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ABSTRACT

During our synthesis of phthalocyanatoruthenium(II) and phthalocyanato-
osmium(II) complexes reported by Berizin and Sennikova, and by Krueger and Kenny
we observed a remarkable solubility of these complexes in common organic
solvents. The solubility of these complexes enabled us to isolate several

pure reported and new phthaldéyanine complexes. Among the complexes we
studied;Héarbonylphthalocyanato(pyridine)ruthenium(II)[PcRu(CO)(Py), carbonyl-
phthalocyanatopyridineosmium(II) [PcOs(CO) (Py)], gnd carbonylphthalocyanato
(tetrahydrofuran)ruthenium(II)[PcRu(CO) (THF)] were isolatéd in pure form. They
are among the first reported metallophthalocyanines with a carbonyl as one of their
axial ligands. Furthermore, several new ways of synthesizing these complexes in
quantitative yields have been established. The structure of PcOs(CO) (Py)
elucidated by the X~ray diffraction analysis. The osmium ion is octa-

hedrally coordinated with the carbonyl and pyridine groups axially co-

ordinated. The pyridine ring is tilted slightly.with respect to the per-
pendicular to the phthalocyanine ring. The interplanar angle is 98.6°.

Interesting comparisons may be made between PcOs(CO) (Py) and related

porphyrin complexes;




] Phthalocyanine and metallophthalocyanines demonstrate significant electrical

1,2

A‘ and photo properties, e.g. semiconductivity, photoconductiviety, photo-

chemical reactivity, luminescence, and fluorescence, which are relevant to

the current world problem of conversion and production of emergy. The

T

number of publications per year on chemistry of phthalocyanines and

£ - metallophthalocyanines has tripled during the past decade. During 1977,

nearly 700 papers and patents were published. In spite of the increasing

FPRRYNT S

interest in this area and the neai completion of the synthesis of all metal
| ions having the normal classic configuration, basic phthalocyanine chemistry

has lacked the advantage of any dynamic or extraordinary progress. Many

metalloporphyrins3 have been made and studied extensively, and a large body !

. of coordination chemistry of these complexes has been developed, while the

coordination chemistry of metallophthalocyanines has been poorly developed.

B This contrast is mainly due to the significantly lower solubility of metal-

lophthalocyanines and has led to the presumption that the development of

- coordination chemistry of phthalocyanines is difficult in general.

During our synthesis of pthalocyanatoruthenium(II) and phthalocyanato-
osmium(II) complexes reported by Berizin and Sennikovaa’5 and by Krueger and

Kenny,6a

we have found a remarkable solubility of these complexes in common
organic solvents. The solubility of these complexes enabled us to isolate

several pure reported and new phthalocyanine complexes. Among the complexes

; | we studied, carbonylphthalocyanato(pyridine)ruthenium(II){PcRu(CO) (Py)],
carbonylphthalocyanato(pyridine)osmium(II)[PcOs(CO)(Py)], and carbonylphthalo-
cyanato(tetrahydrofuran)ruthenium(II) [PcRu(CO)(THF)] were isolated in pure form.
These compounds are among the first reported metallophthalocyanines with carbonyl

as one of their axial ligands. Furthermore, several new ways of synthesizing these
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complexes in quantitative yields have been established. Since the completion

of this work,6c the preparation of PcRu(CO) (L)L (L=Py, &4-MePy; 4-t-BuPy) has been

reported by N. P. Farrell et 1.6b However, the methods of preparation de-

scribed herein, which differ from their techniques, produce products in
considerably higher yield. In this paper we also describe the structure of
PcOs(CO) (Py)Py as determined from an x-tay diffraction analysis. This is the

first reported structure of this type of phtalocyanine complex and provides

interesting comparisons with analogous porphyrin complexes.
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b | Experimental Section
3 Materials
E |
3 Phthalonitrile (practical) was purchased from the Eastman Kodak
R .
4 » Co. and used without any further purifications. Ruthenium-trichloride-
E

(trihydrate)(RuC13.3(H20)) and osmium tetraoxide(OsOA) were purchased

f: f from the Ventron Corporation and uéed without any further purificationms.

%' f Ruthenium dodecacarbonyl(Ru3(CO)12) and osumium dodecrabonyl(Osa(CO)lz)

r ! were purchased from Strem Chemicals and used without purification.

3 Carbon monoxide gas (99.9%) was purchased from the Matheson Gas Company
and used without purification. Pyridine (reagent grade), tetrahydro-

t furan (reagent grade), methylene chloride (spectro grade), chloroform

(spectro grade), and benzene (spectro grade) were used without further
purification. Neutral alumina (60 - 100 mesh), acid alumina (80 - 200

: | mesh) and silica gel (60 - 200 mesh) were purchased from the Fisher

B |

Scientific Company.

Physical Measurements

Elemental analysis were performed by the Schwarzkopf Microanalytical
Laboratory, N.Y. Visible spectra were measured with a Beckman Spectrophoto-
meter Model 24. Infrared spectra were measured with a Beckman Infrared

Spectrophotometer Model IR-8.

bt aamne
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Isolation of PcRu(CO)(THF) from the Products of the Reaction of

RnCl3'3(H,Q) with Phthalonitrile

RuC13'3H20 (1.00 g; 3.8 mmol) was heated with excess phthalonitrile

(8.00 g; 62.5 mmol) at 250°C for 4 hours. After washing the resulting

product with methanol several times, unreacted phthalonitrile was
removed by sublimation at 150°C under vacuum. The blue-black residue
(4.1 g), which was left at the bottom of the sublimator, was dissolved
in aniline (10 mlL), and metal-free phthalocyanine was removed from the
solution by filtration. The aniline solution was poured into benzene
(1.0 L) with stirring. A black precipitate (0.8 g) was separated by
filtration from the benzene solution. The solution was then concen-
trated and dried under vacuum at 100°C until aniline in the solution
was removed. The dried residue (3.5 g) was dissolved in beniene

