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ABSTRACT

The crystal structures of two compounds,
(bipy), (S0, VOV(S0,, ) (b1py),"15H,0, where bipy is 2,2'-bipyridine, and
Re(CO)jB’r(P(Mezpz)z(C6H5)). where Me,pz is 3, s5-dimethylpyrazolyl, were
determined by single crystal X-ray diffraction. The first compound had a
monoclinic unit cell, space group C2/c, with a=12,764(8), b=21,80(2),
e=19,08(1)%, B=96.04(3), Z=4, and Dna10*1.516. The structure was refined
by full-matrix least-squares procedures to a conventional R factor of
0.086 for 1286 independen* observations. The molecule consists of a
dimer with a s]ightly bent (170(1)°) oxo oxygen bridge with V-0=1,776(4)K,
The two halves of the dimer are related by a crystallographic 2-fold
axis which passés through the brideging oxygen. Each vanadium atom 1s
coordinated to two bipyridine ligands and a monodeniate sulfate grdﬁp
located cis to the sixth coordination site occupled by the bridging
oxygen. The structural model is consistent with the composition given
but ofher oxidation states for the vanadium atom cannot be ru}ed out,
The water molecules 1link the dimeric units throughout the lattice via
hydrogen bonds to the sulfate groups and among themselvés.

The unit cell for the rhenium compound was also monoclinic, space
group P21/c, with a=8,964(4), b=14,441(10), c=18,156(8)R, B=111.32(4)°,

Z=4, D =1,%, and Dealc=1'969' The structure was refined by full-

neais

matrix least-squares procedures to a conventional R factor of 0,085

for 1362 independent observations., The rhenium atom is coordinated
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to three carbonyl groups, a bromine atom, and one nitrogen atom from
each of the 3,5-dimethylpyrazolyl rings, The three carbonyl groups define
one of the triangular faces of the octahedron of coordination. The six-
membered ring defined by the rhenium, nitrogen, and phosphorous atoms
has a skewed hoat configuration,

The relatively poor agreement obtained in the refinement of both
gtructures can be attributed to systematic errors which possibly arose

from uncorrected misorientation of the crystals during data collection,

B
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INTRODUCTTON

Original Research Proposal

The original research proposal for this degree was to determine the
X-ray diffraction crystal siructure of three vanadium qompounds which were
reported in the literature to be mixed-valent in character. In eaéh case
the species in question was thought to consist of two vanadium ions of dif-
ferent. oxidation states joined by one or two hydroxo or oxo species and
surrounded by various ligands., The ligands which were invelved in the three
compounds proposed were 2,2'-bipyridine, cyanide ion, and 2,2',2"-terpyr-
idine, It was hoped that the proposed research would definitely determine
whether the compounds were indeed specimens of a class of complexes knovm1
as Class IT mixed-valence compounds, These complexes are described as con-
sisting of coordinated metal ions forming a polymer with each metal site
posSessing a slightly different 1ligand field. The differences in the ligand
field strengths are iarge enough to permit the isolation of two different
oxidation states but small enough to permit a small amount of electron ex-
change between the different metal sites.,

The earliest reports2'3

of the eristence of the first cpmpound were
short comments which proposed that the compound consisted of hydroxo-
bridged vanadium centres, each of which was coordinated to two 2,2'-bipyr-
idine 1igands. A later, more detailed, studyu proposed the formulation

szh(OH)Z(SO nH20, where L is 2,2'-bipyridine and n=8,11,14, based main-

y)’
ly upon elemental analyses of various samples, In this second study there
was some ambiguity concernihg the type and number of bridging species,
ThiS'ambiguity, as well as unusudl magnetic and spectral properties,

prompted these authors to postulate that the compound was mixed-valent

in character. The magnetic moment of 3.3t.2 B.M, appeared to indicate that



V(II) centres were present in the compound along with the expected V(III)
jons since V(III) ions alone produce a magnetic moment of only 2,9 B.M,
or less, The u,v.-visible spectra consisted mainly of two high intensity
peaks. The peak positions (16,000 and 19,000 cmrl) as well as the molar
extinction coefficients (1200) were not characteristic of normal V(III)
speciés. Three possible mechanisms were put forward by Murray and Sheahan
as possible explanations for the high extinction coefficients, These mech~
anisms were: 1) relaxation of the Laporte rule by charge transfer between
"the metal orbitals and the ligand orbitals, 2) the possibility of ah inten-
sify enhancement arising from an exchange-induced mechanism which works
better with oxo-bridged species than with hydroxo-bridged species, and
3) mixed—Qalence charge transfer., The mustard yellow species3 (VL2012)2+
showed no intense bands and indicated that relaxation of the Laporte rule
was not likely to occur with the V(III)-bipy system although a V(II)~
bipy system (VL3)2+ was known to utilize this mechanism, The assumption.
‘that hydroxy bridges were present in the dimer tended to eliminate an
exchange-induced mechanism since hydroxo-bridged species are very poor
. at promoting intensity enhancement. These arguments left only mixed-
valence charge transfer as a llkely explanation of the high intensity,
The high magnetic moment appeared to support this view. The compound was
thus postulated to be a V(II)-V(IIT) mixed-valent dimer with the config-
qration of the bridge open to some doubt about the number of bridging
hydroxy species.

The second compound which was considered was observed5 to be the ini-
tialfproduct formed when V(III) was added to saturated potassium cyanide

solutions. If these dark blue solutions were left at room temperature for




_several hours, they would decompose to a deep wine coloured solution from
which KuV(CN)7 was isolated, If, however, the initial solution was cooled,
then a compound with the formula 1(3.5\I(CN)5.5(0I-X)0.5 was isolated as a dark
blue solid. From the elemental analysis reported, this solid has an average
oxidation state which indicates that it is mixed-valence in character, This
idea is supported by the electronic spectrum which consists of a single, in-
tense band (17,000 cm:l) which is uncharacteristic of V(III) and is suggest-
ive of mixed-valence compounds. The bridge 1s postulated as a hydroxo species

1 but

since the infrared spectrum has an O-H stretching frequency at 3450 Ch,
has no H20 bending bands. As well, a band at 610 cm:1 is thought to indicate
the.presence of a V<0OH-V bridge., If only one hydroxo entity is present, then
the eleven cyanide ions must be arranged in one of several possible and very
interestiﬁg configurations. One of these possibilities consists of one van=
adium atom surrounded by five cyanide groups and the bridging hydroxo group
while the other vanadium is coordinated to six cyanide groups and the bridge,
The presence of unequal coordination numbers could help stabilize the two
different oxidation states in geometries which are sufficiently different

to produce different ligand fields with sufficient similarity to permit par-
tial electron exchange as in Class II mixed-valence compounds, Another pos-
sibility involves two vanadium atoms in identical coordination spheres
consisting of five terminal cyanide groups and one bridging hydroxo group
and one bridging cyanide group. This combination would result in a Class |

II mixed-valence compound if the different oxidation states are partially
localized or a Class IIIA mixed-valence compound if the two metal sites
a~f“°"fully‘vsha.r1ng the two oxidation states. There are, however, no infra-

red bands which are characterisfic of bridging cyanide groups in the spec-



4rum of this compound. All this speculation of mixed-valence character de-
pends solely upon the number of hydroxo or cyanidelgroups being correct,
The third compound which was proposed for structural research was
postulated6 as a dimer and was thought to be formed when a solution of
5x10-uM V(III) and 5-7X10-uM 2,2',2"~terpyridine developed a red color
with peaks at 685 and 474 muM, This was the only data available on this com=
pound and any attempt to propose a structure would be pure speculation
unsupported by any concrete physical data, The proposal that a dimeric
species was present was put forward because the peak at 474 mp was sim-

7

{1lar to a peak prodiuced by an agquo dimer of vanadium’ whose existence is

‘309

transient and has an equilibrium constant of 10 for its formation from

two aquated V(III) ions:
‘ 3* e ot o L+
2V(H2°)6 2H" + 2H0 + ((Hzo)uV(OH)zv(Hzo)u)
If the vanadium-terpyridine dimer does exist, then a number of 1mportant
questions about its structure can be answered. It can be determined wheth-
er the terpyridine ligands are tris-chelating or only bis-chelating, The

number and type of bridging specles, as well as the number of coordinated

water molecules, can also be determined,



Pitfalls

Of the three compounds mentioned, it was possible to obtain the struc-
tpie of only one, (bipy)2(SOu)VOV(SOu)(bipy)z'15H20. No serious attempt was
made to obtain any of the vanadium-teipyridine compound, although it might
be possible to obtain some by a procedure analogous to that used’to obtain
erystals of the vanadium-bipyridine compound (see Experimental section).

