M-O distance, the 

thermal parameters of the oxygen atom are not alarming. Parkin et al.52 reiterate this 
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problem in their studies of Zn-X distances for mixtures where X = CI, I, CH3. For the 

tungsten green "isomer", the original experimental electron density at the oxygen atom 

site gives no indication of any kind of disorder, and yet a disordered model (fewest 

parameters of all applied) gave the best fit to the observed data (Chapter IV). 

Can any bond length derived from crystallography therefore be believed? X-ray 

crystallography has been and will continue to be the structural technique of choice, but 

as the work presented here shows, it should not be employed to the exclusion of other 

methods of chemical analysis. The problem of distortional isomerism illustrates that 

information derived from a single crystal should not supplant standard characterizations 

of the bulk material. More than for any other characterization technique, the weight 

given to information derived by X-ray diffraction studies of single crystals is a 

dominant factor in describing the particular molecular properties or even chemical 

reactivity of a molecule. However tempting a newly derived bond length may be in 

leading to a desired answer, the problem of distortional isomerism suggests the need 

to first ascertain the statistical significance of that bond length before proceeding with 

an assignment. Cases in point are M-O and M-N bond lengths. Numerous 

determinations have been performed of the former but only a few for the latter. 

Presently, the statistical significance of a derived terminal Mo-O distance, for example, 

can be more easily determined than for a particular terminal Re-N distance. Therefore 

there is an inherent responsibility in recognizing this fact for the Mo-O distance, and 
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appropriate caution should be included in discussing a tenninal Re-N distance. The 

work of Nugent and Mayer 1 5, 16 has been invaluable in providing the means of carrying 

out such a statistical critique. 

Is a derived chemical bond an accurate gauge of the purity of a material? The 

models of Chapter III provide a means of testing the effects of compositional disorder 

on derived bond lengths at a particular level of resolution. Their validity for real 

examples of crystallography is upheld in the excellent agreement of the MoOel2 + 

MoCl3 models and the experiments of Parkin et al.. For cases involving statistically 

well represented bonds like Mo-O, gross deviations of this bond from typical values 

in a particular structure may be an indication of the compromised integrity of the 

material. Impurities undetectable by NMR, for example (witness the original 60 MHz 

IH NMR of "green MoOCI2(PMe2Ph)3"), may show up in extremely suspect bond 

lengths of an X-ray structure determination. However, even a pure material can give 

anomalous bond lengths due to pronounced rotational disorder. Therefore, X-ray 

crystallography is not infallible, it is merely another physical method for characterizing 

a particular material. 

Mixed Crystals. Crystallization is usually a purifying process, and yet 

recrystallization of green "MoOCI2(PMe2Ph)3" returns green, apparently homogeneous, 

crystals. One can envision a free energy change (L\Gcryst) associated with the 

crystallization process: 
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.1Gcryst = Micryst - T .1Scryst 

The enthalpy (Micryst) contains contributions from intennolecular interactions as well 

as intramolecular confonnational energies. Now consider the case of blue 1 and 

yellow 3 that are known to easily cocrystallize, or the mixture, green 5. Each 

molecule contains three bulky meridional dimethylphenylphosphine ligands or a cyclic 

amine. The experimental molecular volumes for blue 1 and yellow 3 (699.4 and 703.8 

A 3 per molecule, respectively) differ by less than 1 %. A similar argument could be 

made for the sizes of the components in crystals of green 5 (Chapter III). For 

example, [LMoBr3]PF6 109 and [LWOCI2]PF6 (blue)9 are isomorphous despite their 

considerable chemical differences. Most of their molecular volumes are due to the 

bulky organic ligands, so there may be little difference in polarity between cis,mer

MoOCI2(PMe2Ph)3 (blue 1) and mer-MoCI3(PMe2Ph)3 (yellow 3) or between 

LWOC12+ and LW02CI+. Similar ligand features have been used to explain rotational 

disorder in M(E)CI3(OPPh3h (M = Mo, E = 0; M = W, E = 0, S).58.111 Therefore, 

it is proposed that the ~st contributions of the respective trisphosphine or 

triazacyclononane molecules are similar, and that the increased entropy (.1Scryst) 

afforded by the cocrystallization of the components of green 5 or blue 1 and yellow 

3 in respective crystals of green 5 or green 2 provides the thennodynamic driving 

force129 for the ready formation of the compositionally disordered crystals that were 

assigned as distortional isomers. 



VI: General Conclusions 288 

It should be noted that for the systems investigated in this research, the minor 

yellow mer-MoCI3(PMe2Ph)3 component (3) in blue cis,mer-MoOCI2(PMe2Ph)3 (1) 

alters the color of the mixed crystal to green and evidences itself as a paramagnetic 

component in the IH NMR samples. Similarly, the clear difference in color between 

blue 4 and green 5 and the paramagnetic signature of blue 4 (EPR and NMR) facilitate 

characterizing green 5 as a mixture. Other compositionally disordered crystals may 

exist for systems in which both components have the same color and are in the same 

magnetic state.52,130 Such disordered systems can be extremely difficult to detect, 

but could have a profound effect on the current understanding of metal-ligand distances 

detennined from X-ray crystallography. 

Most importantly, it has been demonstrated here that the unusual properties of 

the green "isomers" of MoOCI2(PMe2Ph)3 and [LWOCI2]PF6 are artifacts of 

compositional disorder and not a novel form of stereochemistry. The need for caution 

in interpreting results of X-ray diffraction experiments has been emphasized by this 

reinvestigation of the problem. Whether true distortional isomers in transition metal 

systems will ever be found is the subject of some debate. Hoffmann et al. provided 

a recipe for arriving at such examples through modulation of 1t overlap effects in metal 

complexes;2 however, Song and Hall have suggested that the work of Hoffmann 

overemphasizes these effects.47 Song and Hall go on to point out that distortions of 

transition metal complexes can be accomplished through changes in the spin state of 



VI: General Conclusions 289 

the metal. TyPically these distortions do not involve the strongest coordinate in the 

metal, like the terminal M-E bonds of distortional isomers. The problem of 

distortional isomerism has provided fruitful theoretical investigations of these kinds of 

bonds (very much a part of the chemistry of most metals), and the balance of their 

interactions in metal complexes. If true distortional isomers are ever discovered this 

present reinvestigation provides the criteria that they must meet in order to earn a place 

in chemical orthodoxy. 
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Appendix A: Programs 

Presented below are descriptions of the programs NICLIN and SCFPD. In 

addition this appendix includes, as an example, an outline of the procedure used to 

model the compositional disorder of WOCliW02CI discussed in Chapter III. 

Program NICLIN 

This section describes program NICLIN, designed to generate a complete series 

of Miller indices, {hkl}, bounded by a particular range of e. Listed below are 

definitions of pertinent variables used in the program and a description of the 

program's order of operations. This program is an adapted version of the SDP data 

reduction program, NICSYN. In some places, extraneous code from NICSYN is still 

present. Most importantly, the code that fonnatted the writing of individual reflections 

to the file refl.foa was not changed. 

Currently the program only writes positive {hkl} and therefore is limited to cases 

involving a minimum of orthorhombic symmetry. Slight adaptations of the counter 

loop variables at 150 in the code will allow the inclusion of negative {bId} and thereby 

make NICLIN useful for monoclinic systems as well. 
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Variable Definitions 

These definitions mostly involve variables unique to NICLIN. 

DEGMIN = 8min (in degrees) 

DEGMAX = 8max (in degrees) 

THMIN = 8min (in radians) 

THMAX = 8max (in radians) 

STLN = (sin8min)/A 

STLX = (sin 8max)/A 

HMIN, HMAX = minimum and maximum values of the Miller indice "h" 

KMIN, KMAX = minimum and maximum values of the Miller indice "k" 

LMIN, LMAX = minimum and maximum values of the Miller indice "1" 

HX, LX, KX = HMAX + 1, LMAX + 1, KMAX + 1 

NICLIN calculates the values of HMIN and HMAX (etc.). The 

values are close to but not necessarily integer values. 

IHMAX, IHMIN = the nearest integer value of "h" 

IKMAX, IKMAX = the nearest integer value of "k" 

ILMAX, ILMAX = the nearest integer value of "1" 
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NICLIN: Order of operations 

1. Read in Smin and Smax (in degrees). 

2. Convert Smin and Smax (degrees) to values in radians. 

3. Calculate: ~in' ~ax' lmin' ~ax' ~in' ~ax' 

4. Convert ~ax' ~ax' ~ax to next highest integer. 

5. Generate all possible {hkl} from {~in~in~} to {~ax~~ax}' 

6. Write generated {hkl} to refl.foa subject to the constraint: 

(sin9min)IA. ~ (sin9hkl)IA. ~ (sinSmax)1A 
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NICLIN Program code 

C PROGRAM NICLIN 
C 
C UPDATED 7-17-90 
C An adapted version of N ICSYN to generate a series of artificial hkl 
C reflections (Fobs=O) to be used in models based on Fcalc. This program 
C generates a complete set of reflections for the associated value of theta. 
C NICLIN only writes positive hkl: applicable only for orthorhombic systems. 
C 
C PREREQUISITE: struc.nme 
C 
C INPUT: minImax theta in degrees 
C 
C OUTPUT: all reflections that satisfy SINL minImax criteria 
C 
C Original NICSYN version from: 
C B. A. FRENZ & ASSOCIATES, INC., COLLEGE STATION, TEXAS 77840 
C AND ENRAF-NONIUS, DELFT, HOLLAND 
C 
C OUTPUT FILE IS REFL.FOA 
C 
()****************** ••• ********** •••• ************.********** ••• *.****.******.***~ 

LOGICAL *1 TODAY(9),NOW(8} 
LOGICAL*1 HEADP(2}, LlNEP(2}, CC, SSPACE, PEJECT 
REAL PI, STLN, STLX, THMAX, THMIN, DEGMAX, DEGMIN, HMAX, KMAX, 

LMAX 
REAL HMIN, KMIN, LMIN, HX, KX, LX, SIGF, SIGIN 
CHARACTER*1 ANSR 
INTEGER FOA, KA, KB, KC 
INTEGER*2 IHMAX,IKMAX,ILMAX, IHMIN, IKMIN, ILMIN 
DIMENSION BUFFER(128},REFDT(1S} 
DIMENSION TITLE(1S},FTBL(9,32},F(9},NTYPE(9}, FPRIME(9}, 
1 NOSTD(15},FOBSTD(15},KH(15},KK(15},KL(15},INDATA(192},DIFR(2} 
DIMENSION IDATA(32},IPRT(1S},IPROF(9S} 
DIMENSION INCMT(2}, LUN(2} 

COMMe >JlADLNSC/LlNES,NPDISK,NPTERM,LCOUNT,NPAGE,HEADP,LlNEP,CC 
COMMON HKL,FOBS,SINL,FLP,SIGF,WTG,FLPSI,F 
EQUIVALENCE (LR,LUN(1}},(LO,LUN(2)} 
EQUIVALENCE (REFDT(1},HKL) 
DATA IPRT /'0','1 ','2','3','4','5','S','7','8','9','A', 
2 'B','C','D','E','F'I 
DATA DUM,F,FPRIME 119*0.01 



C 

DATA APPEND,BASE,SCANRT /1.0,2*0.0/ 
DATA NRCOM,NSEQ,NSTART /-1,0,1/ 
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DATA IHMIN,IKMIN,ILMIN,IHMAX,IKMAX,ILMAX /3*100,3*-1001 
DATA FAV,FLPSI,FOMAX,SINMAX /4*0.0/ 
DATA FOA,U,MASTER 12,5,31 
DATA LUN / 6,5 I, SSPACE / ' , /, PEJECT 1'1' I 
CALL ERRSET(64,.TRUE.,.FALSE.,.FALSE.,.TRUE.,31) 
CALL ASSIGN (MASTER,'ENO:STRUC.NME;1') 
DEFINE FILE MASTER (200,32,U,IFL3) 
CALL FDBSET (MASTER,'READONL Y') 

C READ INFORMATION FROM STRUC.NME FILE. 
C 

READ (MASTER'1) TITLE 
READ(MASTER'2) A,B,C,COSA,COSB,COSC,AS,BS,CS,COSAS, 
COSBS,COSCS, 
2 DUMM,DUMM,DUMM,WAVE 
READ(MASTER'3) NTBL,NATOM,NCENT,NEQV,NENT,NREF,NLATT, 
2 (NTYPE(I),1=1 ,NTBL) 
IFL3=29 
DO 20 1=1,NTBL 
READ(MASTER'IFL3) (FTBL(I,J),J=1, 16) 
READ(MASTER'IFL3) (FTBL(I,J),J=17,32) 
DO 10 J=1,32 
IF(FTBL(I,J).GT.O.O) FTBL(I,J)=1.0/SQRT(FTBL(I,J)) 

10 CONTINUE 
20 CONTINUE 

C 

READ(MASTER'47) (FPRIME(I),DUMMY,I=1,8) 
READ(MASTER'60) IDIFRT,ITECHN,IPOS,MODE,MNPI,NREFL,NGT1, 
2 NGT2,NGT3,NUNOB,NSTD,KSTD,I,I,ATN 
READ (MASTER'100) NCDISK,NCTERM,NPDlSK,NPTERM, LINES 
CALL CLOSE(MASTER) 
IF(NPDISK.EQ.O.AND.NPTERM.EQ.O) STOP '- NO OUTPUT REQUESTED' 
WRITE (LO,1200) 

C CHECK IF THIS DATA IS TO BE APPENDED TO PREVIOUS FILE. 
C 

IF(NREFL.LE.O) GO TO 40 
WRITE (LO,1220) 
CALL ANSWR (APPEND,LI) 
IF(APPEND) 30,30,40 

30 NGT1 =NGT1-NGT3 
NGT2=NGT2-NGT3 
NGT3=NGT3+KSTD 



NSTART =NREFL+ 1 
GO TO 50 

40 ITECHN=O 
IPOS=O 
KSTD=O 

C MODE=1 

C 

NREFL=O 
NGT1=0 
NGT2=0 
NGT3=0 
NUNOB=O 
ATN=O.O 

C GET 2 THETA{MONOCHROMATOR). 
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C D=3.354 ANGSTROMS FOR GRAPHITE 0 0 2 REFLECTION. 
C 
50 CSMON=1.0-0.044447*WAVE*WAVE 