(30 mL), and then the solution was chromatographed over silica gel
with benzene. Meanwhile, benzene was replaced by chloroform, and a
light blue band, which was most intense, was separated from the dark
blue band. The light Blue eluate was condensed and chromatogr;phed

over neutral alumina with chloroform. Another bright blue band

followed the original blue band when tetrahydrofuran was added to
chloroform. The second blue eluate was condensed and dried. Fine
needle crystals (120 mg) with a typical phthalocyanine appearance of
red reflection and blue transmission were obtained. The visible
spectrum of this compound shows maxima (in nm) at 642 and 581 (in

chloroform). The infrared spectrum has an intense peak at 1960 cm-l.
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Preparation of PcRu(CO)(Py) from RuCl.<3(H,0) and Phthalonitrile

in Carbon Monoxide

RnC13'3(H20) (100 mg; 0.38 mmol) was heated in molten phthalo-

nitrile (500 mg; 1.9 mmol) under carbon monoxide atmosphere at 250°C

for 4 hours. After cooling the product to room temperature, pyridine
(5 mL) was added to the cake. The mixture was again heated to the
boiling temperature of pyridine for 1 hour. The pyridine solution of -
the resulting product was cooled to room temperature, and then pyridine
was removed first by distillation. Excess amounts of phthalonitrile
were removed by sublimation at 150° under vacuum. The blue residue (265
mg) was dissolved in methylene chloride (15 mL), and the solution was
chromatographed over neutral alumina with methylene chloride. The
first blue band was followed by a second blue band when methylene
chloride was replaced with chloroform. The second blue eluate, which
was present in large quantity, was condensed and dried at 100°C under
vacuuél--A fine blue powder (230 mg) with red refléction (PcRu(CO) (Py))
was obtained (847% yield). Anal. Found: Ru, 13.97; N, 17.35. Calc.

for PcRu(CO)(Py): Ru, 14.02; N, 17.49. The visible spectrum shows

maxima (in nm) at 624 and 581 (in chloroform). The infrared spectrum

shows an intense peak at 1965 cm-l.

{
Preparation of PcRu(CO)(Py) from Ru3(C0)12 and Phthalonitrile

: Ru3(60)12 (100 mg; 0.16 mmol) was added to molten phthalonitrile
(500 mg; 1.9 mmol) in air and heated at 250°C for 4 hours. The pro-

duct was heated with pyridine (5 mL) at 150°C for 1 hour. Pyridine
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and unreacted phthalonitrile wereremoved, and the residue was dissolved

in methylene chloride. Chromatography of the solution over neutral

alumina gave a single blue band with chloroform. The chloroform

- eluate was condensed and dried. The blue powder (PcRu(CO)(Py)) with

red reflection weighed 315 mg (91% yield).

Isolation of PcOs(CO) (THF) from the Products of the Reaction of 0;94

with Phthalonitrile

Oso4 (1.0 g; 3.9 mmol) was added to molten phthalonitrile (6.0 g;
46.8 mmol) in a 50 mL flask equipped with a condenser. The mixture
was kept at 250°C for 4 hours. The excess phthalonitrile was removed
from the product by sublimation. The residue was put in an extraction

thimble, and some products were extracted with tetrahydrofuran. The

THF solution.was condensed and dissolved in chloroform. The

t

chloroform solution was chromatographed over acid alumina with chloro-
fof;i The first blue band was collected and con@ensed. The condensed
residue was then chromatographed over neutral alumina with chloroform.
The first blue band of the second chromatography was collected and

condensed. After drying at 100°C under vacuum, a blue powder

(Pc0s(CO) (THF)) was obtained (115 mg; 3.7% yield). Anal. Found: Os,

23.20; N, 14.15. Calc. for PcOs(CO)(THF): Os, 23.69; N, 13.96. The
visible spectrum of the compound shows maxima (in nm) at 636, and 576
in THF. The infrared spectrum of the compound shows an intense peak at

1930 cm-l.
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i Preparation of PcOs(CO)(Py) from 0sO, and Phthalonitrile in Carbon
{

ﬁonoxide

; 0804 (107 mg; 0.42 mmol) was added to molten phthalonitrile (500
mg; 3.9 mmol) in a 50 mL round bottom flask equipped with a condenser !
| under carbon monoxide stream. The mixture was kept at 250°C for 4

hours under a carbon monoxide atmosphere. The mixture was then cooled 4

to room temperature and dissolved in pyridine (5 mL). The pyridine
i solution was refluxed for 1 hour under a carbon monoxide atmosphere.

- | Pyridine and phthalonitrile were removed under vacuum from the

f; | product. The resulting blue residue was dissolved in chloroform (50

ﬁ mL), and metal-free phthalocyanine was removed from the chloroform
solution by filtration. The chloroform solution was condensed and
chromatographed over neutral alumina with chloroform. The single
blue band was collected and condensed. A blue powder with red
reflection(PcOs(CO) (Py)) was obtained after drying (280 mg; 837% yield).
Anal. Found: Os, 22.96; N, 15.48. Calc. for PcOs(CO)(Py): Os,

~ ’ 23.49; N,_15.57. The visible spectrum of the compound shows

; maxima (in nm) at 632 and 575 (in chloroform).

The infrared

spectrum of the compound shows an intense peak at 1930 cm_l

Preparation of PcOs (CO)(Py) from OsJﬁCO)la and Phthalonitrile

- 0s,(C0),, (100 mg; 0.11 mmol) was added to molten phthalonitrile
| tSOO mg; 3.9 mmol) in a 50 mL round bottom flask. The mixture was kept
at 250°C for 4 hours. Pyridine (5 mL) was added to the mixture, and

the pyridine solution was refluxed for 1 hour. Pyridine and excess




phthalonitrile were régovéd from the product by distillation and subli-
mation. The blue residue was then dissolved in chloroform, and metal-
free phthalocyanine was separated from the solution by filtration. The
chloroform solution was condensed and chromatographed over neutral
aluﬁina with chloroform. The single blue band was collected and
condensed. After drying at 100°C under vacuum, a blue powder

with red reflection (PcOs(CO)(Py)) was obtained (220 mg; 82% yield).

= e G7 e A | e i el =

X-ray Study

-Crystals of PcOs(CO) (Py) were grown from a chloroform solution.