A considerable amount of time was spent trying to obtain suitable crys-
tals containing the (VZ(CN)il(OH))7- species., Following the reported pro-
cedure for prepafing the potassium salt, it was possible to obtain only a
powder, or, at best, a micro-crystalline collection of needle-like particles
that were much too small to do anything with. The small particle size was
thought to be due to the fact that the solid material precipitated rather
quickly over a period of only two hours. Attempts at replacing potassium
by other larger cations such as tetraethyl ammonium.or hexaammine cobalt(IIT)
were unsuccessful, The failure to securevthe tetraethyl ammonium salt ap-
pears to have been due to the fact that the charge on the cation was quite
different from that on the-anion even though the sizes of the two lons were
much more similar than in the potassium system. The use of the hexaammine
cobalt(IIT) cation anpeared to overcome this problem but the low solubility
of the chloride salt of the cation in aqueous solutions appeared to be the
limiting factor in the hoped for preparation. Because of the large charge
of the anion, an attempt was then made to use a unipositi?e cation smaller
than potassium in an effort to 1ncréase the solubility sufficiently to per-
mit the‘precipitation to proceed slow enough to produce good crystals, The
first attempt in this direction was the use of sodium in the form of a sat-
urated solution of sodium cyanide to which the vanadium (III) salt was add-

ed. At temperatures at or below the freezing point of water, the very deep



blue solutions were as stable as the potassium cyanide solutions, but preci-
pitation did not occur as quickly as it did in the potassium cyanide solution,
In fact, no precipitate was observed for a full week after which time plate-
like crystals were observed to form. When the precipitation was complete, the
solution was observed to be wine red in color and therefore 1ndicéted that
some decomposition had occurred even though the temperature had been kapt
rather low. The crystals, when dissolved in water, produced the same intense
blue color as the notassium salt had done. The very gquick loss of color in a
few seconds as the anlon decomposed in solution was also similar to the behav-
jour of the potassium salt,

Attempts were then made to obtain the unit cell parameters. The first
photographs obtalined were totally blank and showed no evidence of diffraction.
When 1argef crystals were placed in the X-ray beam, a powder pattern was ob-
served. Visual inspectlon under normal light showed that there was no apparent
change in shape or the condition of the surface. Fresh crystals taken fiom the
mother liquor and plzed on a filter paper showed extinction when viewed through
a polarizing lens. The same crystals, when placed upon a microscope slide up=-
on the stage of a polarizing binocular microscope, quickly became opaque to
all 1ight and no longer showed extinction through the polarizing lens, The
only differences that were apparent were the intensity of the light on the
crystal and the warmth of the microscope stage due to the 1light bulb underf
neaﬁh. By exposing fresh crystals to very bright lights while they are still
on the filter paper, it was decided that light sensitivity was nbt the prob-
lem. It soon became apparent that the crystals were undergoing a change when
fhei& temperature was railsed even a small amount above room temperature. From
the lack of success at obtaining useful photographs, it was determined that

the crystals were oniy stable for short periods at room temperature. Because



of this quasi-stability, it was possible to obtain two photographs from

which some information concernming the unit cell parameters was obtained,

An oscillation photo, which was relatively easy to obtain with each new
crystal before it decomposed, showed that one axial\repeat distance was

8.95 R. A zero level Welssenberg photo, which was the only one ever obtain-
ed, showed two reciprocal axes lengths and the angle between them to be
0.1356 and 0,1833 r.,l.v. and 8&.70. Ffom the dimensions obtained and the
symmetries exhibited by the photos, the unit cell appears to be triclinic.
Using the empirical formula Na7V2(CN)11(OH), the possible densities are in=-
tegral multiples of 1,09. A very rough density measurement, made by dropping
one crystal in carbon tetrachloride and another in chloroform, indicated that
the density of the material is intermediate between the two (1.48 to 1.59).
This, howe&er, does not agree with any of the calculated values and indicates
either that the molecular formuia is wrong in some way i.e. inclusion of
water) or that the unit cell volume is wrong. Either or both could be the
cause of this anomaly. However, the answer to this and other questions con-
cefning this compound will have to wait until a procedure is found to main-
tain the crystals at a low temperature at all times or another cation is
fOund‘which will produce crystals wlth greater thermal stability.

After having so little success with the proposed compounds, a search was
made to find other compounds whose structures had not been done aﬁd‘were in-
teresting in a chemical sense. An attempt was also made to keep within the
Sﬁidelines given in the original research proposal; to determine the struce
ture 6f materials reported to be mixed~-valence,

: An attempt was made to synthesize a vanadium compound which possessed
mixed-valence character but which had not been found in any search of the

literature, The synthesis is based upon the reaction between vanadium II and
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I

IV solutions uder aclidic conditions in which a brown intermediate is observ-

ed7 before forming vanadium III, It was hoped that this intermediate could be

. stabilized by putting chelating ligands on the metal ions before the reaction

took place and, in order to keep the main reaction free from acidic hydrol-~
ysis, carry it out in an organic solvent like benzene or pyridine. In the
reaction attempted, the ligand used was acetylacetone, The vanadium IV spe-
cies was bis acetylacetonato oxo vanadium(IV) while the vanadium II species
was bis acetylacetonato bis pyridine vanadium(II)8. The preparation of the
second compound was complicated by rapid aerial oxidation while it was in
solution. The only solid product ever obtained upon the combination of these
two comﬁounds was tris acetylacetonato vanadium(III). It was hoped that the
product would be a species consisting of two vanadium atoms bridged by the
oxo oxygen‘of the vanadium IV entity. The vanadium atom which started with the
higher oxidation state would also be coordinated to a square planar arrange-
ment of chelating ligands and possibly a pyridine molecule in the position
trans to the oxo bridge. The coordination sphere of the other metal atom
would depend very much upon the nature of the vanadium II starting material.
8ince the reporte d synthesis of this material did not state whether the two
pyridine ligands were c¢is or trans to each other, some ambiguity arises when
trying to predict the configuration of any reaction products, If the pyridines
were trans to each other, then the coordination sphere of the second vanadium
ion in the final complex would be essentially identical to that of the other
vanadium atom, If, instead, the cls conformation of the precursor was the
true form, then the final cémplex could be formed with the two ends of the
moleéule with different coordination spheres; one end as described and the
other with a pyridine cis to the bridge. No matter whether the configurations

of the two ends are the same or not, it will still be possible to determine
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if the material is mixed-valence in character by comparing the bond lengths

around the two metal atoms, This is apparent when both configurations are

. @different since the end with the cls configuration has one vanadium-oxygen

bond which has essentially the same environment as all the vanadium-oxygen
bonds on the other end of the molecule, In order to obtain any of this mater-
jal in the future, it will be necessary to work in an absolutely oxygen free
environment, It would also be helpful to determine the best solvent to use in
the coupling reaction in order to prevent proton addition to the bridge or
oxidation of the vanadium II entity. As well, displacement of the ligands by
the solvent musf be avoided., Although it is not necessary, it would also be

interesting to determine the configuration of the vanadium II starting mater-

‘la.ln

A second compound which was looked at was an aqueous chromium dimer with
the bridge postulated9 as either a single oxo oxygen or two hydroxo species.

This material was formed either by shaking an acidic solution of chromous per-

chlorate with o¥ygen or by boiling a chromic perchlorate solution. This di-

merlc species was isolated in the solid state by producing an acid sulfate
salt, In attempting to produce this matertal, the solid obtained consisted of
microcrystalline particles which were much too small to use in any attempt at
single crystal X-ray diffractometry, Because of this difficulty and the lack
pf success at increasing the particle size by recrystallization, the invest-
igatién of this compound was curtalled. It was hoped that if the investlga-
tion was successful, then the character of the bridge and the environment of
the metal atoms could be clarified.

