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it is completely formed is not yet clear although we
would favor the former interpretation. This problem
is particularly prevalent when the addend molecule
produces a species which is a poorer ligand than chlo-
ride. Thus the reaction of 10 with HF in tetrahydro-
furan produces [RhHCIl(vdiars);]* while if [Rh-
(vdiars),|PF, is used, no reaction appears to occur.
The considerable basicity of 9 is apparent when one
attempts to prepare the hexafluorophosphate salt by
metathesis with NH,PF,. The production of 7 rather
than a Rh(I) species and the evolution of ammonia in
the process shows that the bound hydrogen arises vic
deprotonation of the ammonium ion. The same com-
plex can be prepared by reaction of 9 with NH,Cl fol-
lowed by LiPF, from the reaction of 9 with HPF,, or
from the reaction of HCl with [Rh(diars);]PFs. This
appears to be the first example of this process in systems
of this sort.

Like 10, 9 readily activates molecular hydrogen.
The appearance of a broad featureless band in the high-
field "H nmr spectrum indicates that exchange of free
and bound hydrogen is occurring but no evidence for
catalytic activity under mild conditions has been
obtained.

Carbon monoxide readily reacts with 9 to produce the
five-coordinate complex 12 isolated as the hexafluoro-
phosphate salt. The same species also can be gotten by
reaction of diars with [Rh(CO),Cl]. followed by pre-
cipitation with NH,PFg as mentioned above.
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Much attention has been paid to the reactions be-
tween transition metal compounds and simple mole-
cules such as nitrogen and oxygen. However, the
reactions of CO, have been little studied in the transi-
tion metal chemistry. Concerning the insertion reac-
tion of CO, which is the extensively studied reaction in
the main group metal compounds, few examples have
been known in the transition metal compounds such as
Ti[N(CHs)z ]! and H(N,)Co[P(CeHs)z]5.2 Herein, we
report the insertion reaction of CO, into the copper-
oxygen bond of cupric methoxide.

Experimental Section

All procedures were carried out under nitrogen.

Materials.—Cu(OCHs). (1) and (acac)CuOCH; (3)* were
prepared according to the methods reported in the literature.
CO; was a commercial gas reagent (assay: minimum 99.99
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vol %), which was used without further purification. Pyridine
was refluxed and distilled over KOH after drying by calcium
hydride at room temperature. Methyl and ethyl iodides were
distilled over calcium chloride.

Instrumentation.—The ir spectra were obtained on a Hitachi
Model EPI-G3 grating spectrophotometer. Visible spectra were
recorded with a Hitachi Model EPS-3T spectrometer using a
Pyrex cell of 10-mm path length. Esr spectra were obtained
with a Nippon Denshi Model JES-3BS-X spectrometer.

Preparations of Cu(OCO(O)CH;); (2) and (acac)CuOCO(0)-
CH; (4) and Their Reactions with Methyl Iodide.—To a suspen-

" sion of 0.415 g (3.30 mmol) of 1 in 14 ml of pyridine, CO; gas

was introduced by bubbling at ambient temperature under
nitrogen. 1 dissolved within several minutes and CO, bubbling
was continued for 30 min. By the addition of a small amount
of pyridine, the total volume of the solution was adjusted exactly
to 15 ml. A 3-ml aliquot of this solution (0.66 mmol 2) was
taken by a hypodermic syringe and cooled to ca. —40°, to which
0.084 ml (1.33 mmol) of methyl iodide was added. When the
mixture was allowed to warm to an ambient temperature, an
exothermic reaction took place to give a brown solution which
was heated further at ca. 80°. The volatile material obtained
from distillation of the resulting viscous solution was analyzed
by glpc (Silicone DC-550 on Celite), and dimethyl carbonate was
detected in a yield of 409, based on methoxy group of 1. The
reaction of 3 with CO; was carried out similarly to produce a
pyridine solution of 4. The reaction of 4 with methyl iodide
was performed also by a procedure similar to that in the case of 2.