The crystal chosen for intensity measurements was a parallellopiped bounded
by {100}, {010} and {001}. The dimensions were 0.20 x 0.20 x 0.09 mm in the
direction of a, b and ¢ respectively. It was mounted in a capillary 7 at an
arbitrary orientation, but with a approximately parallel to the spindle axis.
Crystal Data are listed in Table 1. An Enraf-Nonius CAD-4 computer
controlled diffractometer was used. The radiation (Mo Ka , A=0.71069A) was
monochromatized by pyrolitic graphite. The instrument centered the crystal
automatically. The setting angles for 25 reflections, measured at + and
~ 20, were used to index the cell and then were refined to give an orientation
matrix, cell constants, and a Niggli matrix8 which indicated that the system
was monoclinic.g' The systematic absences uniquely determined the space group.
The diffracted intensities were collected using the 0-2® scan technique.
Scan speeds, which were determined by a rapid preliminary scan, ranged from
0.28 to 3.35 deg/min. depending on the intensity. Very weak reflections were
measuredAat the maximum rate. The scan range for each reflection was equal

to 0.90 + 0.35 tan ©. Other experimental conditions are described elsewhere.lo

No evidence of crystal decomposition or machine instability was noted.




s R,

Independent reflections (4596) were measured out to a sin@ value of
0.54 or 22.5° in ©. Of these, 2820 had a net intensity greater than 251
and were used in analysis. The standard deviation o, was defined in terams

it

+ (9.021)2

2 2
of the statistical variances of the counts as GI °I(count)

o is the variance determined solely from counting statistics.
I(count)

Structure factors were calculated in the usual way, including correction

for partial polarization of the incident beam due to the use of a monochro-

mator.

Determination and Refinement of the Structure

Because there are four molecules in the unit cell of space group P21/n,
all atoms lie in general positions. The position of the osmium atom was
found from an unsharpened Patterson synthesis. The rest of the 49 nonhydrogen
atoms were found from a series of difference syntheses. Least -squares re-
finement using full matrix methods was carried out minimizing the function
z w( IFOI - chl )2, where w = l/on. Initially isotropic temperature fact-
ors were used, but in the final refinements all nonhydrogen atoms were varied
assuming anisotropic thermal motion. The positions of 18 of the ?1 hydrogen
atoms could be found from AF maps. However, refinement of the hydrogen atom
parameters led to chemically unreasonable bond lengths and angles. Hence the
positions of all the hydrogen atoms were calculated (C-H = 0.95A) and their
contributions included in the structure factor calculations, assuming an
isotropic temperature factor, B, of A.OAZ. The hydrogen atom parametgrs

were not refined. The refinement converged with R = Z[[Fo(—(FCII/ZIFol =

0.031 and R = (zw(|F_|-|F |[)%/zw|Fo|$)* = 0.03s.
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A correction for anomalous dispersion was made for all nonhydrogen atoms.
Scattering factors were from Ref. 12: The osmium atom was assumed to be in
the zero ionization state. No evidence of secondary extinction was found.

Attempts to apply absorption corrections were made. Transmission co-
efficients, calculated using a Gaussian integration method (6x4x6 grid),
varied from 0.43 to 0.68 with most being about 0.6. The R factors increased
substantiéliy (R=0.049, RW=O.056) when refinements were attempted using the

corrected data. No improvement was noted in the standard deviations. It was

concluded that the errors introduced in applying the corrections to a relatively

small crystal enclosed in a capillary were larger than those introduced by
ignoring absorption effects. Thus, the final refinements were carried out
on uncorrected data. .

In the last cycle of refinement all shifts on positional and thermal
parameters were less than one standard deviation, with the largest shift
being 0.37 standard deviations. The final value of the standard deviation
of an observation of unit weight, defined as [Zw(]FoI-[Fcl)Z/ (NO-NV)]Li was
0.944 for N° = 2820 reflections and Nv = 442 parameiers.

There were two peaks of about 1.5 e/A3 in the final difference Fourier.
These were quite close to the osmium atom. Neither they nor any of the
other peaks were considered physically significant.

Most calculations were performed on a PDP 11/40 computer using the
Enraf-Nonius structure determination package (SDP). -Johnson's ORTEP,13
some molecular geometry calculations (using XANADU by Roberts and Sheldrick)
and local programs were run on an Amdahl 470v/6é computer. Use was made of
the PDP 11/40-Vector General graphics system.l4 Data reduction was performed

on the Honeywell computer at the University of Houston.

.
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The final positional and thermal parameters are given in Table iI. The
final calculated positions of the hydrogen atoms are given in Table III.
Tables IV and V contain the root-mean-square components of thermal displace-
ment along Ehe principal axis of the thermal ellipsoids and the observed and
calculated structure factors respectively. Tables III-V are available as sup-

plementary material.




Results and Discussion

The following reactions for the synthesis of phthalocyanato-
ruthenium complexes have been carefully examined, and considerable
discrepancies from the reported results4 have been found. Furthermore,
a new carbonyl complex of ruthenium phthalocyanine has been isolated
from the reaction products. The reaction of RuCl3‘3(HZO) with phthalo-
nitrile was reported to give PcRu(III)Cl as the major product of the

AL

reaction by Berizin and Sennikova, as shown in the following equation:

RuClB(HZO) -+ 06H4(CN)2 + PcRu(III)Cl

The reaction of RuC13‘3(HZO) with o-cyanobenzoamide was reported to
give PcRu(II) as its major product by Krueger and Kenny,6a as shown in
the following equation:

RuC13'3(H20) + NCC6H4C0NH2 -+ PcRu(II)

From our investigations both of these reactions have been found to give
PcRu(II) as the major product and PcRu(III)Cl as the minor ome.

In addition, a small quantity of PcRu(II)(CO)L (L is a solvent used
for the isolation) was detected in the crude fcRu(II)'6CGH5NH2'according
to its infrared spectrum, and was isolated by column chromatography.