" A material reportedl® as 1.2 (K, Mn(CN) £)0.7 (K5t (CN)£)*0,25H,0, and char-
acterized as a mixed-valence materiai, was sufficliently intriquing to warrant

an attempt to clarify the structure, The fact that the physical characteris-
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tics of this compound were different from, and intermediate between, both
KuMn(CN)é'BHZO and KBMn(CN)é suggested that an investigation of this compound
would be worthwhile. However, when the crystals were examined, they were found
to consist of very thin needles which were too thin for single crystal work.,
The initial report of this material stated that shorter, thicker crystals,

as well as needle-like crystals, were obtained, No such luck was encountered
in this laboratory. This lack of success would appear to be the result of the
difference in growth times., The literature method reports that it took up to
two weeks for the crystals to form while they were obtained within two days
by this lab,

11 in concentrated

In the course of the reduction of chlorotungstates
hydrochloric acid solutions, a deeply violet compound of tungsten is formed,
This material was initially reportedl? to be K?W(OH)Cl5 but an infrared study13
showed that the compound should be férmulated as an oxygen-bridged dimer,
Ku(C15WOW015), with a bent bridee. As well, a comparison of the electrénic
spectrum of other oxygen-bridged species suggests that the tungsten atoms
are not tungsten IV, but are, instead, in £wo different oxidation states,
liuﬁgsten III and tungsten V, This mixed-valence character is also supported
by a polarographic studylu which showed that the coulometric reduction of
chlorotungstates proceeds directly from tungsten V to tungsten I11. If this
is indeed a mixed-valence material, then it must be either Class II or Class
TITA. Tn preparing this material, crystals were obtained which were much too
small to use in single crystal diffractometry., Because of the very high acid~
ity used in the preparation and the tendency of the material to decompose by
oxi&ative hydrolysis, attempts at recrystallizatibn in order to increase the
crystal size were unsuccessful. There is, however, hope that larger crystals

can be produced by controlling the reaction conditions since previous workers

report obtaining dark red square platelets,
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Dr. Sams of U,B,C, produced & material formulated as Fe(OEP)ClOu'ZEtOH.
where OEP is octaethylporphyrin, which exhibited a spin crossover when the
ethanol molecules of solvation were removed under vacuum, It became apparent
that the crystals supplied were also losing ethanol by evaporation and the
remaining portion of the molecule compensated for this loss by shifting enough
to disturb the long range order of the crystal. The unit cell is either mono-
clinic, with p=90°, or orthorhombic with a=10.13, b=18.14, ¢=11.73, and 2Z=2.
The ambiguity in the symmetry of the unit cell arose from the apparent lack
of symmetry of the oscillation photograph obtained about the a axis which
could be the result of a misalignment of the crystal. Because of the lack
of stability of the crystals, the ambiguity could not be conclusively re-

solved although the orthorhombic cell is preferred,
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The Second Compound

After obtaining the structure of (SDu)LZVOVLz(SOu'15H20 and experienc-
ing numerous difficulties searching for other compounds whose structures had
not been done and were worth investigating, a sample was kindly provided by
Dr. L.K. Peterson. The compound was formulated > as Re(CO)BBr(P(MeZPZ)ZCBHS)
31

where Mezpz is 3,5-dimethylpyrazolyl, Elemental analysis, P and 1H NeMeTy
spectra, and mass spectra confirmed this formulation and indicated that,
beslides coordination by the three carbonyl groups and the brqmide ion, the
rhenium atom was coordinated by the 2-N sites of the two pyr#zolyl rings of
the phosphine ligand. This particular ligénd is one of a serles of ligands
ghich can be described as (P(pz)n(céHS)B-n) where n can be 1.2, or 3 and pz
is either pyrazolyl or 3, 5-dimethylpyrazolyl. An analogous series of ligands
which has been investigated more extensively than the above mentioned series
are the polypyrazolylborate anions16 (B(pz)nﬁu_n)' vwhere n is 1,2,3, or 4 and
R is an organlc group or hydrogen. The boron series has been observed to al-
ways coordinate to metal species through the 2-N sites on the pyrazolyl rings.
Since the bhoron atom is tetrahedrally surrounded by organic groups of one
‘sort or another, the ligands can, at best, utilize a maximum of three pyra-
zolyl groups to coordinate to a metal species, In this réspéct the actions

of the phosphine ligands are similar since the phosphorous atom also exper-
lences tetrahedral coordination with the fourth site being occupied by a lone
pair of electrons. This lone pair of electrons permits the phosphine ligands
to exhibit coordination radically different from that of the borate ligands
when the number of pyrazolyl entities on the ligands is low, Thus, when ihere
are no pyrazolyl groups, the well known triphenylphosphine results, This pop-
ular ligahd always coordinates to metal sites through the lone pair. When one

pyrazolyl group is attached to the phosphorous atom a strange state of affairs
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15,17

arises, It has been observed that this ligand coordinates to a metal
species through both the phosphorous and the 2-N nitrogen atoms. Apparently

" the lone pair on the phosphorous atom is sufficiently active to compete with
the lone pair on the nitrogen atom, An intermediate was isolated15 in which
only the phosphorous atom was coordinated. This appeared to indicate that the
phosphorous lone palr was slightly stronger than the nitrogen lone pair in

the ability to coordinéte to a metal site, The question which is to be answer-
ed by a crystal structure study of the aforementioned rhenium compound is
whether the phosphorous atom is still capable of coordination when there are

two pyrazolyl units attached or, as indicated by the i

P and 1H n.m.r. and
the mass spectra, the two pyrazolyl groups are sufficliently electron withdraw-
ing to neutralize the coordinating ability of the phosphorous atom and instead

coordinate to the metal themselves as in the borate 1igand series,
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EXPERIMENTAL

(bipy). (S0, )vOV(SO, )(bipy). °15H_0

y oy o ha d A Lo

In making this compound, a departure was made from the reporteda proce-
dure which consisted of adding 2,2'-bipyridine to V(III) alum and obtaining
a powder, The procedure, which was successful in producing good crystals, con-
sists of adding 0.5 gm.(3.03 mmole) of 2,2'-bipyridine to a solution of 0,24

gn.(1.52 mmole) VC1, in 1 ml. H_O, 0,75 gm. KZSOQ in 5 ml, hot water was then

3 2
added to this purple solution. After warming the solution to dissolve any cry-
stals formed at this stage and subsequently cooling the solution to ~4° in
the refrigerator overnight, the resulting small cluster of fairly large crys-
tals (0,3-2,0 mm.) was filtered., After this disturbance, another crop of very
much smaller crystals preciplitated,

The compound prepared in this way was not chemically analysed, nor was
the average oxidatlion state of the vanadium determined by titration for reasons
given by other workersu. The U.,V.-visible spectrum and the magnetic momént
were not measured and in retrospect these measurements would have been desir-

able in order to confirm that the compound studied was the same as that re-

ported by Murray and Sheahan?

Re (€O )331- (P(Me,pz )%(CSHS) )

15

The following procedure was supplied by Dr, Peterson - and was the meth-
od used in his lab to produce the crystals used in this study.
A mixture of (Re(CO)uBr)2 (0.19 mmole) and (06H5)P(Me2pz)2 (0.38 mmole)
in benzene (10 ml.) was heated at 95-100° for 8 hours. The evolved carbon mon-
oxide (0.36 mmole) was determined, the solution was evaporated to dryness un=-

der vacuum to give a residue which was recrystallized twice from chloroform-

hexane and identified as Re(CO)BBr(P(Mesz)Z(C6H5)).
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STRUCTURE DETERMINATION AND REFINEMENT

bi S0, )VOV(S0, ){bi *15H_0

The purple-black plate-like crystals had a monoclinic unit cell with
a=12.764(8), b=21.,80(2), c=19,084(10)%, B =96.04(3)°, and Z=4, Various photo=-
graphs of reciprocal lattice layers indicated that the spacegroup was either
Cc or Cz/c. Structure solution and refinement was carried out successfully
utilizing the latter space group, With a 6-28 scan of base width 1.5 degreses
in 20 at a rate of 2° per minute and a 20 second background count on each
side of a peak, intensity data for 2480 independent reflections with 20 less
than 40° was collected using a Picker FACS-I automatic diffractometer control-
led by a PDP 8/E minicomputer. Nb filtered Mo K« radiation was used, The 1286
reflections with I>36(I),(G(I)=(Npk+(tpk/tbg)2Nbg)%, where Npk is the peak

count, Nbg is the total background count, t is the time required for the

pk
peak count, and tbg is the total time for the background count) were used in
the subsequent analysis* and were given unit weights. The scattering factor
tables were taken from Cromer and Waber18 as were the tabies for neutral atom-
ic species. No attempt was made to correct for anomalous dispersion. A Patter-
son map enabled the positions of one vanadium atom and oﬁe dxygen atom to be
determined., These two atoms were used to determine the signs of the structure
factbrs. A Fourier map computed at this stage yielded the coordinates of the
non-hydrogen atoms of the various ligands, An electron density difference map
produced the coordinates of the water molecules of crystallization while the
positions of the hydrogen atoms of the 2,2'-bipyridine ligands were calculat-
ed at 0.952 from the ring carbon atoms. After all non-hydrogen atoms were