Decarboxylation of 2 in Pyridine-DMF.—In a pyridine (3 ml)-
DMF (45 ml) mixture, 1.10 g (8.74 mmol) of 1 was dissolved by
introduction of COy to form 2. The volume of the resulting
homogeneous blue-green solution was adjusted to 50 ml by the
addition of DMF. A 5-ml aliquot of this solution (0.87 mmol of
2) was heated gradually to 80° under nitrogen. At 70-75°, a
blue solid of 1 precipitated slightly and at 80° this precipitate
appeared extensively. By introduction of CO, at ambient
temperature, this blue precipitate was redissolved and gave the
original homogeneous blue-green solution. When this solution
was treated with 0.22 ml (3.45 mmol) of methyl iodide, dimethyl
carbonate was formed in a yield of 21%.

Gasometry.—A flask containing 0.201 g (1.60 mmol) of 1in
4 ml of pyridine was connected to an ordinary gas buret filled
with CO; gas over ligroin saturated with CO,. After the pyridine
suspension of 1 was solidified by chilling to ce. —70° with a
Dry Ice-methanol bath, the flask was evacuated. Then, COq
gas was introduced and the reaction mixture was warmed to
ambient temperature under magnetical stirring, The CO
absorption by 1 was followed with time at 19.6°, 7.e., the amount
of CO;absorbed was 75.0 ml (3.12 mmol) at 20 min after introduc-
tion of CO; gas, 77.5 ml (3.22 mmol) at 30 min and 77.0 ml
(3.20 mmol) at 60 min. The amount of CO; gas absorbed was
calibrated by the reference experiment in the absence of 1.

Results and Discussion

In this study, we have found a facile CO, insertion
into the copper-oxygen bond of cupric dimethoxide (1)
in a specific solvent of pyridine to form a cupric methyl
carbonate (2), in which the CO; moiety is labile.

room temp, QN
Cu(OCH;), + 2CO, ' CU(O(I'«;OCHa)z (1)

1 o
2

1 is insoluble in common organic solvents due to its
polymeric structure.? In the present study, it was
found that bubbling CO, gas into a suspension of 1 in
pyridine at ambient temperature caused rapid dissolu-
tion of 1 to produce a homogeneous blue-green solution.
The formation of 2 was confirtned by the following
chemical and spectroscopic examinations.

The ir spectrum of the resulting solution showed
strong absorptions at 1665 and 1305 cm™!. It has been
accepted that metal carboxylate has two bands in the
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regions of 1610-1550 and 1400-1300 em !, which arise
from antisymmetrical and symmetrical vibrations of
COO~ structure,’ respectively. Thus, it is reasonable
to assign two bands of the cupric species of the resultant
homogeneous solution at 1665 and 1305 cm ™! to methyl
carbonate anion. In addition, this assignment is sup-
ported by the fact that magnesium methyl carbonate,
Mg(OCO,CHs),,* has two absorptions at 1655 and
1330 cm 2,

The presence of a methyl carbonate group in 2 was
also indicated by the formation of alkyl methyl car-
bonate when the pyridine solution of 2 was treated with
alkyl iodide.

CH30|C|IOCH3 40% (based on CH;0 group)
(0]

CV
30°
Cu(0ﬁ00H3)2 gl

o

2 50°,N51

CszoﬁOCHa 18% (based on CH,0O group)
O

That the stoichiometry of the reaction was two mole-
cules of CO; per molecule of 1 was established by the
gasometry of the CO, absorption.

The uniqueness of pyridine as solvent was shown in
the phenomena of dissolution of 1 by introduction
of CO; In tetrahydrofuran, dimethylformamide
(DMF), triethylamine, and tetramethylethylenedi-
amine, no dissolution of 1 was observed. For the reac-
tion of 1 with CO,, a large amount of pyridine is not
always necessary. For example, 0.38 g (3.0 mmol) of 1
reacted with CO, in 15 ml of DMF to give a homo-
geneous blue-green solution when the solvent contained
1 ml (12 mmol) of pyridine. In the absence of pyr-
idine, no change was observed in the suspension of 1 in
DMF by introduction of CO, at either room tempera-
ture or ¢a. 50°.

The CO; moiety in 2 is labile. When a solution of 2
in a pyridine-DMF mixture was heated at 80° under
nitrogen, a blue precipitate of 1 was formed. This
blue solid was redissolved by CO; to a blue-green solu-
tion which gave dimethyl carbonate in a yield of 219
by treatment with methyl iodide. This observation
indicates the reversibility of the CO; insertion.