The yield of PcRu(II)(CO)L was less than 5%. Thus, the reactiomns above
should be expressed by the following equations:

RuC1353(H20) ay C6H4(CN)2 <+ PcRu(II) + PcRu(III)Cl + PcRu(II)(CO)L

RuC13'3(H20) + NCC,H, CONH, + PcRu(II) + PcRu(III)Cl + PcRu(II)(CO)L

13
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The yield of 5% for CO complex is rather surprising in two respects.
In the first place, the source of carbon monoxide is unknown. Since
the reaction of RuC13'3(H30) with phthalonitrile was carried out in
air without solvent there should not be any direct carbonyl sources
in ihe system. In the second place, the major product was four-coordinate
PcRu(1I), whereas i£ apéear; that stable Ru(II) porphirin complexes
are generally six coordinat:e.l's'_.20

This carbonyl complex of ruthenium phthalocyanine can be synthe-
sized in tow different ways directly in‘high yield (80-90%). The
reaction of RuCl3'3(H20) with excess phthalonitrile under carbon
monoxide atmosphere gives an élmost quantitative yield even after
the isolation of the compound through column chromatography. The

reaction of Ru3(C0)12 with excess phthalonitrile also gives a high yield

of PcRu(II)(CO)(Py). This reactions are shown in the following equations:
RuCl,*3(H,0) + C,H, (CN), + CO—>PCRu(IT) (COXL PXEEAINgs coy (11) (20) (py)
Ru,(C0),, + Cgl, (CN), ——> ReRu(I1) (COLRTEEINS, gy (17) (cO) (y)

The carbonyl complex of ruthenium phthalocyanine was characterized by
infrared and visible absorption spectroscopy and elemental analysis.
The infrared spectrum of the compound shows an intense band at 1965

cm-l which is assigned to vCZ0 attached to ruthenium ion.

e - - -
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1solated from the products of the reported reactions of 0s0, with molten

A well-defined carbonyl complex of osmium phthalocyanine was also

phthalonitrile.5 Although the yield of PcOs(II)(CO)L is less than 5%,
it it isolated as a pure complex by column chromatography. The iso-
lation was made possible by the remarkable solubility of the complex in
eommon organic solvents. The presence of a carbonyl ligand attached to

osmium metal was evidenced by an intense band at 1930 cm_1 in the

infrared spectrum. This new type of compound, PcOs(II)(CO)L, coordinates
another donor molecule as its last axial ligand. For example, tetrahydrofuran
and pyridine can coordinate to the open sixth site of osmium to form a
stable compound with octahedral configuration.

These carbonyl complexes of 08mium phthalocyanine can be prepared

in high yield (80-90%) by the reaction of 0sO, with molten phthalonitrile

4
in carbon monoxide atmosphere or the reaction of 053(C0)12 with phthalonitrile
in air. Subsequent treatment with pyridine or THF yield PcOs(1I) (CO) (Py)
and PcOs(II)(CO)(THF) respectively. Column chromatography gives a single

blue band of each complex. An x-ray diffraction analysis has been carried

out on the former complex.

0304 + C6H4(CN) + CO ‘pyridine 4 PcOs(II) (CO) (Py)
PcOs (1I1) (CO)L—
g ¢0s (I1) (CO) (THF)
0s(C0);, + CcH, (CN), L_THE P

Carbonyl complexes of ruthenium and osmium porphines have

been synthesized and characterized by a number of workers.ls-zo




16

Table VI summarized the carbonyl stretching frequencies of these com-
plexes together with those of the carbonyl complexes of ruthenium and
osmium phthalocyanocines.
(Tetraphenylporphinato) (carbonyl) (pyridineyuthenium(II)
(TPPRu(CO) (Py)) shows a carbonyl peak at 1939 cm-l, which is slightly
lower than that (1965 cm-lP of PcRu(CO)(Py). Therefore, the back
donation of 4d electrons of ruthenium to the anti-bonding n-orbitals.
of the carbonyl ligand seems to be less in the phthalocyanine complex
than in the TPP complex. The same phenomenon is observed in osmium
complexes. (Octaethylporphinato)(Carbonyl) (pyridine)Os(II) (OEPOs (CO) (Py))
shows a carbonyl peak at 1902 cm'l, while PcOs(CO) (Py) shows a carbonyl
peak at 1930-1. In this case back donation of 5d electrons from osmium
to the anti-bonding w-orbital of the carbonyl ligand seems to be less in
the phthaloéyanine than in the OEP complex. Probably the structural
difference of the rings causes the difference in the degree of the back
donoation of d-electrons from the central metal ions to the coordinated
carbon monoxide. Apparently, Ru(II) or Os(II) in the phthalocyanine carbonyl
complexes donate less electron density to the carbonyl ligand than those
in porphyrin rings.
It should also be noted that the PcRu(II) complex, which does
not have a carbonyl ligand, is capable of coordinating carbon monoxide
at room temperature under 1 atmosphere of carbon monoxide. PcRu(II)
can be prepared by removing aniline molecules from PcRu(II)'G(CGHSNH

2)
under vacuum at high temperature (200°C) and it can forma carbonyl complex

.
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in THF or pyridine by bubbling CO gas into the solution for one day.
The original PcRu(II)'6(C6H5NH2)_can be recovered by refluxing
PcRu(II) in freshly distilled aniline for a few minutes as shown in

the following equations:

AsVacuum CO in Pyridine PCRU(II) (CO) (Py)
. . § ‘
Semacts) 6“6“5“2)2___—;; PeRu(I1) 65 Tn THF ~ PcRu(II)(CO) (THF)

65 2

The carbonylation process can be traced by noting changes in its
visible spectrum as shown in Fig. I.
PcRu(II) is expected to demonstrate an interesting chemistry,

because it does not possess a carbonyl ligand. On the other hand,

the chemistry of ruthenium porphyrin is rather limited becasue removal

16,21 PcRu(II) appears to

of the carbonyl ligand is extremely difficult.
have the potential to form new ruthenium phthalocyanine complexes with
various other molecules such as 02, NZ’ NO, and olefins. Also, the

remarkable solubility of ruthenium and osmium phthalocyanine complexes

will possibly open a new era in the coordination chemistry of metal-

lophthalocyanines.
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DESCRIPTION OF STRUCTURE OF PcOs (CO) (Py)

. plexes and Pc0s(CO) (Py).

The structure of (carbonyl) (pyridine)phthalocyanatoosmium(II) is shown
in Figure 2. Stereoviews are shown in Figures 3 and 4. The osmium ion is octa-
hederally coordinated with the carbonyl and pyridine groups axially coordinated.
The pyridine ring is filted slightly with respect to the perpendicular to the
phthalocyanine ring. The interplanar angle is 98.6°.