CSMON2=CSMON*CSMON 
C 
C PERF=O.O IMPLIES IDEALLY IMPERFECT MONOCHROMATOR. 
C PERF=1.0 IMPLIES IDEALLY PERFECT MONOCHROMATOR. 
C 

PERF=0.5 
C 
C R=RATIO OF SCAN TIME TO BACKGROUND COUNTING TIME. 
C 

C 

R=2.0 
RR=R*R 

C WHAT TYPE OF DIFFRACTOMETER WAS USED? 
C 
60 IF{APPEND.EQ.O.O) GO TO 80 

MODE=O 
IDIFRT=2 

C 
C QUESTIONS ABOUT SYNTEX DIFFRACTOMETER. 
C 
80 LPROF=O 

NWORDS=124 
IF{IERR.NE.O) CALL MTERR{IERR) 

C 
85 CALL ASSIGN (4, 'ENO:STD.FOA;1') 

DEFINE FILE 4 (5000,12,U,IFL3) 
CALL FDBSET (4,'UNKNOWN') 



Appendix A 296 

IF (APPEND.EO.1.0) CALL OPENWB (FOAIIERRI'ENO:REFL.FOA;1',14,IFLB) 
IF (APPEND.EQ.O.O) CALL OPENMB (FOA,IERR,'ENO:REFL.FOA;1',14,IFLB) 
LASTB=O 

c 

NEND=O 
CALL CLOSE{LO) 
CALL DATE (TODAY) 
CALL TIME (NOW) 
CALL ASSIGN (LR,'ENO:NICLlN.OUT;1') 
CALL FDBSET (LR,'UNKNOWN') 
INCMT(1)=1 
INCMT(2)=1 
IF(NCDISK.EO.80) INCMT(1)=2 
IF(NCTERM. EO.80) INCMT(2)=2 

C INITIALIZE LINE AND PAGE COUNTERS. 
C 

CC 

LCOUNT=O 
NPAGE=1 

C Request for ranges of theta 
C 
90 PRINT *, 'What is the minimum value of theta?' 

READ *, DEGMIN 
PRINT *, 'What is the maximum value of theta?' 
READ *, DEGMAX 
PRINT *, 'Theta min =', DEGMIN 
PRINT *, 'Theta max =', DEGMAX 
PRINT 1000 

1000 FORMAT(,$OK? (Y,N):') 
READ' (A1) I, ANSR 

C 

IF (ANSR.EO.'Y'.OR.ANSR.EO.'y') THEN 
GO TO 100 
ELSE 
GO TO 90 
END IF 

C Calculation of sin theta/lambda min and max 
C 
100 PI=3.14159265358979 

C 

THMIN={PI/180)*DEGMIN 
THMAX=(PI/180)*DEGMAX 
STLN=(SIN(THMIN»IWAVE 
STLX={SIN{THMAX»IWAVE 



C Calculation of hkl min and max 
C 

C 

HMIN=(2*(STLN))/AS 
H MAX=(2* (STLX))I AS 
KMIN=(2*(STLN))/BS 
KMAX=(2*(STLX) )/BS 
LMIN=(2*(STLN))/CS 
LMAX=(2* (STLX))/CS 

C Convert real hkl min and max to next highest integer 
C 

C 

HX=HMAX+1 
KX=KMAX+1 
LX=LMAX+1 
IHMIN=HMIN 
IKMIN=KMIN 
ILMIN=LMIN 
IHMAX=HX 
IKMAX=KX 
ILMAX=LX 

118 CALL ADDLNS (2,0) 
DO 140 NDEV=1,2 

C 

IF(.NOT. LlNEP(NDEV)) GO TO 140 
IF(NDEV.EQ.1) NC=NCDISK 
IF(NDEV.EQ.2) NC=NCTERM 

C PRINT OUT HEADER. 
C 

LP=LUN (NDEV) 
WRITE (LP,1200) TODAY,NOW,TITLE 
IF(IDIFRT.EQ.2.0R.IDIFRT.EQ.5) GO TO 120 
IF(MODE.EQ.O) WRITE (LP,1360) 
GO TO 130 

120 IF(IDIFRT.EQ.2) WRITE (LP,1380) 
IF(IDIFRT.EQ.5) WRITE (LP,1390) 

130 IF(IDIFRT.EQ.6) WRITE (LP,1395) 
IF(NWORDS.EQ.124.AND.IDIFRT.NE.5) WRITE (LP,1400) 
IF(NWORDS.EQ.124.AND.IDIFRT.EQ.5) WRITE(LP,1414) 
WRITE (LP,1420) 
IF(IDIFRT.NE.6) WRITE (LP,1430) 
WRITE (LP,1440) 
IF(NC.EQ.132) WRITE (LP,1450) 
IF(NC.EQ.80) WRITE (LP,1451) 
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140 CONTINUE 
C 
C GET FOBS, FSIG, F'S, ETC. 
C 
C Initialize values of h,k,l = 0 
C 
145 IH=IHMIN 

C 

IK=IKMIN 
IL=ILMIN 

C Generation of h,k,l values from 0,0,0 to M,M,M 
C 
150 DO 386 KA= IHMIN,IHMAX 

IH=KA 

C 

DO 384 KB= IKMIN,IKMAX 
IK=KB 

DO 382 KC= ILMIN,ILMAX 
IL=KC 

GO TO 216 

216 SIGI=SQRT(CI+2*FBCK) 
FITOT =CI+FBCK 
FBCK1 =FBCKl2. 
FBCK2=FBCK1 
SCALE=1.0 
AH=IH*AS 
BH=IK*BS 
CH=IL*CS 
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STHOL=0.25*(AH* AH+BH*BH+CH*CH)+0.5*(BH*CH*COSAS+CH* AH*COSBS+ 
1 AH*BH*COSCS) 
SINL=SORT(STHOL) 
STH=SINL*WAVE 
SSQ=STH*STH 
CSQ=1.0-SSQ 
CSQ=(CSQ-SSO)**2 
STH=SORT(1.0-CSO} 

C 
C Check SINL against SINL minimax criteria 
C If SINL < (OR) = STLX or SINL > (OR) = STLN write to REFL.FOA 
C ELSE do not write to REFL.FOA 
C 

IF (SINL.GT.STLX.OR.SINL.L T.STLN) THEN 
GO TO 382 

ELSE 



C 

GO TO 232 
END IF 

C CALCULATE LP FACTOR. 
C 

GO TO 232 

C EQUATORIAL (PARALLEL, ANTIPARALLEL) MODE 
C FOR MONOCHROMATOR AND TUBE MOUNT. 
C P2( 1) STYLE. 
C 
232 FLP=1 
C 
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C FOBS IS THE OBSERVED STRUCTURE FACTOR AMPLITUDE. 
C SIGF IS THE STANDARD DEVIATION OF FOBS. 
C 
240 FSQ=CI/FLP 

IF(FSQ.GT.O.O) GO TO 250 
FOBS=O.O 
SIGF=SIGI/FLP 
IF(SIGF.LE.O.O) SIGF=1.0 
GO TO 260 

250 FOBS=SQRT(FSQ) 
SIGI=SIGI/FLP 

C SIGF=0.5*SIGI/FOBS 
C 
C CALCULATE F'S 
C 
260 N=2+SINUO.05 

D=(SINL-N*O.05+0.10)/0.05 
DO 270 M=1,NTBL 
F(M)=FTBL(M,N)*D+FTBL(M,N-1 )*(1.0-D) 

270 F(M)=1.0/(F(M)*F(M))+FPRIME(M) 
C 
C CHECK IF DATA COLLECTION WAS RESTARTED. 
C 

IF(IABS(NSEQ).NE.1) GO TO 280 
IF(NREFL.EQ.O) GO TO 280 
CALL ADDLNS (3,0) 
IF(LlNEP(1)) WRITE (LR,1480) CC, NSQOLD 
IF(LlNEP(2)) WRITE (LO,1480) CC, NSQOLD 
BASE=BASE+BASOLD 

280 NSQOLD=IABS(NSEQ) 
BASOLD=SCANTM 



SCANTM=SCANTM+BASE 
C 
C OUTPUT 
C 

IF(NSEQ.LT.O) GO TO 360 
CALL HKLPCK (HKL,IH,IK,IL) 
IF(IH.EQ.O.AND.IK.EQ.O.AND.IL.EQ.O) THEN 

SIGF=1000 
ELSE SIGF=1.0 
END IF 

NREFL=NREFL+1 
WTG=1.0 
IF(FOBS.L T.6.0·SIGF) WTG=O.O 
IF(NTBL.L T.?) F(?)=SCANTM 

C REFDT(8)=2.22 
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CALL WRBUFB (FOA,IERR,IOSTAT,BUFFER,REFDT,16,NREFL,LASTB,NEND) 
IF(IH.GT.IHMAX) IHMAX=IH 
IF(IK.GT.IKMAX) IKMAX=IK 
IF(IL.GT.ILMAX) ILMAX=IL 
IF(IH.LT.IHMIN) IHMIN=IH 
IF(IK.L T.IKMIN) IKMIN=IK 
IF(IL.L T.lLMIN) ILMIN=IL 

CXXX F(0)=22.22 
IF(FOBS.GT.FOMAX) FOMAX=FOBS 
IF(SINL.GT.SINMAX) SINMAX=SINL 
FAV=FAV+FOBS 

CXXX F(0)=22.22 
IF(IDIFRT.EQ.6) GO TO 300 
IF(FBCK1.LE.5.0.0R.FBCK2.LE.5.0) GO TO 300 
BK1 BK2=FBCK1/FBCK2 
IF(BK1 BK2.GT.BKMIN.AND.BK1 BK2.L T.BKMAX) GO TO 300 
F(O)=22.22 
CALL ADDLNS (1,0) 

CXXX F(0)=22.22 ALL ZEROS 
IF(LlNEP(1)) WRITE (LR,1460) 
IF(LlNEP(2)) WRITE (LO,1460) 

CXXX F(0)=22.22 ALL ZEROS 
300 CALL ADDLNS (1,2) 

DO 310 NDEV=1,2 
IF(.NOT. LlNEP(NDEV») GO TO 310 
IF(NDEV.EQ.1) NC=NCDISK 
IF(NDEV.EQ.2) NC=NCTERM 
LP=LUN(NDEV) 
IF(HEADP(NDEV).AND.NC.EO.132} WRITE (LP,1450) 



IF(HEADP(NDEV).AND.NC.EO.80) WRITE (LP,1451) 
IF(NC.EO.132) 
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2 WRITE(LP ,1470)NREFL,IH,IK,IL,FBCK1, FITOT,FBCK2,SCANRT, 
3 FOBS,SIGF ,FLP ,SINL,(F(M),M=1,NTBL) 
IF(NC.EO.80) WRITE (LP,1470) NREFL,IH,IK,IL,FBCK1,FITOT, 
2 FBCK2,SCANRT,FOBS,SIGF,FLP,SINL 

310 CONTINUE 
C 
C PRINT THE PEAK PROFILE, IF PRESENT. 
C 

IF(LPROF.EO.O) GO TO 370 
DO 330 N=1,96 
IF(IPROF(N).GT.1.0) GO TO 320 
IPROF(N)=IPRT(1) 
GO TO 330 

320 ITEMP=ALOG(FLOAT(IPROF(N)))/0.693147 
ITEMP=MINO(ITEMP ,15)+ 1 
IPROF(N)=IPRT(ITEMP) 

330 CONTINUE 
CALL ADDLNS (1,0) 
INC=INCMT(1 ) 
IF(LlNEP(1)) WRITE (LR,1490) (IPROF(N),N=1,96,INC) 
INC=INCMT(2) 
IF(LlNEP(2)) WRITE (LO,1490) (IPROF(N),N=1,96,INC) 
GO TO 370 

340 CALL ADDLNS (1,0) 
IF(LlNEP(1)) WRITE (LR,1500) 
IF(LlNEP(2)) WRITE (LO,1500) 
GO TO 300 

360 KSTD=KSTD+ 1 
WRITE(4'KSTD) NREFL,IH,IK,IL,FOBS,SCANTM 

370 IF(NRCOM.EO.IABS(NSEO)) GO TO 400 
IF(FSO.GT.3.0·SIGI) GO TO 380 
IF(FSO.GT.2.0·SIGI) NGT2=NGT2+ 1 
IF(FSO.GT.SIGI) NGT1 =NGT1 + 1 
GO TO 382 

380 NGT3=NGT3+ 1 
382 CONTINUE 
384 CONTINUE 
386 CONTINUE 
C 
C FIND NO. OF STANDARDS. 
C 
400 NEND=1 
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NREFLO=NREFL+ 1 
CALL WRBUFB(FOA,IERR,IOSTAT,BUFFER,REFDT, 16,NREFLO, LASTB,NEND) 
CALL CLOSEB (FOA,IERR) 
IF(KSTD.EO.O) GO TO 510 
READ (4'1) 1,IH1,IK1,IL1 
NSTD=1 
ISTD=1 

410 NSTD=NSTD+ 1 
IF(NSTD.GT.15) GO TO 430 
READ (4'NSTD) I,IH,IK,IL 
IF(IH.EO.IH1.AND.lK.EO.lK1.AND.IL.EO.IL1) GO TO 420 
GO TO 410 

420 NSTD=NSTD-ISTD 
GO TO 450 

C 
C ERROR IN ORDER OF STANDARDS 
C 
430 IF(ISTD.GT.14) GO TO 440 

ISTD=ISTD+ 1 
READ (4'ISTD) 1,IH1,IK1,IL 1 
NSTD=ISTD+ 1 
GO TO 410 

440 NSTD=3 

C 

CALL ADDLNS (2,0) 
IF(LlNEP(1» WRITE (LR,1520) CC 
IF(LlNEP(2» WRITE (LO,1520) CC 

C PRINT OUT STANDARDS. 
C 
450 CALL ADDLNS (4,0) 