refined with anisotropic temperature factors, the final R factor was 0,086

(R=2‘.HF°| -IF ) [/ZIF‘OQ) and would not go any lower. At this point, a difference
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map was calculated and did not reveal the presence of any more atoms, but did
indicate that the anisotropic temperature parameters of the vanadium atom
were not representing a perfectly’accurate model of the electron density of
the metal atom, There were three r;gions of excess electron density of ap-
proximately 1.0 electron per cubic Rngstrom (eR-B) and one region of deficient
electron density of approximately 1,6 eg-B in an electron density difference
map with a standard error of 0,16 ;R‘B. The final positional and temperature

parameters are listed in Table I and the structure factors are in Table II,

“# All calculations were performed on an IBH 370/155 computer., Programs used
were FORDAP, crystallographic FOurier‘summation and peak se#rching (A. Zalkin);
BUCILS, crystallographic structure factors and full-matrix least-squares
(University of Canterbury); ORFFE, Wortran crystallographic function and er-
ror program (W.R. Susing, K.O.‘Martin, and H,A. Levy); ORTEP, Fortran thermal
ellipsoid plot program for crystal structure illustrations (C.K. Johnsoﬁ):
and MEANPLANE, calculation of weighted mean planes through atom groups with

esd's (M.E. Pippy and F.R. Ahmed).



‘Positional and Thermal Parameters of the Vanadium Compound

i7

TABLE I

5

N4

Positions in fractional coordinatesx 10,
Atom x Yy 2
v 1011(2) 1312(2) 3210(2)
0 0 1381(10) 2500
01 2112(9) 1813(6) 2790(7)
02 W53(10)  2417(9) 3402(7)
03 2954(12)  2573(11)  2150(9)
o 1826(12)  2916(8) 2981 (9)
05 0 3588(11) 2500
06 4606(12)  3079(8) 1546(9)
07 1840(14) 1574(10) -348(9)
08 - 2816(14)  1722(12) 1032(10)
09 3288(14) 657(10) -423(10)
010 bo75(17)  1489(12)  3239(13)
011 252(13)  44s52(11)  1391(9)
012 4349(15) 554(12) 971(10)
8 2586(5) 2434 (4) 2832(3)
N1 436(12) 1992(8) 3814(9)
N2 1633(12) 500(10)  2877(9)
N3 176(12) 618(9) 3682(8)
2025(11)  1291(9) 4204(8)
c11 -338(18)  2359(12) 3600(11)
c12 -806(16)  2792(12)  4025(13)
t13 -348(19) 2861(12) 4688(12)
Cl4 472(16)  2472(11)  sou2(11)
15 885(14)  2065(9) 4480(11)
C21  2393(22) upu(1l)  2437(14)
€22 ' 2821(18) -92(18)  2233(14)
€23 2384(24) -633(14) 2454(13)
c24 1613(18)  -608(13)  2924(13)
c25 1279(15) -38(14)  3085(10)
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c12
c13
c14
Ci5
c21
c22
c23
c24
c25
31
€32
c33

oo

C35

C41

c42

L3

Chk

45

Calculated positions of hydrogen atoms Aall
parameters equal to 6,0) x10,

54(15)
39(14)
75(18)
Lly(1h)
23(12)
63(21)
46(17)
97(24)
50(17)
31(14)
40(15)
40(15)
57(21)
24(14)
27(12)
ul(14)
28(14)
52(16)
36(13)
27(12)

TABLE I (continued)

79(19)
97(21)
100(21)
78(18)
Ls(14)
- 98(24)

130(29) -

97(26)
86(24)
68(19)
112(23)
74(20)
104(28)
111 (24)
71(20)
77(18)
127(24)
128(24)
85(18)

28(13) -
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59(16)

73(18)

56(17)
72(16)
62(16)
68(19)
88(21)
52(18)
76(20)
47(15)
41(15)
78(18)
120(27)
84(19)
34(13)
68(17)
58(18)
40(15)
Ls5(14)
58(15)

-15(15)
20(13)
-2(16)
18(14)
12(11)
2(18)
14(20)
12(19)
11(16)
22(14)
4(15)
-21(15)
-4(17)
~3(15)
-12(13)
24(13)
6(14)
-5(17)
-17(13)

2(10)

-16(13)
7(13)
14(14)
-11(12)
12(11)
~20(15)
15(14)
12(15)
-3(13)
-11(11)
-5(12)
26(12)
-6(18)
16(13)
-2(10)
2(12)
-28(12)
-24(12)
~14(11)
14(11)

~7(15)
~30(16)
-20(16)

- 19(16)

-4(13)
7(17)
-5(22)
-13(17)
22(17)
18(15)
k(15)
30(16)
25(21)
~4(17)
-13(13)
-10(13)
30(17)
2(18)
12(13)
6(12)

with isotropic temperature

* Atom

. H3

X Yy z

- H11 -638 2357 3119
Hi2 -1406 3079 3862
Hi3 -656 3156 L4971
Hi4 758 2540 5374
Bt 25% 763 2275
H22 3302 148 1895
H23 2603 -1056 2273
- H2y 1312 -388 3163
H31 -831 1196 4201
~1723 324 4660
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TABLE I (continued)

‘H33 -1237 =657 4484
H34 9?7 -385 3749
Hisl 3000 635 3993
Hb42 4ok 630 5125
H43 3586 1326 5991
- Hib 2159 1986 5731
Hé 1016 2113 -1766
K9 2868 2023 1443
H1® L4428 1827 3299

a The form of the anisotropic ellipsoid is exp(-2w2(U11h2a*2+ U 2kzb*2+

2
U,,1%e%+ 2U  hka¥b+ 20,  hla*c*+ 20, Jklbxes)),

1

33 13
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Re(CO)..Br(P(Me_pz) (C.H.))
) Z Il 4
The colorless crystals had a monoclinic unit cell with a=8,964(4),

v=14.441(10), c=18.156(8)K, @=111.32(4)°, 2=4, D =1,9% gm/ml,, and D

==
meas calc

1.969 gm/ml. The density was measured by floatation in a mixture of dilodo-
methane and lodobenzens, Photographs of layers of the reciprocal lattice in-
dicated that the space zroup was P21/c. A crystal in the form of a rectangular
prism of dimensions 0,09 mm.x0,25 mm.xO.jBImm. was used for data collectlion.,
With a 0-208 scan of base width 1,5 degrees in 20 at a rate of 2° per minute
and a 20 second background count on each side of a peak, intensity data for
2057 independent reflections with 26 less than 40° was collected using a Pick-
er FACS-I automatic diffractometer controlled by a PDP 8/E minicomputer. The
1362 reflections with I>30(I), GT(I)=(Npk+(tpk/tbg)2Nbg)%' where N . 1is the

pk

peak count; Nbg i1s the total background count, t . is the time required for i

pk
the peak count, and tbg i5 the total time for the background count), were

used in the subsequent analysis¥ The scattering factor table for rhenium was

19 uhile the

tables for the rest of the atoms were obtained from Cromer and Waberlg. Anom~

taken from the Internatlonal Tables for X-Ray Crystallography

alous dispersion corrections were applied to the rhenium, bromine, and phos-
phorous atoms. After calculating structure factors with only the rhenium atom,
which was located from a Patterson map, a Fourier synthesis was used to lo-
cate the bromine and phosphorous atoms, A difference Fourier map then revealed
the positions of all other non-hydrogen atoms, Upon examination of the struc-
ture factors it was noted that the data could be split into four groups, This
differentiation was based upon a comparison of the observed and calculated
structure factors, A group of data was given its own scale factor if the ma-
Jority of the data had the magnitudes of the observed structure factors larg-

er than the magnitudes of the calculated structure factors or vice versa, No
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definite explanatlion for the fluctuation of the data was arrived at but it is
ﬁossible that movement of the crystal away from the centered position could
cause this behaviour, With the three heaviest atoms being treated as aniso~
tropic and the lighter atoms remaining isotropiec, the R factor was 0,085,
With all non~hydrogen atoms beling treafed as anisotropic, the R féctor was
0,073, but this decrease appeared to be due only to the increased number of
parameters and was not a true indication of improved refinement since the
lighter atoms showed no indication of anisotropy. Because of this, the light-
er atoms were refined as 1sotropic and a difference map calculated on this
basis revealed that there was still some electron density remaining around
the site of the rhenium atom, There were four regions of excess electron den-
sity of approximately 1.,4-2,2 eX-B and two reglons of deficient electron den-
sity of approximately 3.3 eg'j in an electron density difference map with a
standard error of 0,35 eR_B. Attemots to account for this by varyilng the
weighting scheme from the unit weights nused up to this point were unsucéess-
fui. It was apparent that the reflection data was causing this problem but

no systematic means of solving it was apparent. The refinement was ﬁalted at
this point, The final positional and temperature pazrameters are liéted in

Table ITI and the structure factors are in Table IV,

* All calculations were performed on an IBM 370/155 computer. Programs used
were FORDAP, crystallographic Fourier summation and peak searching (A. Zal~-
kin); BUCILS, crystallographic structure factors and full-matrix least-

squares (University of CanterburY); ORFFE, Fortran crystallographic function
and error program (W.R. Busing, K.O., Martin, and H.A. Levy); ORTEP, Fortran
therhal ellipsoid plot program for crystal structure illustrations (C.K.