The structure of an analogous osmium porphyrin complex has not been re-
ported, but the structure of (carbonyl) (pyridine)tetraphenylporphinatoru-
thenium(II), TPPRu(CO)(Py) has been published.22 Osmium and ruthenium have
similar covalent rad11.23 The phthalocyanine complex bears a strong resemblance
to this metalloporphine. In addition, the structure of a carbonyl osmium por-
phodimethene complex with pyridine as the other axial ligand, OEPMeZOS(CO)(Py)

has been reported.24 Interesting comparisons may be made between these two com-

Bond lengths and angles are given in Table VII. The average interatomic
distances between the osmium atom and the isoindole nitrogen atoms of the
phthalocyanine molecule is 2.01A. However, it should be noted that the bond
lengths for 0s-N(2) and Os-N(6) are 1.98A, while the other two distzaces are
2.03A. The difference corresponds to ~5 standard deviations, so it is statis-
tically significant. The C-N-C and N-C-C angles involving the isoindole nitrogen
atoms also differ in the two pairs of isoindole groups. Thus, for groups 1
and 3 (containing N(2) and N(6), the average C-N-C angle is 112°, while the N-C-C an
is 107°. 1In groups 2 and 4 (containing N(4) and N(8)) the corresponding angles
are 107° and 111°. The differences once again correspond to about 4 or 5
standard deviations and are therefore significant. We are unable to offer a
plausible explanation for these differences, which are not observed in other

phthalocyanine complexes.




= e S LB e L

19

The size of the central "hole" in phthalocyanine complexes has been es-
timated to be 0.046 ~0.050A smaller than in corresponding porphyrin complexes.25
A similar difference is noted in the present case. The osmium atom is slightly
out of the plane of the phthalocyanine molecule, so the size of the hole has to
be estimated from the distances between opposite isoindole nitrogen atoms.

These distances are 4.06 and 3.96A, corresponding to an average radius (Ct-N
distance) of 2.0l1A for the macrocyclic hole. In TPPRu(CO)(P}')22 the correspond-

ing distance is 2.05A. The M-N distances are correspondingly longer. In both

TPPRU(CO)(Py)22 and OEPMeZOS(CO)(Py)za these average 2.06A.

The Os~N bond lengths involving the isoindcle nitrogen atoms are short

N
ry py
distance of 2.209(9)A is relatively long. Ru-NPy distances of 2.06-2.09& have
been reported.26 M—NH3 bond lengths in amine complexes of Os(II) and Ru(II)
26-29

for such bonds. On the other hand the Os-N is the pyridine nitrogen atom)

range from 2.12-2.14A. The M-N,_ distance in both TPPRu(CO)(Py) and 5

Ry

6EPMe20s(CO)(Py) is also elongated (2.193(4) and 2.230(4)A respectively.)

This long bond may be due to steric interactions between atoms in the

pyridine ring, particularly the =hydrogen atoms, and atoms in the macro-
cycle. This would block a closer approach to the osmium atom by the pyridine
molecule. The osmium atom lies 0.15A oa the other side of phthalocyanine mole-
cule. However, the closest contacts involving the <bhydroéen atoms are be-
tween H(33) and C(32) and between H(37) and C(16). These contacts are both
about 2.73A, which is not an unusually short contact distance in such cases.

A tabulation of such contacts in porphyrin complexes containing planar axial

0

ligands shows a range of 2.45-2.9A.3 In TPPRu(CO) (Py) the closest con-

tact is 2.51A.
The angle between the plane of the pyridine ring and the plane defined

by N(2), Os, and N(6) is 48°. An angle of ~45° minimizes steric interaction,
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whereas an angle of “0° would bring the «hydrogen atoms into close contact
with the isoindole nitrogen atoms.31

It has also been suggested a lengthening of “0.lA will occur in the
| axial M-N bond due to the trans effect of the carbonyl group.z2 In OEPRu(Py)2 32
the observed axial bond lenghts are indeed shorter, 2.09-2.10A, in
; spite of some relatively close contacts of the = -hydrogen atoms of the pyri-

'E dine ligands with atoms in the macrocycleﬁo_ An even shorter M-N bond
length of 2.00A has been reported in PcFe(Py)2.33

i The metal carbonyl distance of 1.83(1) is in good agreement with the
values found in TPPRu(CO) (Py) OEPMezos(CO)(Py). The 0s-C-0

angle is linear (177°).

Least squares plane of interest are given in Table VIII. As mentioned
previously, the osmium atom is 0.15A out of the plane defined by the phthalocyanine
é group in a direction toward the carbonyl group. The displacement decreases
to 0.099A if one considers only the plane of the four isoindole nitrogen
atoms. By way of comparison, the ruthenium atom in TPPRu(CO) (Py) is
0.079A out of the plane of the porphyrin skeleton toward the carbonyl group.

In the discussion on TPPRu(CO) (Py) the authors attributed the out-of-~
plane displacement of the metal ion to either very strong metal-carbonyl
bonds or to the inability of the large metal ion to fit into the plane of
the macrocycle.z2 The former possibility now appears more likely, since in
oEPRu(Py)z'the ruthenium(II) ion lies in the plane of the macrocycle. The
h same factor is probably primarily responsible for the out-of-plane displace-

ment observed for the metal ion in this phtalocyanine complex.
The difference of 0.065A in the displacements of the metal ion from the

planes of the macrocycle and of the isoindole nitrogen atoms indicate that

the macrocycle itself is '"'domed", corresponding to a C,, deviation from
planarity. Deviations of equal or larger magnitude have been observed

in other metallo-~
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{
} phthalocyanine complexes, where the metal ion is out of the plane of the
* macrocycle.34-37 The difference between the deviation of the osmium atom
i from the plane of the four isoindole nitrogen atoms and the plane defined
by the pyrrole rings and the bridging nitrogen atoms is 0.027A, a value
falling in the middle of the range found for porphyrins with the metal ion
out of the macrocyclic plane.38
The doming is not equal for the four isoindole groups. The maximum de-
[ | viations from the plane of the four isoindole nitrogen atoms are 0.23 and
0.35A for phenyl carbon atoms in groups 2 and 3, while the maximum deviations
i in the same direction in groups 1 and 4 are 0.04 and 0.12A. Such a pattern
was observed in aquophthalocyanatomagensium(II).36
There appears to be some variation in bond parameters of phthalocyanine
{ complexes as the size of the central "hole" increases.39 The C-N-C angle
involving the azamethine nitrogen atom is the most sensitive bond parameter.
This angle ranges from 121.7° in Fe(Pc)25 (Ct-N: 1.93A) to 126.2° in
Clzsn(Pc)ao(Ct-N: 2.05A). The average value of 125(1)° found for this angle
in PcO0s(CO) (Py) agrees with that found in phthalocyanine complexes with

similar Ct-N distances.35’39

The presence of a very heavy metal atom like
osmium decreases the accuracy with which the lighter atoms can be determined,
but within the observed standard deviations, the other bond parameters agree
with those reported in the accurately determined structure of Zn(Pc)39 and Sn(Pc).34
E < A packing diagram of the unit cell is shown in Figure 3. Table IX
lists the intermolecular contacts < 3.5A. Most of the shortest contacts
involve the carbonyl oxygen atom. Non-bonded contacts of this magnitude
have been observed in other carbonyl complexes (e.g. [H30EP]+ [Rez(CO)GCI:;]-).l“1
Neither these nor any of the other intermolecular contacts are believed to have
any significant effect on the structure.