IF(LlNEP(1» WRITE (LR,1530) 
IF(LlNEP(2» WRITE (LO,1530) 
I BOT=-2 
L TOP=NSTD/3 
DO 490 L=1,L TOP 
CALL ADDLNS (4,0) 
IF(LlNEP(1» WRITE (LR,1540) SSPACE 
IF(LlNEP(2» WRITE (LO,1540) SSPACE 
IBOT=IBOT+3 
ITOP=IBOT +2 
IF(NSTD.LT.ITOP) ITOP=NSTD 
DO 480 1=1,KSTD,NSTD 
DO 460 J=IBOT,ITOP 
M=I+J-1 



IF(M.LE.KSTD) GOTO 455 
CALL ADDLNS (2,0) 
IF(LlNEP(1)) WRITE (LR,1520) CC 
IF(LlNEP(2)) WRITE (LO,1520) CC 

455 CONTINUE 
IF(M.GT.KSTD) GO TO 470 
READ (4'M) NOSTD(J),KH(J),KK(J),KL(J),FOBSTD(J) 

460 CONTINUE 
470 CALL ADDLNS (1,4) 

DO 475 NDEV=1,2 
LP=LUN(NDEV) 
IF(HEADP(NDEV)) WRITE (LP,1540) PEJECT 

Appendix A 303 

IF(LlNEP(NDEV)) WRITE (LP,1550) (NOSTD(J),KH(J),KK(J),KL(J), 
1 FOBSTD(J),J=1,ITOP) 

475 CONTINUE 
480 CONTINUE 
490 CONTINUE 

CALL CLOSE(3) 
C 
C PRINT OUT SUMMARY OF DATA. 
C 
510 NGT3=NGT3-KSTD 

C 
C 

C 

C 

NGT2=NGT2+NGT3 
NGT1 =NGT1 +NGT3 

IF(NPDISK.NE.O) WRITE(LR,1560) NREFL,NGT1,NGT2,NGT3 
IF(NPDISK.NE.O) WRITE(LR,1 005) DEGMIN,DEGMAX 
IF(NPDISK.NE.O) WRITE(LR,1 01 0) STLN,STLX 
IF(NPDISK.NE.O) WRITE(LR,1 020) 
IF(NPDISK.NE.O) WRITE(LR,1030) IHMAX,IKMAX,ILMAX 
IF(NPDISK.NE.O) WRITE(LR,1570) KSTD 

IF(NPTERM.NE.O) WRITE(LO,1560) NREFL,NGT1,NGT2,NGT3 
IF(NPTERM.NE.O) WRITE(LO,1 005) DEGMIN,DEGMAX 
IF(NPDISK.NE.O) WRITE(LO,1010) STLN,STLX 
IF(NPDISK.NE.O) WRITE(LO,1 020) 
IF(NPDISK.NE.O) WRITE(LO,1030) IHMAX,IKMAX,ILMAX 
IF(NPTERM.NE.O) WRITE(LO,1570) KSTD 

1005 FORMAT (' Min theta=', F5.2, 10X, 'Max theta=', F5.2) 
1010 FORMAT (' Min SINL=', F7.5, 10X, 'Max SINL=', F7.5) 
1020 FORMAT (3X,'_H_',10X,'_K_',10X,'_L_') 
1030 FORMAT (4X,12,11X,12,11X,12) 
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C 
C WRITE NO. OF REFLECTIONS ON RECORD 3 OF STRUC.NME FILE. 
C 

C 

CALL ASSIGN (MASTER,'ENO:STRUC.NME;1 ') 
DEFINE FILE MASTER (200,32,U,IFL3) 
CALL FDBSET (MASTER,'OLD') 
WRITE(MASTER'3) NTBL,NATOM,NCENT,NEQV,NENT,NREFL,NLATI, 
2 (NTVPE(I),1=1,NTBL) 

C WRITE DATA COLLECTION PARAMETERS ON RECORD 60. 
C 

C 

1=0 
WRITE (MASTER'60) IDIFRT,ITECHN,IPOS,MODE,MNPI,NREFL, 
2 NGT1,NGT2,NGT3,NUNOB,NSTD,KSTD,I,I,ATN 
Z=O.O 
IGRID=8 
WRITE (MASTER'63) IGRID, IGRID, IGRID,(Z,J=1 ,8),FOMAX,SINMAX, 
2 I,I,I,IHMIN,IKMIN,ILMIN,IHMAX,IKMAX,ILMAX 

C WRITE LEAST-SQUARES SETUP PARAMETERS ON RECORDS 54,94,95. 
C 

C 

FAV=FAV/FLOAT(NREFL) 
READ (MASTER'54) P,NA,NV,NO,SHIFTR,R1 ,R2,ERRWT,EXTNCT,CUTOFF, 
2 SCALE,SCALAT,PIVOT,CUTOF2,WTIVPE,SCLFIX,R1 ZERO 
CUTOFF=3. 
PIVOT =FOMAX/3. 
WTIVPE=3. 
WRITE (MASTER'54) P,NA,NV,NO,SHIFTR,R1 ,R2,ERRWT,EXTNCT,CUTOFF, 
2 SCALE,SCALAT,PIVOT,CUTOF2,WTIVPE,SCLFIX,R1ZERO 
READ (MASTER'94) DAMPEN,SFOBS,SNLMAX,SNLMIN,JITER,NAN,NBAD, 
2 NFOUR,NITER,NLS,NMATRX,NOBS,NOCC,NPAR,NPRT,NREJ,NSF,NTQ, 
3 NTOT,NTI,NUNOBS,NWFLAG,NEXTIN,EXTIN,NTUSE1,NTUSE2,NTUSE3 
NOBS=NGT3 
NUNOBS=NREF~NOBS 
WRITE (MASTER'94) DAMPEN,SFOBS,SNLMAX,SNLMIN,JITER,NAN,NBAD, 
2 NFOUR,NITER,NLS,NMATRX,NOBS,NOCC,NPAR,NPRT,NREJ,NSF,NTQ, 
3 NTOT,NTI,NUNOBS,NWFLAG,NEXTIN,EXTIN,NTUSE1 ,NTUSE2,NTUSE3 
READ (MASTER'95) REFDT 
REFDT(1 )=O.8*FOMAX 
REFDT(6)=FAV 
REFDT(7)=FOMAXl3. 
WRITE (MASTER'95) REFDT 
CALL CLOSE(MASTER) 
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C CALL STDPLT TO PLOT STANDARDS ON VERSATEC PRINTER/PLOTTER. 
C 

STOP' - NICLIN - DONE' 
C 
C FORMAT STATEMENTS 
C 
1200 FORMAT{, NICLlN',5X,9A1,5X,8A1I11X,16A4} 
1220 FORMAT{,$Should this data be appended to a previous REFL.FOA 

2 file? '} 
1320 FORMAT{,$OK? '} 
1330 FORMAT(2F10.0} 
1350 FORMAT(17) 
1360 FORMAT{,OSyntex P 1 bar diffractometer.'/'OMonochromator 

2 and tube mount in equatorial mode.'} 
1380 FORMAT{,OSyntex P2(1} diffractometer.'} 
1390 FORMAT{,OSyntex P3 diffractometer.'} 
1395 FORMAT(,OSyntex AD-1 oscillation.'} 
1400 FORMAT{,OTheta - two theta scan technique.') 
1414 FORMAT{,OTheta - two theta or omega scan technique.'} 
1420 FORMAT(1II10X,'Record = Record no. on REFL.FOA file.'1I10X, 

2'H,K,L = Indices.'1I10X,'BK1,BK2 = Left and right background.'11 
310X,'Count = Raw intensity count.') 

1430 FORMAT(/10X,'Scan = Scan rate in deg/min.') 
1440 FORMAT(/10X,'Fobs = Observed structure factor amplitude (correct 

2ed for Lp}.'//10X,'SIGF = Standard deviation of Fobs (corrected 
3 for Lp}.'1I10X,'LP = Lorentz-polarization factor.'1I10X,'SINL 
4 = sin(theta}/lambda.'//10X,'F(I) = Scattering factor for the 
5 I"th atom.'!II} 

1450 FORMAT(,1 Record H K L BK1 Count BK2 Scan Fobs 
2 SIGF Lp SINL (F(I),1=1,NTBL),/' ------ - - -
3 --- ----- --- ---- ---- ---- --
4 ---------------') 

1451 FORMAT(,1 Record H K L BK1 Count BK2 Scan Fobs 
2 SIGF Lp SINL'f ------ - - -
3 --- ----- --- ---- ---- ---- -- ----'} 

1460 FORMAT(, ···ASYMMETRIC BACKGROUND FOR NEXT REFLECTION···') 
1470 FORMAT(16,314,F7 .0,F8.0,F6.0,F7.2,2F8.2,F6.2,F8.4, 1 X,9F6.2) 
1475 FORMAT(16,314,F7.0,F8.0,F6.0,F7.2,9F6.2} 
1480 FORMAT(A11' ••• DATA COLLECTION RESTARTED AFTER NO.',15,' ••• '1) 
1490 FORMAT(6X,96A1) 
1500 FORMAT(, ···ERROR IN NEXT REFLECTION···'/) 
1520 FORMAT (A1/, ···ERROR IN ORDER OF STANDARDS···') 
1530 FORMAT(I'OStandard Reflections'f -------- -----------') 
1540 FORMAT(A1113(3X,'No H K L Fobs ')/3(3X,'-- - - -
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2 ••.. '}} 
1550 FORMAT(1 X,414,F7 .2,2X,414,F7.2,2X,414,F7 .2,2X,414,F7 .2,2X,414, 

2 F7.2} 
1560 FOR MAT (1/1' Summary'f ·······'11' Number of reflections 

1 written to "REFL.FOA" =',1161f Number of reflections with I 
2 greater than 1.0*SIGMA(I} =',15/1' Number of reflections with 
3 I greater than 2.0*SIGMA(I} =',15/1' Number of reflections 
4 with I greater than 3.0*SIGMA(I} =',15/} 

1570 FORMAT(I' Number of standard reflections =',14} 
END 
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Program SCFPD 

Only small changes in the existing SDP program, LSFM, were made to arrive 

at program SFCPD. These changes amounted to a redirection of the output of 

standard Fca1c values (model based Fourier calculation) to the Fobs slot of the file 

reD.foa. The net result of this program was to provide the artificial data (Fobs) based 

on the disordered models of Chapter III. Using the scattering factors of the atoms, the 

atom positions of the models, and the Miller indices provided by NICLIN, the 

. 
DJo'll\ •• LIlT \1·JUL·'O 11,'0.n.55 

lOot a • at ex. 

llllcald h Ir: I PIlIII IIIILI I'Ll' IIOP lITO , (p(II .I-l. 7) 

1 0 0 3 0.00 0.Dll0 1.00 3.00 '.00 0.00 0.00 ".1& 11.35 7." D.OO 0.00 D.OO 0.000000'+00 0.00 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Figure 83 Numerical output of data contained in me reO.foa. Numbers at the bottom 
of the figure indicate the values of the variable REFDTE(I). 



Appendix A 308 

corresponding "Fobs" are calculated by SCFPD. In Figure 83 is an example of the 

numerical output of the file reO.foa. The numbers at the bottom of the figure indicate 

the value of the variable REFDTE(I). The arrows show the slots to which SFCPD 

writes its output: REFDTE(2) = FObS and REFDTE(5) = SIGF (standard deviation 

in Fobs)' 

Outline of Crystallographic Disorder Models 

This outline is a brief summary of the stepwise process used to (1) generate the 

artificial data based on an individual disordered model of WOCliW02CI and (2) 

refine the data against a pure WOCl2 unit, or (3) develop contour maps of the 

associated electron density. Uppercase boldface notation is reserved for specific 

program names, and lowercase boldface indicates specific filenames. This outline is 

written for those with some working knowledge of the various SDP data processing 

and refinement programs and commands. 