Johnson); and MEANPLANE, calculations of weighted mean planes through atom _

groups with esd's (M,E, Pinpy and F,R, Ahmed).




Positional®and Thermal

b,c

23

TABLE 111

Parameters for the Rhenium Compound

b 4

y

Z

U U

U

U U

Atom 11 Y 33 12 13 U3
Re ~3(3) 2069(2)  817(1) 63(2) 38(1) 18(1) 10(2) =21(2) -1(1)
Br  -1766(9) 3334(5) -145(4) 93(6) 62(5) 3m(4) 25(4) 10(8) 9(3)
P 535(20) 2960(12) 2843(8) 91(12) 42(10) =22(7)  5(10) 23(8) 2(8)
Atom X y ] B
N1 127(5)  323(3)  150(2) 2.8(9)

N12  149(5)  3w7(3)  227(2) 3.2(9)
c1t 237(7) W9(4)  254(3) b.2(12)
c12  301(8)  452(5)  195(4) 5.,6(16)
C13  230(7)  390(4)  134(3) 4.2(13)
Ci4  280(8)  u464(5)  335(4)  5.8(16)
c15  2u1(7)  39%4(4)  50(4)  5.3(14)
N21  -169(4)  221(3)  145(2) 2.2(8)
N22  -125(6) 271 (&) 216(3) 5.2(12)
C21  =270(7)  287(5)  229(3) 5.3(14)
€22 -399(7)  245(5)  169(4)  5.3(14)
C23 -320(8)  210(5)  128(4) 5.2(14)
C24  -280(9)  331(5)  307(4) 6.9(18)
025  -422(7)  179(4) 4(4)  543(15)
C31  145(6)  184(4)  309(3) 3.1(11)
€32 314(7) 177(5)  339(4)  4.8(15)
€33 392(7)  99(4)  370(3)  4ab(14)
C3  303(7) 25(4)  379(3)  4.6(13)
C35  141(7) 25(4)  352(3) 4.5(13)
c36 61(7)  109(4)  317(3)  4.3(13)
ct -98(8) 109(5)  28() 5.5(16)
01 -175(6) bu(s)  -16(3) 7.1(12)
c2 110(6)  199(4) 12(3)  3.6(12)
02 195(5)  186(3)  -24(2) 4.7(9)
c3 124(6)  118(4)  147(3)  3.0(11)
03 225(6) 63(3)  179(3)  6.4(11)
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TABLE II1 (continued)
Parameters for Re, Br, and P are xlOug those for other atoms are x103.
Parameters for Re, Br, and P are x103.
‘ 2 2. 2 2.2
The form of the anisotropic ellipsoid is exp(-zn-(uiih a¥'+ U, k"o¥"+

U lzc*2+ 2U, _hka*p¥*+ 2013h1a*c*+ 2U23k1b*c*)) and the 1isotroplc thermal

33 12
=2

parameter is 8”252, where u~ is the mean-square amplitude of vibration,




25
DISCUSSION

gbinxgigsolgvovgsol[gbipxgg'1§HPo

The structure consists of dimeric neutral molecules with the molecules
in the unit cell being linked by a network of hydrogen-bonded water molecules
linked to the sulfate oxygens, The geometry of the dimer is shown‘in Figure 1.
A crystallographic 2-fold axis passes through the bridging oxygen atom and is
perpendicular to the V=Y vector, The complex consists of two approximately
octahedrally coordinated V(III) centres which are bridged by the oxide anion,
Each vanadium atom is coordinated to two cis 2,2'-bipyridine ligands, an oxy-
gen atom of the sulfate group, and the hridging oxide. As is apparent from
the figure, the pseudo-octahedron of one vanadium atom is rotated approximate-
ly 900 around the V-0 vector relative to the coordination polyhedron around
the other vanadium so that the V-01 vector is approximately perpendicular to
the V'=01' vector. The molecule as a whole, as seen in Figure 1, has a Acon-
figuration, Necesrarily there are an equal number of A and A dimers in £he |
centrosymmetric space group CZ/C. The bond lengths and angles associaéed with
the molecule are listed in Table V,

The V-0 distance of 1,775 R is indicative of considerable multiple bond-

ing between the metal atoms and the bridging oxygen atom, While there are no

yITT o _yITI

I

systems known to me with which T may make a comparison, the

III 20-27 are

FeI I-O-Fe distances in a variety of oxo-bridged iron(III) dimers

in the range 1,76-1.,8 R which is comparable to the present value, The V-0
separation is comparable with those in linear CrIII-O—CrIII system528'29
(1.82 R) and are much shorter than the values reported for CrIII-O bonds in-
volving hydroxide bridgesjo (1.9 R) in which there is no multiple bonding.

Evidently there is no structural evidence for a direct through space metal-

metal interaction since the V-V separation is 3.53 R,



TABLE V

the Vanadium Compound

Interatomic Distances and Angles for

pistances in & (e.s.d.’s)

Angles

V-0
v-01
VN1

5-01
3-02

N1-Ci1
N1-C15
C11-C12
C12-C13
C13-C14
Ci4-C15

N2-C21

N2-C25
C21-C22
C22-C23
C23-C24
C24-C25

1,776
2,012
2,060

i
1.4812
¢

3)

8)
1.470(13)
1,304 5;
1.346(22
1,416 28;
1.345 28;

1439429
1.392(26

C15-Cl5

1.,351(29
1.333(26
1,420(35
1.390(35
1.400 32;
1.359(29
C25-C35

in Degrees (e.s,d.’'s)

0-V-01
0-V-Nt
0-V-N2
0-V-N3
0-V-N4
01-V-N1
01 -V-N2
01-V-N3

01-8-02
01-5-03
01 -5-04

97.6(6
95-3?7

V-N2
V-N3
VN4

5-03
S=04

Ni-Cli1
N4-Cl5
Cl1 ~Ch2
Cl2-Cl3
Cl3-Cld
Clels=Clt5
1,436(24)

N3=C31
N3-C35
C31-C32
C32-C33
C33-C34
C34~C35
1.499(28)

01 -V=N4
Ni-V-N2
N1-V-N3
N1 -V-N4
N2-V-N3
N2-V-N4
N3-V-N4
V-0-V

02-5-03
02-5-0k4
03-3-04

2.066(19
2.106(18
2.182(15

1,461(16)
1.479(16)

1. 338224
1.337(22
1.377(27
1.407(30
1,371(30
1.417(24

1.378(24
1,306(24
1.376(28)
1.356(31
1,361 33%
1,388(30




V-N1-Ci1
V-N1-C15
N1-C11-C12
C11-C12-C13
C12-C13-C14
C13-C14-C15
C14-C1 5-N1
C15-N1-C11
C14-C15-Ch5
N1-C15-C45

V-N2-C21
V-N2-C25
N2-C21~C22
021 -022-C23
C22-023-C24
C23~024-C25
C2l~C25-N2
C25-N2-C21
C24-025-C35
N2-C25-C35
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TABLE V {continued)

125
118
126
116
120
119
121
117
122

%

1
1
2
2
2
2
2
2
2

2

V-N4=Chi
V-N4-C45

NG -Cl1 ~Cly2
C41 -Cly2-Cl3
Cl2 -Cl3=-Cliy
CU43=Chiy-Cl5
Clh-Cl5-NU
Cl5-Ni-Cl1
C4l—Cl5-C15
N4-Ch5~C15

V-N3-C32
V-N3-C35
N3-C31-C32
C31-C32-C33
C32-C33-C34
C33-C34-C35
C34-C35-N3
C35-N3-C31
C34-C35-C25
N3=C35-C25
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The four V-N distances are in the range 2,06-2.18 R with an average of

2,10 R; this distance is prohably not signifiecantly different from the V-01

distance of 2,01 %. The absence of any significant shortehing of the V<N bonds
relative to other distances suggests fhat there is very iittle multiple bond-

ing between the metal a*om and the aromatic ligand, A similar obsérvation has

been made for chromium(ITI) complexes31'32 of the related 1,10-phenanthroline

(phen) ligand.