The structure of PcRu(CO) (Py) probably possesses a structure similar

to that of OsPc(CO)Py.
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TABLE I

a =11.966(9) A Fw = 809.9

b = 15.705(3) A z2 =4

c = 17.749(5) A d caled = 1.721
= 43.9 cm ! (MoK aradiation)

B = 107.92 (4)° Systematic absencesh0l(h+l odd)

0k0(k odd)

Space group P 21/n

v = 3125(4) a3

2In this and subsequent tables the estimated standard deviation of

the least significant figures shown in pafentheses.
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%The Debye-Waller Factor is defined as T=exp[—2n2(Ull

+U, ,a*c*hl+U

13
those of Os, which have been multiplied by 104.

2.2

a* " h™+U, ,b*"k"+U

22

Table II cont'd.
27
2.2 2.2 .
33c* 1 +U12§*b*ha

3
33b*c*kl)]. The values for U have been multiplied by 107, except for
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Table VI. Comparison of CO Frequencies of MP(CO) (Py)

PcM(CO) (Py) RuPc RuTPP OsPc OsTPP 0sOEP
© vc=0(ca h) 1965 1539 1930 1920 1902

P = Pc, TPP, and OEP

Pc = phthalocyanine

TPP = tetraphenylporphine

QEP = octaethylporphyrin

Py = pyridine

M = 0s or Ru



0s-N(2)
0s-N(4)
0s-N(6)
0s-N(8)
0s-N(9)
0s-C(38)
N(2)-C(1)
N(2)-C(8)
N(4)-C(9)
N(4)-C(16)
N(6)-C(17)
N(6)-C(24)
N(8)-C(25)
N(8)-C(32)
N(1)-C(1)
N(1)-C(32)
N(3)-C(8)
N(3)-C(9)
N(5)-C(16)
N(5)-C(17)
N(7)-C(24)
N(5)-C(25)
c(1)-Cc(2)
C(7)-C(8)
C(9)-C(10)
C(15)-C(16)
C(17)-C(18)
C(23)-C(24)
C(25)-C(26)
c(31)-C(32)
€(2)-Cc(7)
C(10)-C(15)
C(18)-C(23)
C(26)-C(31)
Cc(2)-C(3)
c(6)-C(7)
C(10)-C(11)
C(14)-C(15)
Cc(18)-C(19)
C(22)-C(23)
C(26)-C(27)
C(30)-C(31)
C(3)-C(4)
Cc(5)-C(6)
c(1)-Cc(12)
C(13)-C(14)
C€(19)-C(20)
Cc(21)-C(22)
C(27)-C(128)
C(29)-C(130)

2.
1.
2.
1.
2,
1.
k.
¥
¥
1.
1,
%,
%
1.
1.
1.
1
1.
1
1.
1,
1.
e
1.
1
%
1.
X
i
3
1.
1.
14
1.
1
Y
i
3
3
1.
1.
i
1.
¥
%
1.

‘s
1.
3
¥

~
3
¥

TABLE VII

o
Bond Lengths (A) and Angles (deg)?

027(9)
983(9)
034(9)
978(9)
202(9)
83(1)
38(1)
36(1)
39(1)
37(1)
37(1)
36(1)
38(1)
39(1)

33(1)
33(1)
35(1)
36(1)
32(1) 1.34(2)
32(1)
35(1)

37(1)
46 (1)
47(1)
45(2)
47(1)
46(1)
47(2)
48(2)
42(2)
40(2
42(1)
41(2)
40(2)
40(2
38(1)
40(2)
38(2)
39(1)
39(1)
37(2)
39(2)

38(2)
37(2)
35(2)
38(2)
39(2) 1.38(1)
36(2)
38(2)
39(2)

2.01(3)

1.37(1)

1.46(2)

1.41(1)

1.39(1)

N(2)-0s-N(4)
N(2)-0s-N(8)
N(4)-0s-N(6)
N(6)-0s-N(8)
N(2)-0s-N(6)
N(4)-0s-N(8)
N(2)-0s-N(9)
N(4)-0s-N(9)
N(6)-0s-N(9)
N(8)-0s-N(9)
N(2)-0s-C(38)
N(4)-0s-C(38)
N(6)-0s-C(38)
N(8)-0s-C(38)
N(9)-0s-C(38)
0s-N(2)-C(1)
0s-N(2)-C(8)
0s-N(4)-C(9)
0s-N(4)-C(16)
0s-N(6)-C(17)
0s-N(6)-C(24)
0s-N(8)-C(25)
0s-N(8)-C(32)
C(1)-N(2)-C(8)
C(9)-N(4)-C(16)
C(17)-N(6)-C(24)
C(25)-N(8)-C(32)

C(1)-N(1)-C(32)
C(8)-N(3)-C(9)
C(16)-N(5)-C(17)
C(24)-N(7)-C(25)
N(1)-C(1)-N(2)
N(2)-C(8)-N(3)
N(3)-C(9)-N(4)
N(4)-C(16)=N(5)
N(5)-C(17)-N(6)
N(6)-C(24)-N(7)
N(7)-C(25)-N(8)
N(8)-C(32)-N(1)
N(1)-C(1)-C(2)
N(3)-C(8)-C(7)
N(3)-C(9)-C(10)
N(5)-C(16)-C(15)
N(5)-C(17)-C(18)
N(7)-C(24)~C(23)
N(7)-C(25)-C(26)
N(1)-C(32)-C(31)

>

89.7(4)

88.8(4)
86.0(4)
85.7(4

91.9(5
92.3(5)
93.8(5)