I. Initial Setup 

A. ALPHA ---(OUTPUn---> struc.nme 

1. unit cell parameters from structure of blue [LWOCI2]PF6 

2. atoms types: W, 0, Cl (scattering factors) 

3. space group: Pbcm (#57) 

4. Z =4 

B. NICLIN ------> refl.foa 
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1. Fobs and F calc slots empty 

2. 1845 reflections: respective {hId} 

3. HMAX = 9, KMAX = 18, LMAX = 20 

C. ATOMS AD ------> para.dte 

1. atomic coordinates for W, 0, CI input from blue structure 

[LWOCI2]PF6 

2. original multiplicities assuming mirror plane bisects CI-W-CI angle of 

WOCl2 

II. Data Processing: complete struc.orne and ren.foa 

A. SEE CUTOFF = 0 (necessary since all Fobs currently equal zero) 

B. REJECT ------> struc.orne, ren.foa: 1630 reflections (1845 - 215 to be 

rejected) 

1. reject extraneous generated {hkl} that would otherwise be 

systematically absent for space group Pbcm 

C. REFLNEW ------> updated struc.orne, refl.foa 

D. DATA CO ------> updated struc,orne, refl.foa 

E. REFLNEW ------> updated struc.orne, refl.foa 

III. Data Processing 

A. ATOMS AD ------> updated para.dte 

1. input Oc with fractional coordinates placing it along the W-CI vector 
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2. input Clo with fractional coordinates placing it along the W -0 vector 

B. ATOMS SET ------> updated para.dte 

1. adjust atom multiplicities in atoms list to particular percent disorder 

C. SFCPD ------> updated refl.foa (now with Fobs based on above model) 

D. PAINTR ------> sorted refl.foa 

E. REFLNEW ------> updated refl.foa 

F. SEE WTfYPE = 3 (unit weights on all reflections) 

G. WEIGHT ------> updated refl.foa 

At this point refl.foa now contains a complete set of reflections derived from a 

particular model with a particular percent disorder. For each percent disorder, steps 

I-III were repeated. From here the artificial data is either used to prepare contour 

diagrams of the electron density or refined against pure WOCl2 to yield structural 

changes with increasing disorder. 
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Appendix B: Polar Coordinate Calculations 

Equations Used in X-ray Diffraction Data Reduction and Refinements 

Eqn.l 

Eqn. 2 

Eqn. 3 

Eqn.4 

Eqn. 5 

Eqn. 6 

Eqn. 7 

Eqn. 8 

Eqn.9 

scan width = RNG! + RNG2 + (29Ka2 - 29K(1)(DISP) 

1 =[ total scan count + ( sum background counts ) 1 (scan rate) 
(background:scan ratio) J 

0(1) = [ total scan count + ( sum background counts .\ ]~(scan rate) 
(background:scan ratio)2 J 

(function minimized during least squares 
refinements) 

1 = reflection intensity 
F 0 = observed structure factor 
Fe = calculated structure factor 
No = number of observed reflections 
Nv = number of refined variables 
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Polar Coordinate Approach to Calculated Atom Positions (WOCI2/W02CI example) 

From blue [LWOCI2]PF6 structure: cell constants and 
WOCl2 fragment 

a = 7.223 A 
b = 14.898 

W-Cl = 2.322 A (rW-CI) 
WOo = 1.719 A (rw.O> 

e = 16.535 

Bond length estimates: W02CI fragment 

W-Oc = 1.709 A (rw.oc) 
W-Clo = 2.349 A (rW-CIO> 

Fractional coordinates: 

W 
o 
Cl 

x 
0.00724 
0.17234 
0.11054 

Pertinent equations: 

x = rsineeostP 
Y = rsineeostP 
Z = reose 

y 
0.01262 
0.09574 

-0.08366 

z 
0.7500 
0.7500 
0.8508 

I. Calculation of coordinates for Oc along the W·CI vector 

e and ~ for the W-Cl vector: 

z 

XW-CI = (Xci - xw)a = (0.11054 - 0.(0724)(7.223 A) = 0.7461 A 

YW-CI = (YCI - Yw)b = (-0.08366 - 0.01262)(14.898 A) = -1.434 A 

Zw-CI = (zCI - zw)e = (0.8508 - 0.75(0)(16.535 A) = 1.667 A 
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cosOw_CI = Zw-CVrW-C1 = 1.667/2.322 = 0.7179 => 9W-C1 = 44.12° 

cosC\>w_Cl = XW_CV(rW-ClsinOw_Cl) = 0.7461/[(2.322)(sin44.12°)] = 0.4616 
=> C\>w-Cl = -62.51°· 

• When the calculated atom position is not correct (i.e. not collinear or coplanar with 
the other atoms in the model) the opposite sign of this angle is chosen; cos<\> = cos(-<\». 

Coordinates of oc at distance rw_Oe along vector WoO: 

Xw_Oe = rw_ocsin9w-clcos4>W_Cl = (1.709 A)(sin(44.12°»(cos(-62.51°» = 0.5492 A 

Yw-Oe = rW_Oesin9w-ClsinC\>w_Cl = (1.709 A)(sin(44.12°»(sin(-62.51°» = -1.055 A 

Zw-Oe = rw-clcos9W-C1 = (1.709 A) (cos(44. 12°» = 1.227 A 

Xoc = (Zw_oJa) + Xw = (1.227(1.223) + 0.00724 = 0.08327 

yOe = (Yw-o/O) + Yw = (-1.055/14.898) + 0.01262 = -0.05822 

ZOe = (Zw_oJc) + Zw = (1.227/16.535) + 0.7500 = 0.8242 

II. Calculation of coordinates for Clo along the W -0 vector 

9 and <\> for the WoO vector: 

XW-O = (xo - xw)a = (0.17234 - 0.00724)(7.223 A) = 1.193 A 

Yw-o = (Yo - yw)b = (0.09574 - 0.01262)(14.898 A) = 1.238 A 

Zw-o = (Zo - zw)c = (0.7500 - 0.75(0)(16.535 A) = 0 

cosOw_o = Zw-drw-o = 0 => 9w-O = 900 

cosC\>w_o = Xw-a!(rw-Osin9w_O> = (1.193/1.719)(sin(900»] = 0.6936 
=> <!>w-o = 46.08° 
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Coordinates of CIo at distance rW-Clo along vector W-CI: 

XW-Clo = rW_ClosinOw-OcoS<\>w_o = (2.349 A)(sin(900»(cos(46.08°» = 1.629 A 

Y W-Clo = rw_closinOw_osin«l>w-O = (2.349 A)(sin(900»(sin(46.08°» = 1.692 A 

Zw-Clo = rw_ocosow-O = (2.349 A)(cos(900» = 0 

Xclo = (ZW_Clda) + Xw = (1.629/7.223) + 0.00724 = 0.2328 

YClo = (YW-ClJo) + Yw = (1.692/14.898) + 0.01262 = 0.1262 

zClo = (Zw-Cldc) + Zw = (0/16.535) + 0.7500 = 0.7500 



Appendix C: Atomic Parameters 

Atomic Parameters: [LW{O.CnCI2JPF6 Refinements 

Modell-W: 

315 

Table of Positional Parameters and Their Estimated Standard Deviations 

Name 

W 
Cl 
P 
o 
N1 
N2 
C1 
C3 
C4 
C2 
C5 

Atom x y z B(A2) 

W 0.0063(2) 0.01047 (7) 0.750 4.47 (2) 
Cl 0.1090(9) -0.0827(5) 0.8517(4) 7.9(2) 
P 0.403(1) 0.250 0.000 5.1 (2) 
0 0.189(3) 0.101(1) 0.750 5.2 (4) 
N1 -0.277(3) -0.062(1) 0.750 4.2 (4) 
N2 -0.167(2) 0.091(1) 0.835(1) 6.0 (4) 
C1 -0.282(4) -0.158(2) 0.750 7.7(9) 
C3 -0.058(3) 0.122(2) 0.909(1) 8.4(7) 
C4 -0.213(4) 0.170(1) 0.788(1) 9.6(8) 
C2 -0.324(3) 0.034(2) 0.865(2) 11.2(7) 
C5 -0.380(3) -0.038(1) 0.679(1) 7.6(6) 
Fl 0.405(2) 0.282 0.091 12.2(5)* 
F2 0.224(3) 0.305 -0.028 16.4(8)* 
F3 0.565(4) 0.308 -0.025 21(1)* 

-----------------------------------------------------------------
Starred atoms were refined isotropically. 
Anisotropically refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as: 
(4/3) * [a2*B(1,1) + b2*B(2,2) + c2*B(3,3) + ab(cos gamma)*B(1,2) 
+ ac(cos beta)*B(l,3) + bc(cos alpha) *B(2,3») 

Table of Refined Displacement Parameter Expressions - Beta's 

B (1,1) 

0.0159(1) 
0.030(1) 
0.028(2) 
0.025(4) 
0.017(4) 
0.033(4) 
0.036(9) 
0.042(8) 
0.064 (9) 
0.050(6) 
0.031(4) 

B(2,2) 

0.00590(5) 
0.0102(4) 
0.0060(4) 
0.007(1) 
0.004(1) 
0.0057(8) 
0.004(1) 
0.010(2) 
0.008 (1) 
0.014(2) 
0.008(1) 

B(3,3) 

0.00439(3) 
0.0076(3) 
0.0035(2) 
0.0040(7) 
0.0047 (9) 
0.0054(7) 
0.011(2) 
0.006(1) 
0.008(1) 
0.009(1) 
0.009(1) 

B (1, 2) 

0.0014(3) 
0.006(1) 

o 
0.005(4) 
0.000(3) 
0.004(3) 

-0.009(6) 
-0.004(6) 

0.013(6) 
-0.029(6) 
-0.006(4) 

B(l,3) 

o 
-0.006(1) 

o 
o 
o 

-0.002(3) 
o 

-0.006(5) 
-0.008(6) 

0.028 (4) 
-0.018(4) 

B (2, 3) 

o 
0.0050(6) 

-0.0015(6) 
o 
o 

-0.004(1) 
o 

-0.006(2) 
-0.004(2) 
-0.014(2) 

0.001(2) 

The form of the anisotropic displacement parameter is: 
exp[-(B(l,1)*h2 + B(2,2)*k2 + B(3,3)*12 + B(l,2)*hk + B(l,3)*hl 
+ B(2,3) *kl»). 
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Nodel II-W: 

Name 

W 
Cl 
P 
N1 
N2 
C1 
C3 
C4 
C2 
C5 

Table of Positional Parameters and Their Estimated Standard Deviations 

Atom x y z B(A2) 

W 0.0063(2) 0.01045(7) 0.750 4.48 (2) 
Cl 0.1118 (9) -0.0825(5) 0.8525 (4) 6.7(2) 
P 0.403(1) 0.250 0.000 5.1 (2) 
0 0.181(4) 0.093 (2) 0.750 6.7 (6) * 
N1 -0.278 (3) -0.062 (1) 0.750 4.3 (4) 
N2 -0.166(2) 0.091(1) 0.836(1) 5.6 (4) 
C1 -0.287 (5) -0.159(2) 0.750 9 (1) 
C3 -0.059(3) 0.121(2) 0.908(1) 8.0(7) 
C4 -0.213 (4) 0.170(1) 0.789(1) 9.5(8) 
C2 -0.323(3) 0.034(2) 0.865 (1) 11.1 (7) 
C5 -0.379(3) -0.038 (1) 0.677(1) 7.7(6) 
F1 0.406(2) 0.282 0.091 12.2(5)* 
F2 0.223(3) 0.305 -0.028 16.4(8)* 
F3 0.566(4) 0.308 -0.025 21(1)* 
OC 0.068(8) -0.083(4) 0.842(4) 5.0* 
CLO 0.205 (6) 0.113(3) 0.750 6.2 (8) * 

-----------------------------------------------------------------
Starred atoms were refined isotropically. 
Anisotropically refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as: 
(4/3) * [a2*B(1,1) + b2*B(2,2) + c2*B(3,3) + ab(cos gamma)*B(1,2) 
+ ac(cos beta)*B(1,3) + bc(cos alpha) *B(2,3)] 

Table of Refined Displacement Parameter Expressions - Beta's 

B (1,1) 

0.0160(1) 
0.023(1) 
0.028(2) 
0.017(4) 
0.030(4) 
0.05(1) 
0.038(7) 
0.059(9) 
0.052(6) 
0.032(4) 

B(2,2) 

0.00591(4) 
0.0091(4) 
0.0061(4) 
0.004 (1) 
0.0056(8) 
0.004 (1) 
0.010(1) 
0.008(1) 
0.014(2) 
0.008(1) 

B(3,3) 

0.00440(3) 
0.0066(3) 
0.0036(2) 
0.0050(9) 
0.0051(7) 
0.011(2) 
0.006(1) 
0.008(1) 
0.009(1) 
0.009(1) 

B(1,2) 

0.0014(3) 
0.005(1) 

o 
0.000(3) 
0.004(3) 

-0.013 (6) 
-0.002(5) 

0.011(6) 
-0.029(6) 
-0.005(4) 

B (1,3) 

o 
-0.007(1) 

o 
o 

-0.002(3) 
o 

-0.004 (5) 
-0.006(6) 
0.027(4) 

-0.020(4) 

B(2,3) 

o 
0.0049(6) 

-0.0014 (6) 
o 

-0.004(1) 
o 

-0.006(2) 
-0.006 (2) 
-0.013(2) 

0.001(2) 

The form of the anisotropic displacement parameter is: 
exp[-(B(1,1)*h2 + B(2,2)*k2 + B(3,3)*12 + B(1,2)*hk + B(1,3)*hl 
+ B(2,3)*kl)]. 
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Modal III-if 

Name 

W 
Cl 
P 
N1 
N2 
C1 
C2 
C3 
C4 
C5 

Table of Positional Parameters and Their Estimated Standard Deviations 

Atom x y z B(A2) 

w 0.0064(2) 0.01045(7) 0.750 4.47(2) 
CI 0.110 -0.083 0.853 7.3 (2) 
Oc 0.082 -0.059 0.825 5.0* 
0 0.172 0.092 0.750 5.1 (5) * 
Clo 0.234 0.123 0.750 7 (1) * 
P o .403 (1) 0.250 0.000 5.0 (2) 
Fl 0.406(2) 0.282 0.091 12.1(5)* 
&"'2 0.223(3) 0.305 -0.028 16.4(8)* 
r3 0.566(4) 0.308 -0.025 21(1)* 
N1 -0.278(3) -0.062(1) 0.750 4.3 (4) 
N2 -0.166(2) 0.091(1) 0.835(1) 5.8 (4) 
Cl -0.286(5) -0.159(2) 0.750 9 (1) 
C2 -0.323(3) 0.034(2) 0.865(1) 11.1(7) 
C3 -0.058(3) 0.122(2) 0.909(1) 8.1 (7) 
C4 -0.214 (4) 0.171(1) 0.789(1) 9.5(8) 
C5 -0.380(3) -0.038(1) 0.678(1) 7.8 (6) 

-----------------------------------------------------------------
Starred atoms were refined isotropically. 
Anisotropically refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as: 
(4/3) * [a2*B(1,1) + b2*B(2,2) + c2*B(3,3) + ab(cos gamma)*B(1,2) 
+ ac(cos beta)*B(1,3) + bc(cos alpha) *B(2,3)] 

Table of Refined Displacement Parameter Expressions - Beta's 
------------------------------------------------------------

B (1,1) B(2,2) B(3,3) B (1,2) B (1, 3) B (2, 3) 