The non~linear nzature of the bridge appears to result mainly from steric
interactions of the ligands on the iwo halves of the molecule, The sulfate
groups interact with the bipyridine groups whose planes are parallel to the
metal -metal direction while the remaining bipyridine ligand is opposite its
symmetry related counterpart., The dihedral angle by which these last bipyri-
dine ligands are displaced about the metal-metal axis is 1&.20. The ma jor
steric interaction anpears to be between the sulfate.groups and the opposing
bipyridine ligands., Thus C!1 and 1ts hydrogen atom protrude across the gap
surrounding the bridge and interact with the sulfate.group to such a degree
(2,74 %) that the bridge is bent 10° from 1linearity and the angle between the
planes defined by 01, Ni, N?, N3, and their symmetry related_countérparts is
12.&0. As well, the planss of the blpyridine ligands opposite to these steric
interactions are ?.?0 apart, The result of this interaction is to bend the
molecule ag a whole and to place two bipyridine ligands essentially parallel
to each other with almost maximum overlap when viewed perpendicular to the
planes of the ligands (Figure 2), The c¢losest intramolecular interatomic ap-
proaches between these two ligands (3.57, 3.58 ) occur between N2 and N3',
and C21 and C31', These distances are very similar to non-interacting inter-~
moleculx distances (3.45-3.65 %) of a number of planar organic compound333¢3§

Besides these intramolecular separatlions, there were also some relatively




C31

C32

C33

Figure 2: Ligand Overlap
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short intermolecular approaches (C33-C32%, 3.46 X; C31-C33", 3.58 R).

The groups coordinated to the vanadium do not appear to have undergone
ani major distortions, The sulfate group is very close to belng an ideal tet-
rahedron with the angle subtended at the coordinating oxyzen of 1&0.70. The
bipyridine entities are both composed of palrs of essentially planar pyridine
rings (Table VI), One ligand has the rings coplanar within 3.1o while the
other is within 1.90. As well, the vanadium atom is also very close to belng
coplanar with the bipyridine ligands (0.09%4, 04005 R).

Of the fifteen water molecules surrounding each dimer, only one 1s sit-
uated on a special position, a 2-fold axis, and is hydrogen-bonded to O4 of
each half of the molecule thus forming another bridge, Three of the remaining
seven unique water species are coordinated by hydrogen bonds to the two other
free oxygen‘atoms of the sulfate group, The remaining solvent molecules form
a hydrogen-bonded network throughout the crystal lattice (Table VII),

The crystallographic two«fold symmetry of the molecule simplifies tﬁe
quest for an answer to the question of why this compound has such intense
bands in its u,v,-visible spectrum, This symmetry element eliminates the mech-
anism of mixed-valence charge transfer, This leaves two other posslble answers:
relaxation of the Laporte rule and/or oxo-induced exchange, It was shown ear-
lier (see Introduction) that a relaxation of the Laporte rule by electron ex-
change between the metal orbitals and the ligand orbitals of the 2,2'~bipyri-
dine ligands was unlikely since the (V(bipy)2012)+ speclies did not exhibit
this phenomenon, If, however, an electron exchange is postulated between the
metal orblitals and the orbitals of the bridging oxygen ligand, then the relax-
ationfof the lLaporte rule becomes identical with the oxo-induced mechanism.
This particular situation has been observed with another dimeric species36

(Cr(bipy)ZOH);u. The behaviour of this chromium compound was observed over a
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Ring Planes and 12 for Vanadium Compound L;gandsa

Ring nitrogen A B c D XZ
N1 0.6671 0.h876 -0,2867 10,7868 6472
N2 =0,6125 =0.0143 =0,7903 -5.2519 2,81
N3 -0'5871 ‘0.0068 "'0.8095 "50367“‘ 0.76
N4 0.6520 0,6788 ~0.3377 0.3264 10,38
Ni+N4 0.6561  0,6858 ~0,3150 0.5595 3,25
N24i3 «0,6006 <0,0091 =0.7995 =5.,2791 9.4

a Equation of plane is Ax+By+Cz-D=0,
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TABLE ViI

Hydrogen~Bonded Inter-Oxygen Distances and Angles

Distances in % (e.s.d.'s)

Angles

02-06*
02-010
03-06
03-08
04-05
05-011
06-07

2.86(2)
2,84(3)
2.724(2)
2,82(3)
2.82(2)
2.88(3)
2.88(3)

in Degrees (@,8.d,'s)

Ols=05=04 *

O4-05-011
O4-05-011 *
011-05-011°
02-06-03
02-06-07
03-06-07
06-07-08
06-07-09
08-07-09
03-08-07

117.5(11)
104,7(5)
115.2(5)
98,.1(11)
119,0(8)
130.2(7)
89.1(8)
153.8(7)
122,4(8)
84.1(8)
140,4(11)

07-08
07-09
09-011
09-012
010-010°*
010-012'
011012

07-~09-012
011 ~09~012
02-010-010"
02-010-012
010'-010-012
05-011-09
05=011~012
09-011-012
09-012-010*
09-012~011
010°~012-011

2.81(3)
2,74(3)
2,77(3)
2.86(3)
2,83(5)
2.63(3)
2.,75(3)

105.3(9)
109.4(9)
101,3(9)
132.5(10)
122,1(8)
125.4(8)
135.1(8)
100,2(8)
124,6(12)
119.1(9)
114,2(10)
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wide range of pH values, In acidic solutions the cation consisted of the diol
as represented but upon raising the pH, first one and then the other hydrogens
were reversibly lost to produce first the mixed hydroxo-oxo and then the di-
oxo bridged species. As this change proceeded, the u,v.-visible spectrum chan-~
ged., The initial acidic specles produced a yellow sdution while the basic
species yielded a brown solutlon of greater intensity. It was also observed
that when the dihydroxo species was allowed to decompose in an acidic medium
the maxima shifted and increased in intensity. This change in the spectrum

was postulated to be due to the presence of an intermediate product which
'possessed only one OH bridge. This study indicates that intensity enhancement
can occur when hydroxo specles are converted to oxo specles and when the num-~
ber of bridging specles is reduced from two to one, In the present vanadium
compound thé molecule is the end result of both of these mechanisms, If a
(V(bipy)ZOH);u species exists, it would be expected to be paler than a simi-
lar compound with one bridging hydroxo group which would, in turn, be paier
than the present compound, Thus the presence of a single oxo anion as the
bridging specles appears to account for the high intensity of the absorption
maxima. |

The linearity of the bridge and the short V-0 bond length indicate that

there 1s a great deal of double bond character in the bridge. The orbitals in~
volved in the bridge bonding can be deduced by examining the ligand placemeht
about the two metal sites, When viewed down the V-V vector, the ligands are

in an eclipsed conformation with the sulfate entities rotated 900 from each
other, The orbitals of the oxo oxygen can be described in the following manner:
two épz hybrid orbitals forming ¢ bonds té the two metal atoms and the full

Py and py orbitals extending perpendicular to them. The metal d orbitals are

arranged as follows: the dz2 orbltal forms ¢ bonds with the bridging oxygen
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and N4, dx2_y2 forms & bonds with the other four coordinating atoms, and dxy'
.dxz' and dyz occupy their usual positions. The shortness of the V-0 bond
length indicates that the energy of thg dzz orbital will be slightly higher
than that of the dx2~y2 orbital and that the energies of the dxz gnd dyz orb-
itals will be a small amount higher than the dxy orbital energy. The two d
level electrons of eaéh approximately octahedrally coordinated vanadium atom
will be in the dxy and one of dxz or dyz orbitals, When the P, and py orbi-
tals of the oxygen atom are comblned with the dxz and dyz orbitals of the two
vanadium atoms, six molecular w orbitals are formed in degenerate pairs, The
six electrons available fill the two bonding M4.0.'s and half-fill the two
non-bonding M.0,'s. Thi~ honding ccheme has also been cuggested by other work-

7 4

a
ars for another oxn-bridged dimer”', The end result of this bonding scheme is

a linear three atom system held together by four filled bonding molecular
orblitals consisting of two o and two » bonds,

The ahove bhonding scheme helps to explain why this compound has a Sridge
system which is very clos=e to beins Jirear while simllar iron systemszo'z3
are usually bent (139-1520) as a result of the extra electrons being placed in
antibonding molecular orbitals,

The structural information obtained in this study very strongly suggests
that both vanadium atome are in the +3 oxidation state with identical coord-
ination spheres, This conclusion cannot, however, be accepted as an absolute
fact, Because there was a choice of space groups, there 1s a possibility that
the dimeric molecule is not situated on a symmetry element., Moreover, since
no attempt was ma de to determine the oxidation state of the vanadium by, for

examfle, titration, there is some guestion as to the precise oxidation state

of vanadium in this compound. The presence of undetected hydrogen ions in the

crystal lattice would of course change the formal vanadium oxidation state.
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Since the u,v,-visible spectrum and magnetic moment of the compound were not
- measured, there is the slight possibility that the compound studied here was
not that previously investigated by other workersu.