93.2(5
178.9(6)
124.3(8)
124.3(8)
125.8(8)
126.9(7)
123.3(8)
123.8(9)
126.4(8)
127.3(8
111(1)
107(1)
113(1)
106(1)

87(1)

93(1)

125(2)

109(3)

125(1)
126(1)
124(1)
125(1

128(1

125(1)
126(1)
125(1)
128(1)
129(1)
127(1)
125(1)
125(1

123(1)
124(1)
124(1)
125(1)
124(1)
123(1)
124(1

125(1)

127(2)

124(1)

90.1(4)
89.6(4)
90.1(4) | 89.9(3)

174.2(4) 174.3(2)
174.5(4)
88.2(4)
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C(4)-C(5)
€(12)-C(13)
€(20)-C(21)
€(28)-C(29)
N(9)-C(33)
N(9)-C(37)
C(33)-C(34)
C(34)~C(35)
C(35)-C(36)
€(36)-C(37)
€(38)-0(1)
N(2)-N(4)
N(2)-N(8)
N(4)-N(6)
N(6)-N(8)
N(2)-N(6)
N(4)-N(8)
N(1)-N(5)
N(3)-N(7)

COWERNNNDRNE

.40(2)
<39(2)) 1.39(1)
.40(2)
.39(2)
.32(1)
.36(2

.36(2)
.36(2)
.37(2) 1.36(1)

.37(2
.17(1)

.84(1)
.82(1)
-84(1) 2.83(1)

.83(1

1.34(3)

06(1

:96(19 4.01(7)

78(1)

:77(1) 6.78(1)

N(2)-C(1)-C(2)
N(2)-C(8)-C(7)
N(4)-C(9)-C(10)
N(4)-C(16)-C(15)
N(6)-C(17)-C(18)
N(6)-C(24)-C(23)
N(8)-C(25)-C(26)
N(8)-C(32)-C(31)
C(1)-C(2)-Cc(7)
C(2)-C(7)-C(8)
€(9)-C(10)-C(15)
€(10)-C(15)-C(16)
C(17)-C(18)-C(23)
C(18)-C(23)-C(24)
C(25)-C(26)-C(31)
C(26)-C(31)-C(32)
C(1)-C(2)-C(3)
C(6)-C(7)-C(8)
€(9)-C(10)-C(11)
C(14)-C(15)-C(16)
C(17)-C(18)-C(19)
C(22)-C(23)-C(24)
€(25)-C(26)-C(27)
€(30)-C(31)-C(32)
€(7)-C(2)-C(3)
€(2)-C(7)-C(6)
C(15)-C(10)-C(11)
€(10)-C(15)~-C(14)
C(23)-C(18)-C(19)
C(18)-C(23)-C(22)
C(31)-C(26)-C(27)
C(26)-C(31)-C(30)
C(2)-C(3)-C(4)
€(5)-c(6)-C(7)
€(10)-C(11)-C(12)
C(13)-C(14)-C(15)
C(18)-C(19)-C(20)
C(21)-C(22)-C(23)
€(26)-C(27)-C(28)
€(29)-C(30)-C(31)
C(3)-C(4)-C(5)
C(4)-C(5)=C(6)
C(11)-C(12)-C(13)
C(12)-C(13)-C(14)
€(19)-C(20)-C(21)
€(20)-C(21)-C(22)
C(27)-C(28)-C(29)
€(28)-C(29)-C(30)
0s-N(9)~C(33)
0s-N(9)~C(37)
C(33)-N(9)-C(38)
N(9)-C(33)-C(34)
N(9)-C(37)-C(36)
C(33)-C(34)-C(35)
C(34)-C(35)-C(36)
C(35)-C(36)-C(37)
0s-C(38)-0(1)

122.2(9)
121.5(8)

Table VII cont'd.

106 (1)
110(1)
111(1)
108(1
106(1)
107(1)
105(1)
107(1)
107(Q1)
105(1)
107(1)

131(1)
132(1)
134(1)
134(1) 132(1)
132(1)
132(1)
132(1)

133Q1

121(1)
121(1)
119Q1)
121(1) 121(1)
121(1)
120(1)

107(1)
108(1).
110(1)
111(1)
106(1) 109(2)

107(1)

122(1)
120(1)

116(1)
118(1)
120(1) 118(1)
119(1)
117(1)
119(1)

118(1)
118(1)

122(1)
121(1)
121(1)
121(1) 121(1)
122(1)
121(1)
121(1)

121(1
) 121.8(5)

116(1)
124(1)
123(1) 123(1)
120(1)
118(1) 119(1)
119(1)
177(1)
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8:5ome nonbonded distances of interest are also given. Figures in

parenthesis for the averaged values are the root-mean-square standard

I deviations of the least significant figure
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TABLE VIII

A. Deviations (a) from planes

0s
N(1)
N(2)
N(3)
N(4)
N(5)
N(6)
N(7)
N(8)
c(1)
c(2)
c(3)
c(4)
c(s)
c(6)
c(7)
c(8)
c(9)
c(10)
c(11)
c(12)
c(13)
c(14)
c(15)
C(16)
c@7)
c(18)
C(19)
€(20)
c(21)
c(22)
€(23)
c(24)
c(25)
C(26)
c(27)
c(28)
c(29)
C(39)
c(31)
c(32)
N(9)
c(33)
C(34)
C(35)
c(36)
c(37)

Plane 1
-0.154
-0.082
-0.006
0.053
-0.075
-0.157
-0.003
0.067
-0.041
-0.049
-0.029
-0.042
0.030
0.117
0.097
0.020
0.014
0.025
0.070
0.159
0.111
-0.051
-0.118
-0.062
-0.102
-0.124
-0.037
-0.066
0.039
0.157
0.187
0.062
0.021
0.005
0.014
0.083
0.046
-0.010
-0.079
-0.052
~0.099

=

be bl g d

Plane 2
-0.
-0.
0.
0.
-0.
-0.
0.
0.
-0.
-0.