0.0159(1) 0.00590(4) 0.00439(3) 0.0014(3) 0 0 
0.027(1) 0.0096(4) 0.0070(3) 0.006 (1) -0.006 (1) 0.0053(6) 
0.028(2) 0.0060(4) 0.0035(2) 0 0 -0.0014 (6) 
0.018(4) 0.004(1) 0.0048(9) 0.000(3) 0 0 
0.032(4) 0.0056(8) 0.0051(7) 0.004(3) -0.002(3) -0.004(1) 
0.05 (1) 0.004(1) 0.011(2) -0.012(7) 0 0 
0.051(6) 0.014(2) 0.009(1) -0.029(6) 0.028(4) -0.013(2) 
0.039(7) 0.010(1) 0.006 (1) -0.003(5) -0.005 (5) -0.006(2) 
0.063(9) 0.007(1) 0.008(1) 0.013(6) -0.007(6) -0.006(2) 
0.032 (4) 0.008(1) 0.009(1) -0.006(4) -0.020(4) 0.001(2) 

--------------------------------------------------------------------------
The form of the anisotropic displacement parameter is: 
exp[-(B(1,1)*h2 + B(2,2)*k2 + B(3,3)*12 + B(1,2)*hk + B(1,3)*hl 
+ B (2,3) * kl) ] • 
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Ato~c Parameters: No f 0 t ell Cl.2lPMa~hl 3 Refinements 

Nodal I-No: 

Table of Positional Parameters and Their Estimated Standard Deviations 
----------------------------------------------------------------------

Atom x y z B(A2) 

Mo 0.21471(2) 0.49393(4) 0.17543(2) 2.703(8) 
Cll 0.18579(9) 0.3392(1) 0.26509 (7) 4.29 (3) 
Cl2 0.33136(8) 0.6050 (1) 0.29427 (7) 3.87 (3) 
PI 0.24502(8) 0.6629(1) 0.08809(6) 2.96 (2) 
P2 0.35415(8) 0.3584 (1) 0.18975(7) 2.91 (2) 
P3 0.10127(8) 0.6272(1) 0.20754 (7) 2.99(2) 
C21 0.4525(3) 0.4525 (6) 0.1972(3) 4.5(1) 
C22 0.3985 (4) 0.2683 (6) 0.2844(3) 4.7(1) 
C23 0.3465(3) 0.2360 (5) 0.1141(3) 3.3 (l) 
C24 0.4227(3) 0.1839(6) 0.1103(3) 4.5(11 
C25 0.4186(4) 0.0987 (6) 0.0516(4) 5.4 (1) 
C26 0.3357(4) 0.0639(6) -0.0074 (4) 5.5 (1) 
C27 0.2580 (4) 0.1127(6) -0.0043(4) 5.5(2) 
C28 0.2632(3) 0.1982(6) 0.0559(3) 4.3 (1) 
C31 0.1264(4) 0.6343(6) 0.3152(3) 4.8 (1) 
C33 0.0846(3) 0.7958(5) 0.1794 (2) 3.09 (9) 
C34 0.0085(3) 0.8389(6) 0.1138 (3) 4.0 (1) 
C35 0.0023(4) 0.9697(6) 0.0928(3) 5.4 (1) 
C37 0.1420(4) 1.0113(6) 0.1989(4) 5.3 (1) 
C38 0.1518 (3) 0.8836(5) 0.2227(3) 4.1 (1) 
Cll 0.3124(4) 0.80ll(6) 0.1398(3) 5.3 (1) 
C12 0.1437(3) 0.7375(6) 0.0144 (3) 5.4 (1) 
C13 0.2981 (3) 0.6072(5) 0.0221(3) 3.2 (1) 
C14 0.3680(3) 0.6730(6) 0.0111 (3) 4.9 (l) 
C15 0.4024(4) 0.6263(7) -0.0422(3) 5.9(1) 
C16 0.3704(4) 0.5171(7) -0.0850(3) 5.7(1) 
C18 0.2642 (3) 0.4955(5) -0.0236(3) 4.1 (1) 
C17 0.3022(4) 0.4505 (7) -0.0745(3) 5.4 (1) 
C32 -0.0107(4) 0.5567(6) 0.1645(4) 5.5(2) 
C36 0.0703(4) 1.0540 (6) 0.1362(4) 5.7 (1) 
C13 0.lll7(2) 0.4189(3) 0.0694 (1) 10.70(7) 

-----------------------------------------------------------------
Anisotropically refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as: 
(4/3) * [a2*B(1,1) + b2*B(2,2) + e2*B(3,3) + ab(eos gamma)*B(1,2) 
+ ac(cos beta) *B(1,3) + be(eos alpha)*B(2,3») 
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Table of Refined Displacement Parameter Expressions - Beta's 

Name B(1,1) B(2,2) B(3,3) B(1,2) B (1, 3) B (2,3) 
------

Mo 0.00346(1) 0.00514(3) 0.00287(1) 0.00046(4) 0.00303(2) 0.00098(3) 
Cll 0.00688(6) 0.0068(1) 0.00448(4) 0.0000(1) 0.00642(7) 0.0027(1) 
C12 0.00456(5) 0.0089(1) 0.00304 (4) -0.0015 (1) 0.00194 (7)-0.0018 (1) 
P1 0.00422(5) 0.0061(1) 0.00276(3) 0.0012(1) 0.00368(6) 0.0012(1) 
P2 0.00346(5) 0.0060(1) 0.00274 (4) 0.0009(1) 0.00216(6) 0.0007(1) 
P3 0.00379(4) 0.0064 (1) 0.00294 (3)-0.0000(1) 0.00335(6) 0.0001(1) 
C21 0.0039(2) 0.0095(5) 0.0050(2) -0.0010(6) 0.0027(3) -0.0009(6) 
C22 0.0056(3) 0.0119(6) 0.0035(2) 0.0049(7) 0.0028(3) 0.0030(6) 
C23 0.0047(2) 0.0062(4) 0.0033(2) 0.0007(5) 0.0040 (3) 0.0008(5) 
C24 0.0042(2) 0.0114 (6) 0.0045(2) 0.0008(6) 0.0033(3) -0.0021(6) 
C25 0.0064 (2) 0.0127(7) 0.0057(2) 0.0030(7) 0.0071(3) -0.0028(7) 
C26 0.0087(3) 0.0094 (6) 0.0058(2) -0.0004 (7) 0.0085(3) -0.0041(6) 
C27 0.0056(3) 0.0117(7) 0.0049(2) -0.0010(8) 0.0020(4) -0.0057(7) 
C28 0.0043(2) 0.0093(5) 0.0045(2) -0.0004 (6) 0.0033(3) -0.0040(6) 
C31 0.0080(3) 0.0113(6) 0.0034(2) 0.0028(7) 0.0069(3) 0.0023(6) 
C33 0.0042(2) 0.0071(4) 0.0029(1) 0.0013(5) 0.0041(2) -0.0003(4) 
C34 0.0049(2) 0.0101 (6) 0.0036(2) 0.0032(6) 0.0042(3) 0.0011 (5) 
C35 0.0075(3) 0.0123(6) 0.0054(2) 0.0103(7) 0.0083(3) 0.0066(6) 
C37 0.0075(3) 0.0075(6) 0.0065(2) -0.0007(7) 0.0076(4) -0.0013(6) 
C38 0.0054(2) 0.0072(5) 0.0044(2) -0.0007(6) 0.0044 (3) -0.0015(5) 
Cll 0.0091(3) 0.0084(5) 0.0054(2) -0.0040(7) 0.0092(3) -0.0011(6) 
C12 0.0069(2) 0.0156(7) 0.0042(2) 0.0116(7) 0.0067 (3) 0.0081(6) 
C13 0.0039(2) 0.0074 (5) 0.0030(1) 0.0024(5) 0.0032 (2) 0.0014(5) 
C14 0.0066(2) 0.0097(6) 0.0060 (2) -0.0024 (6) 0.0087 (3) -0.0016 (6) 
C15 0.0072(2) 0.0161(8) 0.0060(2) -0.0043(8) 0.0096(3) -0. 0020 (7) 
C16 0.0083(3) 0.0149(8) 0.0050(2) 0.0022(8) 0.0092 (3) 0.0000(7) 
C18 0.0052(2) 0.0097(6) 0.0041(2) -0.0005 (6) 0.0053(3) -0.0001(5) 
C17 0.0080(3) 0.0123(7) 0.0043(2) -0.0006(8) 0.0067(3) -0.0038(6) 
C32 0.0050(2) 0.0105(6) 0.0077(3) -0.0039(7) 0.0065(4) -0.0026(8) 
C36 0.0088(3) 0.0078(5) 0.0080 (2) 0.0059(7) 0.0119(3) 0.0047(6) 
Cl3 0.0180(2) 0.0222(3) 0.00815(9) 0.0132(4) 0.0143(2) 0.0052(3) 

The form of the anisotropic displacement parameter is: 
exp[-(B(1,1)*h2 + B{2,2)*k2 + B(3,3)*12 + B(1,2)*hk + B(1,3)*hl 
+ B(2,3)*kl)]. 
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Modal II-No: 

Table of Positional Parameters and Their Estimated Standard Deviations 

Atom 

Mo 
Cll 
Cl2 
P1 
P2 
P3 
C21 
C22 
C23 
C24 
C25 
C26 
C27 
C28 
C31 
C33 
C34 
C35 
C37 
C38 
Cll 
C12 
Cl3 
C14 
C15 
C16 
C18 
C17 
C32 
C36 
o 

x 

0.21470(2) 
0.18598(9) 
0.33156(9) 
0.24478(8) 
0.35422(8) 
0.10142(8) 
0.4519(3) 
0.3977(4) 
0.3465(3) 
0.4236(4) 
0.4181(4) 
0.3374(5) 
0.2568(4) 
0.2619(4) 
0.1275(4) 
0.0842(3) 
0.0070(3) 

-0.0001(4) 
0.1443(4) 
0.1533(4) 
0.3146(4) 
0.1430(4) 
0.2970(3) 
0.3680(4) 
0.4026(4) 
0.3715(4) 
0.2652(4) 
0.3021(4) 

-0.0125(4) 
0.0692(4) 
0.1109 (2) 

Y 

0.49381(4) 
0.3390(1) 
0.6051(1) 
0.6628(1) 
0.3587(1) 
0.6272(1) 
0.4525 (6) 
0.2697(7) 
0.2365(5) 
0.1838(6) 
0.0999(6) 
0.0646(6) 
0.1127(6) 
0.1969(6) 
0.6355(6) 
0.7956 (5) 
0.8391(6) 
0.9684(6) 
1.0114 (6) 
0.8836(5) 
0.8009(6) 
0.7366(7) 
0.6068(5) 
0.6731(7) 
0.6260(7) 
0.5159(7) 
0.4961(6) 
0.4500(7) 
0.5580(6) 
1.0537(6) 
0.4175(3) 

z 

0.17544(2) 
0.26509(8) 
0.29420(8) 
0.08790(7) 
0.18976(7) 
0.20770(7) 
0.1966(3) 
0.2851(3) 
0.1148(3) 
0.1102(3) 
0.0501(4) 

-0.0064(4) 
-0.0042(4) 

0.0560(4) 
0.3161(3) 
0.1801(3) 
0.1147(3) 
0.0925(4) 
0.2006(4) 
0.2231(3) 
0.1411(4) 
0.0150(3) 
0.0205(3) 
0.0114 (3) 

-0.0420(4) 
-0.0838(4) 
-0.0230(3) 
-0.0746 (3) 

0.1647 (4) 
0.1358(4) 
0.0689(2) 

B(A2) 

2.769(8) 
4.36 (3) 
4.02 (3) 
3.04 (3) 
3.00(3) 
3.04 (3) 
4.2 (1) 
5.0 (1) 
3.3 (1) 
4.5(1) 
5.5(2) 
5.7(2) 
5.1 (2) 
4.4(1) 
5.0 (1) 
3.1 (1) 
4.1 (1) 
5.5(1) 
5.4 (2) 
4.2 (1) 
5.5(1) 
5.4 (1) 
3.1 (1) 
5.0 (1) 
6.1 (2) 
5.7(2) 
4.0 (1) 
5.2 (1) 
5.4(2) 
6.3 (2) 
3.09 (6) 

Anisotropically refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as: 
(4/3) * [a2*B(1,1) + b2*B(2,2) + c2*B(3,3) + ab(cos gamma)*B(1,2) 
+ ac(cos beta)*B(1,3) + bc(cos alpha)*B(2,3) 1 
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Table of Refined Displacement Parameter Expressions - Beta's 
------------------------------------------------------------

Name B (1,1) B(2,2) B (3, 3) B (1, 2) B (1, 3) B(2,3) 