It may be noted however, that 1f‘this compourd was the same as that stud-
ied by Murray and Sheahan, a magnetic moment of 3.3 B.M. would nof be incon-
sistent with vanadium in the 3+ oxidation state, since an orbital contribution
could increase the magnetic moment above the spin-only value of 2,9 B,M,

Many possibilities for future work arise from modifications of the pres-
ent system. The simplest modification consists of replacing the sulfate anions
by other specles, Thus it would be very simple toc obtain the perchlorate salt
in which it is quite possible that water molecules occupy the sixth coordin-
ation site of the vanadium atoms, By varying the identity of the anion it
should bte possible to vary the species which occuplies this position and de-
termine the resulting distortions arising from the differing steric require-
ments of the coordinatina apecies. Compact ent!ties such &s water and the nit-
rite lon would be expected to produce very little steric interaction between
the two halves of the molecule with the result that the V-0~V system should
be more linear than in the present compound, If bulkier species such as R,PO

3
or R,50, where R is an alkyl specles such as CH3' can be induced to coordinate

2
t0 the vanadium atom, then the bridge will be bent, If a large deviation from
linearity does occur, then, if the intensity of the peaks in the electronic
spectrum is a result of the pl system of the bridge, the resulting compounds
should be paler in coler,., The main difficulty with‘bulky ligands is the ini-
tial formation of the complex since the bipyridine ligands trans to the coor-
dination sites will be forced closer together. Another anion to be investi-

gated, for a different reason, 1is PF;. It was reportedu that the spcies iscla-

ted did not include solely PFg but also included the chloride ion so that the
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anionic content was ((PF6)1.3010.?) for each vanadium atom, It would be in-
teresting to find out how the twe types of anions are distributed in the unit
cell, Another irteresting arrangement of coordinated species would result in
the destruction of the two-fold symmeiry of the dimer by placing different
molecules on the two metal sltes,

If the unusual electronic spectrum is due to the presence of the linear
oxo bridge, then the spectrum can be drastically changed by altering the na-
ture of the bridge., Changing the presently well protected oxo spcies to a
hydroxo species by proton additlon in ar acidic medium would probably result
in a dihydroxy bridged material., The second hydroxo group would form a bridge
after the sulfate anions were forced to break away as the molecule bent to
accomodate the presence of the first hydroxo group. Another way to produce
a bent molecule would be to change the bipyridine ligand by placing sterical-
ly bulky groups on the rings, l.e. 6,6'—dimethyl-z,z;-bipyridine. With such
ligands it would be very difficult to form a dimer analogous to the one stud-
ied., However, if a dimer were formed, it would mostblikely involve a double
bridege of either oxo or hydroxo groups,

Future work to determine the evact cause of the unusual_electtonic spec=-
trum of this compound involves many different approaches to the problem and
will greatly improve the understanding of polymeric transition metal complexes

which have oxo or hydroxo bridging specles,




Re(CO)BBr(E(Me 202),(CH.))

A single crystal diffraction study of Re(CO)BBr(P(Mezpz)Z(C6H5)), where

Mezpz is 3,5-dimethylpyrazolyl, revealed that the rhenium atom was coordin-
ated to'three carbonyl entities, one bfomine atom, and one nitrogen atom from
each 3, 5-dimethylpyrazolyl portion of the phosphine ligand. The six coordin-
ated atoms are arranged in an octahedral configuration (Figure 3) with the
three carbonyl groups defining one of the triangular faces, There were no
solvent molecules incorporated into the unit cell and there were no indicat-
ions of intermolecular interactions, Table VIIT lists the interatomic distances
and angles,

The Re-Br distance of 7.,623(7?) ¥ is very close to the expected distance

4+ +
( 1

of 2.68 & which is the sum of the erystal ionic radii of Re Re”™ was not

3? When the experimental value is corrected for the riding

available) and Br~
motion of the bromine atom with respect to the metal atom, a value of 2,639(7)
R 1s obtained and 1s somewhat closer to the expected value, The three carbonyl
groups appear to deviate very little from linearity with the angles subtended
at the carbon atoms beirg very close to 180°, A comparison of the bond lengths
connected with these groups is very hard to make since the electron density
immediately surrounding the rhenium atom severely 1imits‘the abllity of the
least-squares process to resolve the light atoms (C,N,0,H) in the neighbor-
hood of the heavy metal atom. This difficulty is especially apparent with car-
bonyl groups which have a relatively large amount of electron density between
the carbon and oxygen atoms,. In order to sidestep the problem, a comparison

of the overall Re~0 distances can be made with the result that all three
groups appear to be identical (3.01-3,06 if linearity is assumed; 2.97-3.05

1f allowance is made for non-linearity).

The rhenium atom, the four nitrogen atoms, and the phosphorous atom form
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TABLE YIII

Interatomic Distances and Angzles for the Rhenium Compound

Distances in & (e.8.d.'s)

Re-N11 2.15{43 Re~C1 1.76(7
Re-N21  2,21(b4 Re~C2 1,87(6
Re-Br 2.623(7) Re~C3 1.83(6
P-N12 1.73(4 P-N22 1.67(5
N1-N12 1,38(5 N21-N22 1.41(6
S s G Lk
-C12 . C21-C22 1.4

C12-C13 1,40 ag C22-C23 1.32(8
C13-N11  1.44(7 C23-N21  1,28(7
C11-C1h 1.5258% C21-C24 1.59{9
C13-C15 1,55(8 C23-C25 1.67(9
P~C31 1'7926§ C1-01 1.2757%
C31-C32  1.42(8 ( C2-02 1,19(6
C32-C33 1.34(8 3-03 1.18(6)
c33-C34 1.38(8

C34=C35 1.35(7

C35-036 1.43(8

C36-C31  1,37(7)

Angles in Degrees(e.s.d.'s)

Br-Re-N11 85(1 N11-Re~C3 96{2%
Br-Re-N21 85(1 N21-Re~C1 Wk(2)
Br-Re-C1 98(2 N21-Re-C2 170(2)
Br~Re-C2 86(2 N21 -Re-C3 96(2
Br-Re-C3 178(2 C1-Re-C2 82(3
N11-Re-N21 87(1 C1-Re-C3 81(3
N11-Re-C1 177(2) C2-Re~C3 93(2
N11-Re-C2 98(2)
Re-N11-N12 129 3% Re-N21-N22 121(3
Re-N11-C13 130(3 Re<N21-C23 136(4
P-N12-N11 126(3 P-N22-N21 131(4
P-N12-C11 118(4 P-N22-C21 122 ug
N11-N12-Ci1 116(4 N21-N22-C21 106(4
~ N12-C11-Ci2 109§5 N22-C21-C22 111(5)
C11-C12-C13 101 (5 C21-C22-C23 98(6)
C12~C13-N11 11455) C22-C23-N21 124{6
Ci3-N11-N12 100(4) C23-N21-N22 102(5
N12-C11-C14  128(5) N22-C21-C24  124(5



C12~C11-Ci4
N11-C13-C15
C12-C13-C15

P-C31 =C32

P=C31-C36

€31 -C32-C33
C32-033-C34
C33-C34-C35
C34-C35-C36
@35~C36-C31
C36=C31-C32
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TABLE VIII (continued)