80° ~-DMF
Cu(OCOCH,), £
H room temp, py-DMF
O
2 Cu(OCH;), + 2CO, (3)

Removal of pyridine solvent also caused the libera-
tion of CO, from 2. Thus, both the precipitate ob-
tained by the addition of a large amount of benzene to
the pyridine solution of 2 and the residue obtained by
evaporation of pyridine from pyridine solution of 2 at a
reduced pressure showed no carbonyl ir absorption and
did not produce dimethyl carbonate when they were

(5) L, J. Bellamy, ‘“The Infra-red Spectra of Complex Molecules,”
Methuen, London, 1958, p 174,
(6) E. Szarvasy, Ber., 80, 1836 (1897).
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treated with methyl iodide. In comparison with
other metal methyl carbonates, for instance, Mg (OCO-
(O)CHy),,® in which the CO, moiety is stable, the
lability of CO, moiety in 2 is very. interesting and con-
stitutes another characteristic of the present study in
addition to the specific action of pyridine solvent.

To obtain more detailed information on the resulting
cupric methyl carbonate complex, a well-defined com-
plex of cupric acetylacetonate methoxide, (acac)Cu-
OCH;* (3), was investigated, for which a square-planar
dimeric structure has been proposed. 3 underwent a
facile CO, insertion to produce (acac)CuOCO(O)CH;

4).
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A suspension of violet 3 in pyridine rapidly became a
homogeneous blue-green solution by the introduction
of CO; at room temperature. Absorptions at 1670
and 1310 cm~! appeared in ir spectrum, and dimethyl
carbonate was formed when the resulting solution was
treated with methyl iodide. Evaporation of pyridine
solvent, however, caused the loss of the CO; molecule,

The visible spectrum of 4 in pyridine consisted of a
broad and asymmetric band centered around 675 nm.
A similar spectrum with Amax 680 nm was observed
in the pyridine solution of 2. These absorptions are
similar in wavelength to that of a square-planar com-
plex of 34 and may be interpreted as a composite band
arising from d—d transitions in a square-planar Cu(II)
complex.?”

The pyridine solutions of 2 and 4 showed strong typ-
ical esr signals of cupric species at room temperature.
Each esr spectrum consisted of four lines whose inten-
sity increased with increasing magnetic fleld. In the
case of 4, the values of g.. = 2.142 and 4i, = 62 G
were obtained. This fact makes a sharp contrast to
the absence of esr signals of Cu(OCHjs), and (acac)-
CuOCH; in solid state, and also to the reported low
magnetic moment of Cu(OCHs), (4 = 1.07 BM)? and
(acac)CuOCH; (u = 0.75 BM)* which are less than the
calculated, spin-only value of 1.73 BM for divalent
copper. This reduced magnetic moment of 3 and 1 has
been explained on the basis of the dimeric and poly-
meric structure of the complexes which permit spin
coupling by the copper—copper interaction. Com-
bining the results of visible and esr spectra, it is reason-
able to assume a monomeric square-planar structure for
2 and 4 in which pyridine molecule may coordinate as a
ligand to copper atom.

(7) L. F. Orgel, “An Introduction to Transition-Metal Chemistry:
Ligand-Field Theory,”” Methuen, London, 1966, p 95.
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When CO; was introduced into the sitspension of Co-
(OCHjs); or Ni(OCHjy)s in pyridine, neither the dissolu-
tion nor the color change was observed.

The facile insertion of CO; to cuptic methoxide, 1
and 3, and the liberation of CO; from coppeér methyl
carbonate, 2 and 4, may be regarded as a reversible
CO; fixation by cupric methoxide, and these observa-
tions may be utilized for synthetic orgdnic reactions
using COs..
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There are many molecular carbonyl halides of transi-
tion metals in which the halogen is chlorine, bromine,
or iodine,! but only two carbonyl fluorides of transition
metals have been reported: tetrafluorodicarbonyl-
molybdenum(IV) which probably has a dimeric stfuc-
ture? and difluorotricarbonylruthenium(II) which has
been shown to have a tetrameric structure.?