1010 0.00353(2) 0.00528(4) 0.00295(1) 0.00049(4) 0.00310(2) 0.00099(4) 
Cl1 0.00701(6) 0.0068 (1) 0.00451(4)-0.0001(2) 0.00639(7) 0.0026(1) 
C12 0.00475(6) 0.0092 (1) 0.00319(4)-0.0016(2) 0.00211(7)-0.0019(1) 
P1 0.00426(5) 0.0064 (1) 0.00286(4) 0.0013(1) 0.00375 (6) 0.0014 (1) 
P2 0.00354 (5) 0.0063(1) 0.00279(4) 0.0010(1) 0.00216(6) 0.0007(1) 
P3 0.00395(5) 0.0065(1) 0.00295(4)-0.0001(1) 0.00348(6) 0.0001(1) 
C21 0.0039(2) 0.0088(5) 0.0045(2) -0.0007(6) 0.0023(3) -0.0005(6) 
C22 0.0058(3) 0.0133(7) 0.0034(2) 0.0054(8) 0.0030(3) 0.0038(7) 
C23 0.0043(2) 0.0064 (5) 0.0033(2) 0.0008(5) 0.0033(3) 0.0001 (5) 
C24 0.0043(2) 0.0118(6) 0.0044(2) 0.0017(7) 0.0036(3) -0.0020(7) 
C25 0.0066(3) 0.0121(7) 0.0061(2) 0.0026(7) 0.0073(4) -0.0028(7) 
C26 0.0100(3) 0.0086(6) 0.0056(2) -0.0016(8) 0.0087(4) -0.0043(6) 
C27 0.0057(3) 0.0105 (6) 0.0045(2) -0.0018(8) 0.0025(4) -0.0049(6) 
C28 0.0043(2) 0.0085(5) 0.0051(2) -0.0002(6) 0.0030(4) -0.0026(6) 
C31 0.0081(3) 0.0119(7) 0.0036(2) 0.0016(8) 0.0071(3) 0.0014 (6) 
C33 0.0044(2) 0.0072(5) 0.0028(1) 0.0016(5) 0.0042 (2) -0.0007(4) 
C34 0.0051(2) 0.0102(6) 0.0036(2) 0.0032(6) 0.0039(3) 0.0004 (6) 
C35 0.0075(3) 0.0115(6) 0.0058(2) 0.0095(7) 0.0079 (3) 0.0063 (7) 
C37 0.0076(3) 0.0070(6) 0.0069(3) -0.0009(7) 0.0083(4) -0.0013(6) 
C38 0.0055(2) 0.0073(5) 0.0048(2) 0.0003(6) 0.0049 (3) -0.0012(6) 
Cll 0.0097(3) 0.0083(6) 0.0059(2) -0.0056(7) 0.0102 (3) -0.0033(6) 
C12 0.0068(3) 0.0144(7) 0.0045(2) 0.0101(7) 0.0060(3) 0.0067(7) 
C13 0.0039(2) 0.0078(5) 0.0027(1) 0.0027(5) 0.0031 (2) 0.0021(5) 
C14 0.0069(2) 0.0109(7) 0.0053(2) -0.0013(7) 0.0081(3) 0.0002(6) 
C15 0.0069(2) 0.0163 (9) 0.0065(2) -0.0024(8) 0.0097(3) -0.0001(8) 
C16 0.0085(3) 0.0143(8) 0.0045(2) 0.0014 (8) 0.0082(3) -0.0015(7) 
C18 0.0048(2) 0.0106(6) 0.0033(2) 0.0005(6) 0.0039 (3) 0.0001(5) 
C17 0.0071(3) 0.0131(7) 0.0044(2) -0.0005(8) 0.0065(3) -0.0032(7) 
C32 0.0050(2) 0.0105(6) 0.0073 (3) -0.0034 (7) 0.0064(4) -0.0024(8) 
C36 0.0101(3) 0.0084(6) 0.0084(3) 0.0073(7) 0.0128(4) 0.0051(7) 
0 0.0068(1) 0.0055(3) 0.00210(7) 0.0078(3) 0.0062(1) 0.0029(3) 
--------------------------------------------------------------------------
The form of the anisotropic displacement parameter is: 
exp [- (B (1, 1) *h2 + B(2,2)*k2 + B(3,3)*12 + B(1,2)*hk + B(1,3)*hl 
+ B(2,3)*kl)j. 
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Nodel III-No: 

Table of Positional Parameters and Their Estimated Standard Deviations 

Atom 

Mo 
Cll 
Cl2 
PI 
P2 
P3 
C21 
C22 
C23 
C24 
C25 
C26 
C27 
C28 
C31 
C33 
C34 
C35 
C37 
C38 
Cl1 
C12 
C13 
C14 
C15 
C16 
C18 
C17 
C32 
C36 
Clo 
Oc 

x 

0.21470(2) 
0.18601(7) 
0.3313l(7) 
0.24491 (6) 
0.35414 (6) 
0.10136 (6) 
0.4528(3) 
0.3974(3) 
0.3461 (2) 
0.4234(3) 
0.4189(3) 
0.3359(3) 
0.2572(3) 
0.2627 (3) 
0.1284(3) 
0.0845(2) 
0.0077(3) 
o .00l3 (3) 
0.1448(3) 
0.1526(3) 
0.3150(3) 
0.1434(3) 
0.2977(2) 
0.3678(3) 
0.4031(3) 
0.3691(3) 
0.2649 (3) 
0.3022(3) 

-0.0110 (3) 
0.0679(3) 
0.0979(2) 
0.1326(3) 

Y 

0.49384(3) 
0.3391(1) 
0.6049(1) 
0.66276(9) 
0.35862(9) 
0.6273(1) 
0.4524(4) 
0.2689(5) 
0.2363(4) 
0.1842(5) 
0.0992(5) 
0.0642(5) 
0.1126(5) 
0.1977(4) 
0.6350(5) 
0.7951(4) 
0.8397(4) 
0.9692(5) 
1.0114(4) 
0.8840(4) 
0.8011(4) 
0.7374(5) 
0.6068(4) 
0.6732(5) 
0.6255(6) 
0.5162(5) 
0.4957(4) 
0.4501(5) 
0.5569(5) 
1.0531 (5) 
0.4085(3) 
0.4318(4) 

Starred atoms were refined isotropically. 

z 

0.17545(2) 
0.26525(6) 
0.29418(6) 
0.08806(5) 
0.18975(5) 
0.20763(5) 
0.1972(3) 
0.2843(2) 
0.1142(2) 
0.1103(3) 
0.0506(3) 

-0.0078(3) 
-0.0047(3) 
0.0563(3) 
0.3169(2) 
0.1800(2) 
0.1142 (2) 
0.0930(3) 
0.2011(3) 
0.2228(2) 
0.1414(3) 
0.0149(2) 
0.0214(2) 
0.0115 (3) 

-0.0416(3) 
-0.0857(3) 
-0.0229(2) 
-0.0751(3) 

0.1648 (3) 
0.1340(3) 
0.0628(2) 
0.0796(2) 

B(A2) 

2.766(6) 
4.36 (2) 
3.99(2) 
3.03(2) 
2.99(2) 
3.05(2) 
4.5 (1) 
4.8 (1) 
3.34 (8) 
4.6 (1) 
5.6 (1) 
5.4 (1) 
5.2 (1) 
4.4 (1) 
4.8 (1) 
3.15 (8) 
4.10 (9) 
5.3 (1) 
5.3 (1) 
4.1 (1) 
5.4 (ll 
5.4 (ll 
3.12(8) 
5.1 (1) 
6.1 (ll 
5.9 (1) 
4.2 (1) 
5.3 (1) 
5.4 (1) 
6.2 (1) 
2.71 (5) " 
4.17 (8) " 

Anisotropically refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as: 
(4/3) " [a2"B(1,1) + b2"B(2,2) + c2"B(3,3) + ab(cos gamma)"B(1,2) 
+ ac(cos beta)"B(1,3) + bc(cos alpha) "B(2,3)) 
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Table of Refined Displacement Parameter Expressions - Beta's 
------------------------------------------------------------

Name B (1,1) B(2,2) B(3,3) B (1,2) B (1,3) B (2, 3) 
------

Mo 0.00352(1) 0.00528(3) 0.00293(1) 0.00048(3) 0.00307(2) 0.00100(3) 
Cll 0.00695(5) 0.00687(9) 0.00457(3)-0.0000(1) 0.00645(5) 0.00274(9) 
C12 0.00466(4) 0.0093(1) 0.00313 (3)-0.0015 (1) 0.00198(6)-0.0018(1) 
P1 0.00427(4) 0.00635(8) 0.00282(3) 0.0012(1) 0.00367(5) 0.00122(8) 
P2 0.00351(4) 0.00628(9) 0.00280(3) 0.0010(1) 0.00218(5) 0.00073(9) 
P3 0.00388(4) 0.00655(9) 0.00300(3)-0.0001(1) 0.00341(5) 0.00008(9) 
C21 0.0039(2) 0.0090(4) 0.0050(2) -0.0005(5) 0.0023(3) -0.0005(5) 
C22 0.0058(2) 0.0123(5) 0.0034(1) 0.0048(6) 0.0029(3) 0.0029(5) 
C23 0.0045(2) 0.0062(3) 0.0034(1) 0.0005(4) 0.0036(2) -0.0000(4) 
C24 0.0044(2) 0.0115 (5) 0.0045(2) 0.0016 (5) 0.0035(2) -0.0025(5) 
C25 0.0071(2) 0.0125(5) 0.0059(2) 0.0033(6) 0.0076(3) -0.0021(5) 
C26 0.0087(2) 0.0096 (5) 0.0047(2) -0.0006(6) 0.0070(3) -0.0040(5) 
C27 0.0058(2) 0.0110 (5) 0.0042(2) -0.0015 (6) 0.0015(3) -0.0047(5) 
C28 0.0044 (2) 0.0088(4) 0.0049(2) -0.0002(5) 0.0035(3) -0.0031(5) 
C31 0.0078(2) 0.0116(5) 0.0034(1) 0.0014 (6) 0.0062(2) 0.0011(4) 
C33 0.0045(1) 0.0069(3) 0.0030(1) 0.0019(4) 0.0044(2) -0.0002(3) 
C34 0.0047(2) 0.0105(4) 0.0035(1) 0.0031 (5) 0.0038(2) 0.0005(4) 
C35 0.0071(2) 0.0118(5) 0.0053(2) 0.0092(5) 0.0072(3) 0.0061(5) 
C37 0.0075(2) 0.0073(4) 0.0067(2) -0.0015(5) 0.0078(3) -0.0021(5) 
C38 0.0052(2) 0.0078(4) 0.0041(1) 0.0004 (5) 0.0038(2) -0.0010(4) 
Cll 0.0091(2) 0.0084(4) 0.0060(2) -0.0049(5) 0.0100(3) -0.0024 (5) 
C12 0.0067(2) 0.0154(5) 0.0041(1) 0.0105(6) 0.0055(3) 0.0072 (5) 
C13 0.0038(1) 0.0078(4) 0.0027(1) 0.0023(4) 0.0030(2) 0.0016(4) 
C14 0.0069(2) 0.0104 (5) 0.0058(2) -0.0015(5) 0.0085(2) -0.0004(5) 
C15 0.0075(2) 0.0162 (7) 0.0063(2) -0.0033 (6) 0.0102(2) -0.0010(6) 
C16 0.0086(2) 0.0145(6) 0.0053(1) 0.0017(6) 0.0097(2) -0.0008(5) 
C18 0.0053(2) 0.0099(5) 0.0039(1) 0.0002(5) 0.0049(2) 0.0002(4) 
C17 0.0073(2) 0.0128(5) 0.0044(1) 0.0000(6) 0.0063(3) -0.0033(5) 
C32 0.0047(2) 0.0109(5) 0.0073(2) -0.0036(5) 0.0061(3) -0.0020(6) 
C36 0.0102(2) 0.0081(4) 0.0082(2) 0.0069(6) 0.0131(3) 0.0049(5) 
--------------------------------------------------------------------------
The form of the anisotropic displacement parameter is: 
e xp [ - (B (1 , 1) * h2 + B(2,2)*k2 + B(3,3)*12 + B(1,2)*hk + B(l,3)*hl 
+ B(2,3)*kl)]. 
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Modal IV-lie: 

Table of Positional Parameters and Their Estimated Standard Deviations 

Oc 
Clo 
Mo 
Cll 
C12 
PI 
P2 
P3 
C11 
C12 
C13 
C14 
CIS 
C16 
C17 
C18 
C21 
C22 
C23 
C24 
C25 
C26 
C27 
C28 
C31 
C32 
C33 
C34 
C35 
C36 
C37 
C38 

x 

0.1394(3) 
0.1009(2) 
0.21471(2) 
0.18590(7) 
0.33140 (6) 
0.24492(6) 
0.35410(6) 
0.10140 (6) 
0.3147(3) 
0.1434 (3) 
0.2978(2) 
0.3676(3) 
0.4027(3) 
0.3698(3) 
0.3029(3) 
0.2652(3) 
0.4527 (3) 
0.3976(3) 
0.3460(2) 
0.4233(3) 
0.4187(3) 
0.3363(3) 
0.2573(3) 
0.2631(3) 
0.1277(3) 

-0.0112(3) 
0.0844(2) 
0.0080(2) 
0.0013(3) 
0.0693(3) 
0.1438(3) 
0.1523(3) 

Y 

0.4368(5) 
0.4106(2) 
0.49386(3) 
0.33911 (9) 
0.6049(1) 
0.66284 (9) 
0.35859(9) 
0.62729(9) 
0.8010(4) 
0.7374(5) 
0.6067(4) 
0.6734(5) 
0.6254(5) 
0.5166(5) 
0.4499(5) 
0.4955(4) 
0.4526 (4) 
0.2689 (5) 
0.2362(4) 
0.1843(4) 
0.0989(5) 
0.0639 (5) 
0.1129(5) 
0.1979 (4) 
0.6349(5) 
0.5568(5) 
0.7953(4) 
0.8394(4) 
0.9694(5) 
1.0535(4) 
1.0113(4) 
0.8838(4) 

Starred atoms were refined isotropically. 

z 

0.0826(3) 
0.0643(1) 
0.17547(2) 
0.26516(6) 
0.29428(5) 
0.08805(5) 
0.18968(5) 
0.20772(5) 
0.1412(3) 
0.0150(2) 
0.0214(2) 
0.0114(2) 

-0.0420(3) 
-0.0850(3) 
-0.0743(2) 
-0.0226(2) 

0.1967(3) 
0.2843(2) 
0.1140(2) 
0.1101(2) 
0.0503(3) 

-0.0073(3) 
-0.0047(3) 

0.0566(3) 
0.3162(2) 
0.1641(3) 
0.1798(2) 
0.1142 (2) 
0.0926(3) 
0.1356(3) 
0.2002(3) 
0.2226(2) 

B(A2) 

3.85(9) • 
4.29(4)* 
2.756(6) 
4.35 (2) 
3.96(2) 
3.02(2) 
2.98(2) 
3.03 (2) 
5.5(1) 
5.3(1) 
3.13 (7) 
5.0 (1) 
6.0(1) 
5.8 (1) 
5.3 (1) 
4.15 (9) 
4.5 (1) 
4.8(1) 
3.32 (8) 
4.6 (1) 
5.5 (1) 
5.4(1) 
5.3 (1) 
4.4 (1) 
4.8 (1) 
5.4(1 ) 
3.15 (7) 
4.15 (9) 
5.5 (1) 
6.0 (1) 
5.3 (1) 
4.13 (9) 