123(5
120(5
126(6

119(4
122(4
123(6
118(6
123(6
118(6
121 53
117(5

C22-C21 -C24
N21-C23-C25
C22-C23-C25

N12-P=N22
N12-P-C31
N22-P-C31
Re~C1 =01
Re~C2-02
Re~C3-03

124(6
11525
118(6

101 (2
104(2
103(3
174(6
171(5
165(5

i
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a six-membered ring with a boat configuration, Although the molecule as a
whole has approximate mirror symmetry, a comparison of similar sections of
the boat ring indicates that the symmetry is not very exact in this region.
Table IX shows that the dAihedral anglés of the different portions of the ring,
as viewed in Newman projections Aown the varicus bonds, are sufficiently dif-
ferent to indicate a slightly skewed configuration for the boat ring, The
skewing of the hoat ring appears to be an example of a puckered chelate ring.
With the present 1igand there is the possibllity of eight different conforma-
tions with four being assoclated with the hoat configuration and four associ-
ated with the chair configuration. By analogy with five-membered ring systems
which have only two confﬁgur§tions, the molecule as represented in Figure 3
has the ligand in the § boat configuration with the phenyl ring in the axial
position, Tt was mentioned by Trof‘imenko16 that models indicate that the
chalr conformation should be preferred since it entéils much less non-bond-
ing interac*ticns between the substituents ir position 3 than in the boat con=-
formation. It is not known what models were used but the present compound
would indicate that the boat conformation is preferred since only in the boat
form can the pyrazolyl! rings maintain linear or almost linear bonds to both
the phosphorous and metal atoms,

In the present compound the dimensions of the two pyrazolyl rings are
very irregular. This is probably due to the inability of the refinement pro-
cess to accurately account for all of the electron density. Despite this prob-
lem, the average hond lengths of these rings (N-N, 1.39 %; N-C, 1.38 &; c-c,
1.40 R) are not very different from those cobtained from a compound utilizing
the analogous borate 1igand39 (N-N, 1,364 X; N-C, 1.335 X; C-C, 1,386 R).

When the two N-Re-Br angles (85°) and the two N-Re-C3 angles (96°) are

compared, it appears that the boat ring is being displaced toward the bromine
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Dihedral Angles From Newman Projections For Boat Ring

Atoms involved

Re,Ni1,N12,P
Nii,Ni2,P,N22
N12,P,N22,N21
P,N22,N21,Re
N22,N21,Re,Ni1
N21,Re,Ni1,N12

View down Dihedral angle
N11-N12 9(6)

Ni2-P 164(4)

P-N22 127(6)

N22-N21 25(7)

N21 -Re 160(4)

Re-N11 153(4)
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atom, This small effect could be due to an interaction between the phenyl
ring and the neighboring carbonyl group. This possibility arises when it is
noted that the phenyl group is situated close to C3 (C3-C31, 3,04(7) %). The
proximity of these two groups could be &ue to a pi-pl interaction between
molecular orbitals of the two groups. Another possibility which couid explain
this near approach involves the overall shape of the whole molecule and the
packing'of the molecules in the unit cell, If the phenyl group was positioned
at the site occupled by the phosphorous lone pair, then it would point away
from the rest of the molecule and would give the molecule the appearance of

a ball with a long flat extension. By occupying a position near the carbonyl
group, however, the general shape of the complex is much more spherical and
this shape would permit easler packing of the complex molecules into the unit
cell than would the other more irregular shape, The proximity of the phenyl
group to the carbonyl group appears to indicate that, if the conditions were
appropriate, further intramolecular reactions are possible, Acylation of the
vhenyl group would occur if a hydrogen atom could be removed from one of the
ortho carbons of the ring and a tri=z-rhelatirg phosphine ligand would result,
A loss of both a carbonyl group and an ortho hydrogen would result ih an ortho=-
metallated comnlex which would again produce a tris-chelating phosphine lig-
and.,

The behaviour of the phosphine ligand in this and other compounds is
mainly due to the two pyrazolyl rings. The electron withdrawing ability of a
pyrazolyl ring is so great that the coordinating power of the phosphorous
lone pair of electrons is decreased well below the coordinating power of the
ring nitrogens. Because of this arrangement of eléctron density the rhenium
compound is incapable of serving as a phosphine ligand to other metal comp=-

lexes, This inability to coordinate through the phosphorous atom makes the
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ligand very similar to other ligands utilizing pyrazolyl rirgs, The best
known series is (RnB(pZ)a-n)- but other less familiar series are known16 in
which the boron atom is replaced by carbon to yleld neutral ligands or by
beryllium to yield dinegative ligands, It should also be possible to make

a ligand series in which nitrogen replaces phosphorous in oxrder tb observe
the competition between two ldentical atoms, The behaviour of all of these
various ligands is malnly governed by the pyrazolyl rings and the total
charge of the ligand, Variations in stability of complexes with respect to
degradation by air or water are observed when R is varled or alkyl groups are
put on the rings but 1t is the presence of the rings which permits coordina-
tion in the first place, A complete structural study of polypyrazolyl ligands
would be very time consuming but it would help to explain the manner in which
the varlous components.of the ligand-metal system interact. Thus changing the
central ligand atom (i.e., from boron to carbon) may indicate that chair con-
formations are preferred to boat conformations for some dipyrazolyl sysfems.
The same effect can be examined by varying the coordinated metal atom, Vary-
ing the number of pyrazolyl rings may reveal unexpected products such as the
monopyrazolyl phosphine mentioned earlier. Steric interactions of alkyl groups
on the pyrazolyl rings and/or on the central atom would possibly reveal how
various complexes utilizing these ligands are more stable than similar con-
pounds lacking such groups. All in all a study of these ligands would be very
interesting and would help to open up a new fleld of study in coordination

chemistry, The present study is a small step in this direction,




TABLE II Structure Factors For the Vanadium Compound L6
L FO FC PO rC L FO FC FD FC
= 0, K 0 0, K 6 12 19* -3 17% 28
13 31 -33
2 221 -216 0 61 -71 14 16%* 1 0, K= 18
Y 66 66 1 128 143 15 36 15
6 21 -12 2 13+ 22 16 17% 12 23 -21
8 65 -77 3 18% -2¢4 55 -49
10 15+* 0 4 11  -2¢ ‘H= 0, X 12 27* 12
12 50 -41 5 103 -110 13% 2
14 12* -13 3 37 33 0 34 -43 Lx 0
16 13% -5 7 137 141 1 54 57 32 34
18 24% ) 8 31 ) -63 2 24 35 10* -4
9 86 -933 3 24« -18 21  -14
= 0, K 2 56 -52 L 72 76 30 23
31 -27 5 88 -84 28+* 15
0 116 -155 3% 3 6 34 22
1 228 =252 92 95 7 20% 27 0, kK= 20
2 30 39 30 -87 8 61 54
3 21 -24 27% -43 9 2¥x  -17 Y= -5
4 97  -92 24« 17 10 B 4 60 38
5 122 124 39 34 11 20% -3 13« -10
6 146 ~145 12 36 -29 35 -31
7 20 16 0, K 8 13 20% 14 4= 2
8 18%* 22 14 71 62 7% 4
-9 157 162 0 21* <12 15 15% -1
10 39 -32 1 64 -69 1, K= 19
11 26 32 2 123 -13e6 H= 0, K= 14 . ‘
12 47 38 3 76 82 ' 0 32 -25
13 65 -74 4 SQ, 43 0 49 52 1 18 -11
14 §* 2 5 20 18 1 27 31 2 4*x 3
15 27% 30 6 117 121 2 3* -20 3 g -12
16 63 67 7 31 -26 3 3« -14 4 52 37
17 17* <30 8 133 -136 4 39 -42 5 12« 12
18 33 -39 9 38 34 5 3 =20 6 35 -27
10 10% 26 6 12% 17 7 21% 10
H= 0, K= 4 1 21% -8 7 16% 9 '
12 73 78 8 18%¢ -25. H= 1, K= 17
106 144 13 4o -48 9 46 -39
56 72 14 4% -5 10 12« -14 0 15% 25
115 =143 15 4% 8 11 6% 7 1 27« -28
50 -S54 1e 22% 24 12 22% 20 2 11 -2
14% ] 13 39 38 3 40 -4 1
47 -46 = 0, K= 10 4 38 -41
29 ~36 H= 0, K 16 5 37 38
6% -13 0 179 =182 6 61 51
100 102 1 62 -69 0 11 107 7 29 -24
20% 26 2 79 78 1 14= 8 8 13 =12
49 35 3 32 35 2 88 -86 9 13% 10
7* 6 4 52 -57 3 48 -51 10 4x* 17
112 =115 5 40 47 4 18« -11
-23* -7 6 14x* 8 5 25% 27 1., K= 15
140 144 7 104 =106 6 33 33
24% =24 8 25 -17 7 15%« =20 85 69
67 -76 9 3* 6 8 16* =10 31 -18
15% 4 10 3= -2 9 4x 21 3* -10
11 65 58 10 13* 15 6% 0
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