The only known carbonyl chlorides, bromides, and
iodides of rhenium are the monomeric pentacarbonyls
and the dimeric tetracarbonyls of rhenium (I).1

We hdve isolated trifluorotricarbonylrhenium(I11),
Re(CO)sF;, from the reaction of a limited amount of
rhenium hexafluoride with decacarbonyldirhenium(0)
in Kel-F apparatus. Anhydrous hydrogen fluoride
is used as a solvent for the rhenium hexafluoride durihg
the preparation, and tungsten hexafluoride is used as a
solvent to purify the product by removing rhenium
pentafluoride which is also formed. This solvent would
also remove any oxide fluorides of rhenium which are
possible impurities in the rhenium hexafluoride. A
porous disk of sintered PTFE is used for separation
of solids from liquids. The general procedure is similar
to that which we have previously described.?

Anhydrous hydrogen fluoride and some rhenium
hexafluoride are condensed onto the decacarbonyl-
dirhenium (0) at —196° and the frozen solid mixture
is allowed to melt. The mixture becomes dark brown
and carbon monoxide gas is evolved. The gas can be
removed after the reaction mixture is again solidified.
Additions of rhenium hexafiuoride are repeated umntil
the mixture separates to a dark brown solid and a pale
green solution. The solid is trifluorotricarbonyl-
rhenium (IIT) and the green color in the liquid hydrogen
fluoride is due to rheniutn pentafluoride.t If more
rhenium hexafluoride is added, there is rapid evolution
of carbon monoxide, the brown solid is rapidly decom-
posed, and ‘only the green solution remains.

(1) F. Calderazzo in ‘‘Halogen Chemistry,” Vol. 3, V. Gutmann, Ed.,
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When the mixture separates, no more rhenium hexa-
fluoride is added, instead, the solition is poured off
through the porous disk and the hydrogen fluoride is
distilled from the apparatus. Tungsten hexafluoride
is condensed onto the brown solid, allowed to melt,
and then the restilting solution, green due to rhenium
pentafluoride, is separated from the solid by pouring
through the filter. This process of washing the solid
with tungsten hexafluoride is repeated several times
to tremove all traces of the rhenium pentafluoride. The
final product is a finely divided, free flowing, dark brown
solid.

Results

Analyses for both rhenium and fluoride i aqueous
solution can be obtained if the rhenium is present as
perrhenate. There is no chemical initerference between
the two anionic species, the perrhenate ean be deter-
mined from its uv absorbance,’ and the fluoride can be
determined using an ion-selective electrode. How-
ever, it was found to be difficult to oxidize the rhenium
in this compound to oxidation state VII. After the
compound was heated with sodium peroxide, an ‘in-
soluble yellow-brown gelatinous material formed in
water instead of the expected colorless perrhenate.
A similar result followed fusion with a mixture of potas-
sium nitrate and potassium hydroxide. The original
compound dissolves slowly in water but addition of
hydrogen peroxide forms the insoluble gelatinous ma-
terial. Itisknown thatsome yellow-brown compotinds
of rhenium(IV) containing hydroxo and/or oxo groups
are oxidized only very slowly.® . Apparently the rhe-
nium in the compound is oxidized from oxidation state
III to IV but further oxidation is slow because of for-
mation of intractable polymeric materials of indefinite
composition. Repeated additions of hydrogen per-
oxide to the compound in aqueous alkali and prolonged
boiling for several hours eventually gives a colorless
solution containing perrhenate and fluoride, and this
was analyzed.

Analysis for coordindted carbon monoxide in most
transition metal cartbonyl complexes can be accom-
plished by displacing the ligands with a bromine car-
rier,” but this method does not displace any carbon
monoxide  from trifluorotricarbonylrhenium (I1I).
However, it was found that the carbonyl ligands
are displaced when a mixture of the compound with
solid iodine is heated strongly. This mixture was
placed in an evacuated glass apparatus and heated
with a flame to liberate gaseous carbon monoxide, which
was then determined by pressure-volume measure-
merits. The solid residue in the apparatus had no
ir absorptions near 2000 cm~! which indicates that all
of the carbonyl ligands had been displaced. Anal.
Caled for Re(CO);Fs: Re, 56.9; CO, 25.7; F, 17.4.
Found: Re, 55; CO,25; F, 16.7.

Nujol mulls of trifluorotricarbonylrhenium(I1I) and
decacarbonyldirheniuri(0) were prepared in an at-
mosphere of dry argon to avoid contamination by hy-
drolysis or oxidation.® The ir absorptions in the ¢ar-
bonyl stretching region® for the spectrum of the car-
bonyl fluoride are at higher wave numbers than those
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