Anisotropically refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as: 
(4/3) * [a2*B(1,1) + b2*B(2,2) + c2*B(3,3) + ab(cos gamma)*B(1,2) 
+ ac(cos beta)*B(1,3) + bc(cos alpha) *B(2,3)] 



Appendix C 325 

Table of Refined Displacement Parameter Expressions - Beta's 
------------------------------------------------------------

Name B (1,1) B(2,2) B (3, 3) B(1,2) B (1,3) B (2,3) 
------ ------ ------

Mo 0.00351 (1) 0.00526(3) 0.00292(1) 0.00047(3) 0.00306(1) 0.00099(3) 
Cll 0.00693(4) 0.00683(8) 0.00458(3)-0.0001(1) 0.00645(5) 0.00265(9) 
C12 0.00464 (4) 0.00918(9) 0.00313(3)-0.0015(1) 0.00199(5)-0.00186(9) 
PI 0.00429(4) 0.00631 (8) 0.00280(3) 0.00116(9) 0.00369(4) 0.00117(8) 
P2 0.00350(3) 0.00624(8) 0.00280(3) 0.00093(9) 0.00216(5) 0.00069(8) 
P3 0.00388(3) 0.00653(8) 0.00297(3)-0.00016(9) 0.00340(4) 0.00002(8) 
Cll 0.0092(2) 0.0083(4) 0.0062(2) -0.0051(5) 0.0102(2) -0.0027(4) 
C12 0.0067(2) 0.0152 (5) 0.0039(1) 0.0102(5) 0.0054(2) 0.0068(5) 
C13 0.0039(1) 0.0078(3) 0.0026(1) 0.0024(4) 0.0030(2) 0.0017(3) 
C14 0.0067(2) 0.0103(5) 0.0058(1) -0.0013(5) 0.0084(2) -0.0002(5) 
C15 0.0074(2) 0.0162(6) 0.0059(1) -0.0033(6) 0.0096 (2) -0.0011(5) 
C16 0.0084(2) 0.0144 (6) 0.0053(1) 0.0020(6) 0.0094(2) -0.0005(5) 
Cl7 0.0075(2) 0.0125(5) 0.0045(1) -0.0000(6) 0.0065(2) -0.0035(5) 
C18 0.0052(2) 0.0099(4) 0.0038(1) -0.0001(5) 0.0046(2) -0.0001(4) 
C21 0.0039(2) 0.0090(4) 0.0053(2) -0.0007(5) 0.0027(3) -0.0008(5) 
C22 0.0060(2) 0.0121(5) 0.0034(1) 0.0052(5) 0.0030(3) 0.0033(5) 
C23 0.0045(2) 0.0062(3) 0.0034(1) 0.0007(4) 0.0037(2) 0.0003(3) 
C24 0.0046(2) 0.0113(5) 0.0045(1) 0.0015(5) 0.0037(2) -0.0022(5) 
C25 0.0072 (2) 0.0124 (5) 0.0056(2) 0.0034 (6) 0.0073(3) -0.0020(5) 
C26 0.0087(2) 0.0096(4) 0.0052(2) -0.0011(6) 0.0076 (3) -0.0047(5) 
C27 0.0058(2) 0.0109(5) 0.0046(2) -0.0015(6) 0.0019(3) -0.0048(5) 
C28 0.0044(2) 0.0091(4) 0.0050(2) -0.0004 (5) 0.0037(2) -0.0036(4) 
C31 0.0079(2) 0.0113(5) 0.0035(1) 0.0017(5) 0.0066(2) 0.0015(4) 
C32 0.0046(2) 0.0108(5) 0.0075(2) -0.0038(5) 0.0063(3) -0.0023(6) 
C33 0.0044 (1) 0.0070(3) 0.0030(1) 0.0017(4) 0.0044(2) -0.0004(3) 
C34 0.0048(2) 0.0105(4) 0.0038(1) 0.0032(5) 0.0042(2) 0.0008(4) 
C35 0.0073(2) 0.0122(5) 0.0057(2) 0.0100(5) 0.0081 (2) 0.0065(5) 
C36 0.0098(2) 0.0080(4) 0.0078(2) 0.0064(5) 0.0124(2) 0.0047(5) 
C37 0.0075(2) 0.0072(4) 0.0069(2) -0.0009(5) 0.0080(3) -0.0016(5) 
C38 0.0053(2) 0.0078(4) 0.0042(1) 0.0003(4) 0.0040(2) -0.0012(4) 
--------------------------------------------------------------------------
The form of the anisotropic displacement parameter is: 
exp[-(B(l,1)*h2 + B(2,2)*k2 + B(3,3)*12 + B(1,2)*hk + B(1,3)*hl 
+ B(2,3)*kl)]. 
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Appendix D: Ligands and Abbreviations 

Ligands 

L 

R} R2 

HB(pz)3 H H 

HB(3,5-~ezPz)3 CH3 CH3 
HB 

HB(3)Prpz)3 H iPr 
R2 

HB(3)Bupzh H tBu 
3 

N 

~eTPyEA 

3 



Abbreviations 

A3/molec 
BM 
kbytes 
refl 
To 

A 3 per molecule 
Bohr Magneton 
kilobytes 
reflection 
tolyl 

Appendix C 327 



328 

References 

1. Chatt, J.; Manojlovic-Muir, L.; Muir, K. W. J. Chern. Soc., Chern. Comm. 1971, 
655. 

2. (a) Yves, J.; Lledos, A; Burdett, J. K.; Hoffmann, R. J. Arn. Chern. Soc. 1988, 
110,4506. 
(b) Yves, J.; Lledos, A.; Burdett, J. K.; Hoffmann, R. J. Chern. Soc., Chern. 
Commun. 1988, 140. 

3. Butcher, A. V.; Chatt, J. J. Chern. Soc. (A) 1970, 2652. 

4. Manojlovic-Muir, L.; Muir, K. W. J. Chern. Soc., Dalton Trans. 1972,686. 

5. Manojlovic-Muir, L. J. Chern. Soc. (A) 1971, 2796. 

6. Amato, I. Science 1991, 254, 1452. 

7. Haymore, B. L.; Goddard, W. A, III; Allison, 1. N. Proc. Int. Con! Coord. 
Chern., 23rd 1984, 535. Apparent unresolvable disorder between two Mo 
positions precluded full publication of this study (B. Haymore, private 
communication). 

8. Mani, F.; MealH, C. Inorg. Chim. Acta 1982,63,97. 

9. Backes-Dahrnann, G.; Wieghardt, K; Weiss, Nuber Angew. Chern., Int. Ed. 
Engl. 1985,24, 777. 

10. Backes-Dahmann, G.; Wieghardt, K. Inorg. Chern. 1985,24,4049. 

11. Degnan, I. A; Behm, J.; Cook, M. R.; Herrmann, W. A. Inorg. Chern. 1991,30, 
2165. 

12. Backes-Dahmann, G.; Wieghardt, K. lnorg. Chern. 1985,24,4044. 

13. Carmona, E.; Galindo, A.; Sanchez, L.; Nielson, A. J.; Wilkinson, G. Polyhedron 
1984,3, 347. 

14. Corfield, P. W. R.; Doedens, R. J.; lbers, J. A. 1norg. Chern. 1967,2, 197. 



References 329 

15. Nugent, W. A.; Mayer, J. M. Metal-Ligand Multiple Bonds; Wiley Interscience: 
New York, 1988. 

16. Mayer,1. M.lnorg. Chern. 1988,27, 3899. 

17. Chatt, 1.; Falk, C. D.; Leigh, G. 1.; Paske, R. 1. J. Chern. Soc. (A) 1969,2288. 

18. Chatt, J.; Rowe, G, A. J. Chern. Soc. (A) 1962, 4019. 

19. Chatt, J.; Garforth, J. D.; Johnson, N. P.; Rowe, G. A. J. Chern. Soc. (A) 1964, 
601. 

20. Forsellini, E.; Casellato, U.; Grazianni, R; Magon, L. Acta Cryst. 1982, 838, 
3081. 

21. Doedens, R 1.; lbers, J. A lnorg. Chern. 1967,2, 204. 

22. Cotton, F. A; Diebold, M. P.; Roth, W. J. lnorg. Chern. 1987,26, 2848. 

23. Wieghardt, K.; Backes-Dahmann, G.; Holzbach, W.; Swiridoff, W. J.; Weiss, J. 
Z. Anorg. AUg. Chern. 1983,499,44. 

24. (a) Bashall, A.; Gibson, V. C.; Kee, T. P.; McPartlin, M.; Robinson, O. B.; 
Shaw, A. Angew. Chern., Inti. Ed. Engl. 1991, 3D, 980. 
(b) Gibson, V. C.; McPartlin, M. J. Chern. Soc., Dalton Trans. 1992,947. 
(c) Bashall, A.; McPartlin, M. Acta Crystallogr. 1990, 46A, C-221. 

25. (a) Hardcastle, F. D.; Wachs, I. E. J. Raman Spectrosc. 1990,21, 683. 
(b) Cotton, F. A.; Wing, R. M. lnorg. Chern. 1965,4, 867. 

26. (a) Stohrer, W. D.; Hoffmann, R J. Arn. Chern. Soc. 1972, 94, 779. 
(b) Stohrer, W. D.; Hoffmann, R. J. Arn. Chern. Soc. 1972, 94, 1661. 

27. Hoffmann, R; Heilbronner, E.; Gleiter, R J. Arn. Chern. Soc. 1970, 92, 706. 

28. (a) Gregory, A R.; Paddon-Row, M. N.; Radom, L.; Stohrer, W-D. Aust. J. 
Chern. 1977,30, 473. 
(b) Paddon-Row, M. N.; Radom, L.; Gregory, A. R. J. Chern. Soc., Chern. 
Commun. 1976, 427. 

29. (a) Wilberg, K. B.; Epling, G. A.; Jason, M. J. Arn. Chern. Soc. 1974, 96, 912. 
(b) Dannenberg, 1. J.; Prociv, T. M.; Hutt, C. J. Arn. Chern. Soc. 1974,96,913. 



References 330 

30. Schoeller, W. W.; Dabisch, T.; Busch, T. lnorg. Chem. 1987,26, 4383. 

31. Jones, R.; Williams, D. 1.; Kabe, Y.; Masamune, S. Angew. Chem., Int. Ed. Engl. 
1986, 25, 173. 

32. Boatz, 1. A; Gordon, M. S. J. Phys. Chem. 1989, 93, 2888. 

33. Schleyer, P. v. R.; Sax, A F.; Kalcher, 1.; Janoschek, R. Angew. Chem., Int. Ed. 
Engl. 1987, 26, 364. 

34. Sudhakar, P. V.; Gtiner, O. F.; Lammertsma, K. J. Phys. Chem. 1989, 93, 7289. 

35. Marinero, E. E.; Vasudev, R.; Zare, R. N. J. Chem. Phys. 1983, 78, 692. 

36. (a) Verges, 1.; Effantin, C.; D'Incan, 1.; Cooper, D. L.; Barrow, R. F. Phys. Rev. 
Lett. 1984, 53, 46. 
(b) Cooper, D. L.; Barrow, R. F.; Verges, 1.; Effantin, C.; D'Incan, J. Chem. 
Phys. Lett. 1985, 114, 483. 

37. Weast, R. C. (ed.) CRC Handbook of Chemistry and Physics (59th ed.); CRC 
Press, Inc.: Boca Raton, Florida, 1978. (a) Page F-217 lists interatomic distances 
between pairs of like atoms. (b) Several M-O bond strengths are listed at well 
over 150 kcallmol, F-219. 

38. Spiro, T. G. (ed.) Molybdenum Enzymes - Metal Ions in Biology (Vol. 7), Wiley 
Interscience: New York, 1985. 

39. Mitchell, P. C. H.; Sykes, A G. (eds.) The Chemistry and Uses of Molybdenum, 
Proc. of the Climax 5th IntI. Con!, Pergamon Press: New York, 1986. 

40. Lu, X; Sun, 1.; Tao, X. Synthesis 1982, 185. 

41. Harlan, E. W.; Berg, J. M.; Holm, R. H. J. Am. Chem. Soc. 1986, 108, 6992. 

42. Rousseau, D. L. American Scientist 1992, 80, 54. 

43. Franks, F. Polywater; MIT Press: Cambridge, MA, 1981. This book is a 
excellent account of the history of the furor surrounding the discovery and 
ultimate decline of the idea of polywater. 

44. Miessler, G. L.; Tarr, D. A. Inorganic Chemistry; Prentice Hall: Englewood 
Cliffs, NJ, 1991; p369. 



References 331 

45. Balahura, R. J.; Lewis, N. A Coord. Chem. Rev. 1976, 20, 109. 

46. (a) Yoon, K.; Parkin, G.; Rheingold, A L. J. Am. Chem. Soc. 1992, 114,2210. 
(b) Yoon, K.; Parkin, G.; Rheingold, A L. J. Am. Chem. Soc. 1991, 113, 1437. 

47. Song, J.; Hall, M. B. Inorg. Chem. 1991,30, 

48. Desrochers, P. 1.; Nebesny, K. W.; LaBarre, M. 1.; Lincoln, S. E.; Loehr, T. M.; 
Enemark, J. H. J. Am. Chem. Soc. 1991, 113,9193. 

49. Mayer, J. M. Angew. Chem., Int. Ed. Engl. 1992 in press. 

50. Shaik, S. S.; Hiberty, P. C.; Lefour, 1. M.; Ohanessian, G. J. Am. Chern. Soc. 
1987, 109, 363. 

51. For the first crystal the two Mo-O lengths were 1.698(8) and 1.866(7) A, and for 
the other crystal, Mo-O values of 1.772(12) and 2.154(8) A were found (ref. 46). 

52. Yoon, K.; Parkin, G. J. Am. Chem. Soc. 1991, 113, 8414. 

53. Holm, R. H. Chem. Rev. 1987, 87, 1401. 

54. Roberts, S. A.; Young, C. G.; Kipke, C. A; Cleland, W. E.; Yamanouchi, K.; 
Carducci, M. D.; Enemark, 1. H. Inorg. Chem. 1990,29,3650. 