-0

eNeoNoNoNololeeNeNoNeNooleloloNoNejloloNeNe oo

€ ¥ & i@t
[= o N Ne)

099
102
003
074
003
029
014
156
004
068

.075
-0.
-0.
.030
.043
.013
.016
.078
144
.228
.205
.075
.013
.044
.001
.002
.118
.122
.246
.353
.351
.205
.128
.060
.049
122
.059
.027
.102
.049
.094

121
069

Plane 3

~-0.083
0.044
0.025
-0.026
-0.090
-0.143
0.180
0.288
0.113
0.014
-0.011
-0.016
0.000
0.028
0.001
-0.022
-0.018
-0.047
-0.054
-0.031
-0.115
-0.250
-0.253
-0.159
-0.130
-0.048
0.086
0.049
0.208
0.386
0.423
0.244
0.195
0.216
0.279
0.411
0.411
0.328
0.194
0.184
0.070

Plane 4
.056
-0.
-0.
.111
.018
0.
.013
0.
.096
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
.034
.018
.021
.009
.031
.011
.010
.035
.196
416
478
.699
.845
.787
542
.387
.256
.259°
412
.337
w59
.003
.069
.041

-0

-0

-0

-0

0

(o NeNeNo oo loNele oo o lloNoNoloNo N

Least-Squares Planes

147
086

102
424

176
287
390
437
379
309
267
157

Plane 5
0.
-0.

0
0
0

-0
-0

(. [}
[« NeNoNeolNl-NolloNeloloNeleeoNoloNoNoRoleoNo e lo o o)

£ ¢ ¢ 0 E & OB OL 0
OCO0OO0OO0OO0O0OO0OO0O0O

017
001

<248
.S511
.251
0.

102

.013
.053
.028
.148
.261
.240
.418
.615
.603
.420
.389
462
.600
.813
.830
.612
.422
412
. 244
.018
.014
.009
<012
.004
.021
.001
.016
.093
.178
.232
.333
.329
.275
.183
.106

Plane 6
-0.
.088
.181
.297
.039
.158
117
.009
.011
.160
.258
.295
437
.546
478
.329
.258
.209
«255
.397
.333
.102
.021
.052
.031
.166
.157
.236
.203
.106
.026
.080
.0S5
.012
.003
.011
.008
.008
.007
.003
.003

\ | | ok E VN R |
O O0O0OO00DO0D OO0V O0OO0D0DTO0OCOOCOOOCOODOOO0OOO0O0OO

070

Plane 7

.020
.013
-004
.013
.005
.011
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i B. Angles (deg) between Least-Squares Planes

I

é Plane 2 Plane 3 Plane 4 Plane 5 Plane 6 Plane 7
Plane 1 1.4 2.7 5.2 5.1 g.1 98.6
z Plane 2 3.0 4.1 5.4 4.2 98.0

| Plane 3 4.1 7.9 5.3 96.1

5 Plane 4 9.4 8.3 94.1

| Plane 5 3.7 103.4
3 Plane 6 101.4
'.3‘

4 C. Equatioms of Planes®

i

1 Plane 1 Marcocycle; N(1)N(8), C(1)-C(32)

‘ 2.721x + 12.314y + 8.382z = 3.126

! Plane 2 Isoindole nitrogen atoms; N(2), N(4), N(6), N(8)

2.509x + 12.216y + 8.726z = 3.053

Plane 3 Isoindole Group I; N(2), C(1)-~-C(8)
3.051x + 11.869y + 8.660z = 3.113

Plane 4 Isoindole Group 2; N(4), C(9)-C(16)
2.438x + 11.516y + 9.693z = 3.029

Plane 5 Isoindole Group 3; N(6), C(17)-C(24)
2.125x + 13.099y + 7,731z = 2.833

Plane 6 Isoindole Group 4; N(8), C(25)-C(32)
{ 2.836x + 12.756y + 7.589z = 3.024

Plane 7 Pyridine Ring; N(9), C(33)-C(37)
2.361x - 11.469y + 9.817z = 0.148

a , ; : :
All planes are unweighted. x,y,z are in monoclinic fractional coordinates.




TABLE .IX

Intermolecular contacts (A)_§3.5Aa

cae)-om)t  3.08 N(3)-c(35) T
o()-o)T  3.18 N(5)-c(4) 1T
N -o)T 325 c23)-c3s) IV
cas)-o)r  3.26 c24)-c36) ¥

c38)-o1)T  3.31

3Roman numeral superscripts denote the following equivalent positions

relative to the reference molecule at x,y,z:

I ==, -9y, -2
II -%+4+x, %-y, -%+ 2z
ITIT -%+x, 5-y, %- 12
vV 1-x, -y, ~2

3.32
3.40
3.41
3.42

34
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. 627(\

Fige. 1 Tsutsui

Figure 1. Coordination of carbon monoxide by PcRu(II) in THF. The
peak at 627 nm is characteristic for PcRu(II) and the peaks at 640

and 580 nm are due to PcRu (CO) (THF). Upon coordination of carbon
monoxide, the peak at 627 disappears, while new peaks (at 540 and 580

nm) appear.
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Fig. 3  Tsutsuil

Figure 3. Stereoview of PcOs (1I)(CO) (Py)




R Sanab b,

S T, ol =

P

O.M:ﬂ

Fig. 4 Tsutsui

Figure 4, Stereoview of the packing in the unit cell. The osmium atoms
are indicated by the larger circles, the nitrogen atom. Oxygen atoms
of the carbonyl groups are labeled with the letter O.
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SYNTHESIS AND STRUCTURE OF A NEW CLASS

OF METALLOPHTHALOCYANINES:

Carbonylphthalocyanato(pyridine or THF)-
ruthenium(II) and carbonylphthalocyanato
(pyridine or TEF)osmium(II)

Shuichi Omiya and Minoru Tsutsui
Department of Chemistry
Texas A&M University
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Atom

H(3)

H(4)

H(5)

H(6)

H(11)
H(12)
H(13)
H(14)
H(19)
H(20)
H(21)
H(22)
H(27)
H(28)
H(29)
H(30)
H(33)
H(34)
H(35)
H(36)
H(37)

Calculated Postional Parameters for Hydrogen Atoms

X

0.512
0.444
0.274
0.142
-0.145
-0.324
-0.378
-0.244
-0.054
0.015
0.203
0.331
0.618
0.796
0.832
0.691
0.449
0.544
0.451
0.256
0.167

TABLE III

b4

0.197
0.292
0.368
0.342
0.351
0.369
0.292
0.198
0.028
-0.053
-0.108
-0.083
-0.090
-0.117
-0.055
0.028
0.227
0.327
0.379
0.334
0.233

T ———
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TABLE V

Values of 10(Fo| and 10 [Fc|

For PcOs(CO) (Py)
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