55. Sykes, A. G. Molybdenum: The Element and Aqueous Solution Chemistry. 
Comprehensive Coordination Chemistry (Vol. 3); Wilkinson, G. (ed.), Pergamon 
Press: New York, 1987. 

56. Portions of this chapter have been published previously.48 

57. (a) Collison, D.; Eardley, D. R.; Mabbs, F. E.; Rigby, K.; Enemark, J. H. 
Polyhedron 1989, 8, 1833. Oxo-Mo(V) in chloro-Sn(N) lattice. 
(b) Collison, D.; Mabbs, F. E.; Rigby, K. Polyhedron 1989, 8, 1830. 

58. Hill, L. H.; Howlader, N. C.; Mabbs, F. E.; Hursthouse, M. B.; Malik, K. M. A. 
J. Chem. Soc., Dalton Trans. 1980, 1475. Paramagnetic WOCI3(OPPh3)2 
cocrystallized in a NbOCI3(OPPh3)2 lattice. 

59. Dilworth, 1. R.; Richards, R. L. Inorg. Synth. 1980, 20, 119. 



References 332 

60. Anker, M. W.; Chatt, 1.; Leigh, G. J.; Wedd, G. A. J. Chem. Soc., Dalton Trans. 
1975,2639. 

61. Ingram, 1. C.; Nebesny, K. W.; Pemberton, J. E. Appl. Surf. Sci. 1990, 44, 279. 

62. Lynden-Bell, R. M.; Mather, G. G.; Pidcock, A. J. Chem. Soc., Dalton Trans. 
1973, 715. 

63. Butcher, A. V.; Chatt, 1.; Leigh, G. J.; Richards P. L. J. Chem. Soc., Dalton 
Trans. 1972, 1064. 

64. Poli, R.; Mui, H. D. lnorg. Chem. 1991,30, 65. 

65. Mazzi, U.; De Paoli, G.; Rizzardi, G.; Magon, L.lnorg. Chim. Acta 1974, 10, 

L2. 

66. Mazzi, U.; De Paoli. G.; Di Bernardo, P.; Magon. L.lnorg. Chim. Acta 1976.38. 
721. 

67. Randall, E. W.; Shaw. D. J. Chem. Soc. (A) 1969. 2867. 

68. Chatt, J.; Leigh, G. 1.; Mingos, D. M. P. J. Chem. Soc. (A) 1969, 1674. 

69. Silverstein, R. M.; Bassler, G. C.; Morrill, T. C. Spectrometric Identification of 
Organic Compounds (4th); John Wiley & Sons: New York, 1981; p. 170. 

70. Grunert, W.; Stakheev, A. Y.; Feldhaus, R.; Anders, K.; Shpiro, E. S.; Minachev, 
K. M. J. Phys. Chem. 1991,95, 1323. 

71. Chatt, 1.; Elson, C. M.; Leigh, G. J. J. Chem. Soc., Dalton Trans. 1976, 1351. 

72. Leigh, G. J.; Bremser, W. J. Chem. Soc., Dalton Trans. 1972, 1216. 

73. Blue MoOCI2(PMe2Ph)3' Mo=O = 1.676(7) A, refined to a final Rw = 0.062 
(ref. 5), and green MoOCl2(PEt2Ph)3' Mo=O = 1.801(9) A. refined to a final Rw 
= 0.081 (ref. 4). 

74. In the X-ray structure studies of LMoOCl2 [L = hydrotris(3,5-
dimethylpyrazolyl)borate (refs. 75 and 76), hydrotrispyrazolylborate (ref. 75)] the 
observed Mo=O distances are artificially long (2.07-2.27 A) due to rotational 
disorder of the MoOCl2 fragment 



References 333 

75. Lincoln, S.; Koch, S. A. Inorg. Chern. 1986,25, 1594. 

76. (a) Ferguson, G.; Kaitner, B.; Lalor, F. 1.; Roberts, G. J. Chern. Res. Synop. 
1982,1, 6. 
(b) C. P. Marabella and J. H. Enemark, unpublished results. 

77. It should be noted that yellow 3 was not discovered until 1976 (ref. 60), five 
years after the initial proposal of "distortional isomers" (ref. 1). However, other 
cases of intimate mixtures of oxo and chioro compounds were already known. 
See Chapter V. 

78. Backes-Dahmann, G. Ph. D. Dissertation, Ruhr University: Bochum, Germany, 
1985. 

79. QPOWA software; RVAX hardware. 

80. Bodner, A.; Jeske, P.; Weyhermiiller, T.; Wieghardt, K.; DubIer, E.; ScmalIe, H.; 
Nuber, B. Inorg. Chern., in press (1992). 

81. Chandramouli, G. V. R.; Lalitha, S.; Manoharan, P. T. Computers Chem. 1990, 
14,257. 

82. Figgis, B. N. Introduction to Ligand Fields; Wiley Interscience: New York, 
1966. 

83. Wagner, C. D.; Riggs, W. M.; Davis, L. E.; Moulder, J. F.; MuIlenburg, G. E. 
(eds.) Handbook of Photoelectron Spectroscopy; Perkin Elmer Corporation, 
Physical Electronics Division: Eden Prairie, Minnesota, 1979. 

84. Kenneth Nebesny, private communication. 

85. Prabhakaran, C. P.; Nair, B. G. Trans. Metal Chern. 1983,8, 368. 

86. Chen, G. J. -J.; McDonald, 1. W.; Newton, W. E. Inorg. Chern. 1976, 15, 2612. 

87. Matsuda, T.; Tanaka, K.; Tanaka, T. Inorg. Chem. 1979, 18,454. 

88. (a) Yamanouchi, K.; Yamada, S. Inorg. Chim. Acta 1974, 11,223. 
(b) Brisdon, B. J. Inorg. Chern. 1967, 6, 1791. 
(c) Gibson, V. C.; Kee, T. P.; Shaw, A. Polyhedron 1988, 7, 579. 
(d) De Wet, 1. F.; Caira, M. R.; Gellatly, B. 1. Acta Cryst. 1978, 834, 762. 



References 334 

89. B. A. Frenz, "The Enraf-Nonius CAD 4 SDP-A Real-time System for Concurrent 
X-ray Data Collection and Crystal Structure Determination," in Computing in 
Crystallography, H. Schenk, R. Olthof-Hazelkamp, H. vanKonigsveld, and G. C. 
Bassi, EDs, Delft University Press, Delft, Holland, 1978, pp 64-71. 

90. Schreiber, P.; Wieghardt, K.; Nuber, B.; Weiss, J. Z. Anorg. Alleg. Chem. 1990, 
587, 174. 

91. This me, refl.foa, is read by subsequent Fourier synthesis programs in the 
calculation of experimental electron densities. 

92. SFC is a standard part of the refinement process in a typical X-ray structure 
determination. It provides the calculated structure factors from the progressively 
updated structural model that is being rermed to match the experimental Fobs and 
electron density. 

93. The density at an atom center is approximately equal to Z e-/A3 (Z = atomic 
number). See Stout, G. H.; Jensen, L. H. X-ray Structure Determination: A 
Practical Guide (2nd edition); Wiley Interscience: New York, 1989, p 235. 

94. (a) Beissel, T.; Wieghardt, K.; Boese, R. [norg. Chem. 1990,29, 1736. 
(b) Schreiber, P.; Wieghardt, K.; Florke, U.; Haupt, H-. 1. Z. Naturforsch 1987, 
42b, 1391. 
(c) Pomp, C.; DrUeke, S.; Kiippers, H-. 1.; Wieghardt, K.; KrUger, C.; Nuber, B.; 
Weiss, 1. Z. Naturforsch 1988, 43b, 299. 
(d) I. Dahwan, private communication. 

95. All reflections were originally collected in the nonstandard setting with unique 
axis a. Prior to reduction of the intensities to structure factors, these data were 
rotated to the conventional setting with b as the unique axis. 

96. Better agreement is obtained from H atoms at chemically idealized positions than 
at the actual positions in the difference maps. These latter values are useful for 
determining C-H confonnations but are limited in refinements due to the small 
amount of density at these sites. 

97. See Chapter III and Appendix B for details of the polar coordinate approach for 
determining atom positions along a particular vector. 

98. (a) Cleland, W. E. Jr.; Barnhart, K. M.; Yamanouchi, K.; Collison, D.; Mabbs, 
F. E.; Ortega, R. B.; Enemark, J. H.lnorg. Chem. 1987,26, 1017. 
(b) Structure perfonned by C. Doyle and M. D. Carducci at the Molecular 



References 335 

Structure Laboratory, University of Arizona. 

99. Hamilton, W. C. Acta Cryst. 1965, 18, 502. This paper describes an analytical 
approach to detennining the relative superiorities (based on Rw) of two structures 
with different numbers of refined variables. Any structural model can be 
"improved" by adding further parameters. Hamilton's approach tests whether the 
improvement is real or just an artifact of the extra parameters. 

100. MigheU, A D. J. Appl. Cryst. 1976, 9, 491. 

101. Santoro, A; Mighell, A D.; Rodgers, J. R. Acta Cryst. 1980, A36, 796. 

102. This angle represents the approximate deviation of the phenyl ring in question 
from the Mo-P2-(C13 or 0) plane. 

103. An extensive summary of the statistical distribution of space groups among x
ray structures of inorganic, organometallic, and organic molecules is given by 
A. D. Mighell and 1. R. Rodgers Acta Cryst. 1980, A36, 321. 

104. Yoon, K.; Parkin, G.; Hughes, D. L.; Leigh, G. J. J. Chem. Soc., Dalton Trans. 
1992,769. 

105. Bandoli, G.; Clemente, D. A; Mazzi, U. J. Chem. Soc., Dalton Trans. 1976, 125. 

106. Robertson, G. B.; Tucker, P. A Acta Cryst. 1981, B37, 814. 

107. Hills, A.; Hughes, D. L.; Leigh, G. J.; Prieto-Ak6n, R. J. Chem. Soc., Dalton 
Trans. 1991, 1515. 

108. Carducci, M. D.; private communication. 

109. Backes-Dahmann, G.; Herrmann, W.; Wieghardt, K.; Weiss, J. 1norg. Chem. 
1985, 24, 485. 

110. Lam, C. T.; Lewis, D. L.; Lippard, S. J. [norg. Chem. 1976, 15, 989. 

111. Garner, C. D.; Howlader, N. C.; Mabbs, F. E., McPhail, A. T.; Onan, K. D. J. 
Chem. Soc., Dalton Trans. 1978, 1848. 

112. See for example Chatt, J.; Leigh, G. J.; Mingos, D. M. P.; Paske, R. J. J. Chem. 
Soc. (A) 1968, 2636 and some of the following references. 



References 336 

113. Sergienko, V. S.; PoraiMKoshits, M. A. Soviet J. Coord. Chern. 1982, 8, 130. 

114. Sacerdoti, M.; Bertolasi, V.; Gilli, G.; Duatti, A Acta. Cryst. 1982, 838, 96. 

115. The best characterized examples of Os(V) complexes are the complex fluorine 
salts of the anion OsF6"1. Certainly, there were none reported prior to 1969, at 
the time of ref. 17. 

116. Salmon, D. 1.; Walton, R. A. lnorg. Chern. 1978, 17,2379. 

117. Steifel, E. I. Prog. lnorg. Chern. 1976,22, 63. 

118. (a) Griffith, W. P. J. Chern. Soc. 1964, 245. 
(b) Griffith, W. P. J. Chern. Soc. (A) 1969, 211. 

119. Goeden, G. V.; Haymore, B. L.lnorg. Chirn. Acta 1983, 71,239. 

120. Cotton, F. A; Diebold, M. P.; Roth, W. J. Polyhedron 1985,4, 1103. 

121. Tolman, C. A Chern. Rev. 1977, 77, 313. 

122. Ref. 14. No claim of distortional isomerism is made in this paper; however, the 
exceptionally long ReMN bond (1.788(11) A) of rnerMReNC12(PEt2Phh has led 
to the inclusion of this structure in some other discussions of distortional 
isomerism. I5 

123. (a) Dori, Z. Prog. lnorg. Chern. 1981,28, 239. 
(b) Dori, Z. Tungsten Comprehensive Coordination Chernistry (Vol. 3); 
Wilkinson, G. (ed.), Pergamon Press: New York, 1987. 

124. (a) Westland, A D.; Muriithi, N. lnorg. Chern. 1973, 12, 2356. 
(b) Lincoln, S. E.; Koch, S. A. J. Arn. Chern. Soc. 1982, 104, 288. 

125. Samotus, A.; Kanas, A; Dudek, M J. lnorg. Nucl. Chern. 1979,41, 1129. 

126. (a) van de Poel, 1.; Neumann, H. lnorg. Chern. 1968, 7,2086. 
(b) Robinson, P. R.; Schlemper, E. 0.; Murmann, R. K.lnorg. Chern. 1975,14, 
2035. 
(c) Day, V.; Hoard, J. J. Arn. Chern. Soc. 1968, 90, 3374. 
(d) Dudek, M.; Kanas, A.; Samotus, A. J. [norg. Nucl. Chern. 1979,41, 1135. 



References 337 

127. (a) Beard, J. H.; Calhoun, C.; Casey, J.; Munnann, R. K. J. Am. Chem. Soc. 
1968, 90, 3389. 
(b) Munnann, R. K.; Schlemper, E. O. lnorg. Chem. 1971, 10, 2352. 
(c) Cotton, F. A.; Lippard, S. J. lnorg. Chem. 1965,4, 1621. 

128. (a) Brencic, J. Y.; Ceh, B.; Segedin, P. J. lnorg. Nucl. Chem. 1980, 42, 1409. 
(b) Brencic, J. Y.; Ceh, B.; Leban, I. Acta Cryst. 1979,835, 3028. 

129. Shriver, D. F.; Atkins, P. W.; Langford, C. H. Inorganic Chemistry; W. H. 
Freeman and Co.: New York, 1990; p 573. 

130. Haymore, B. L.; private communication. 


