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The nitrosation of the Co(NH;);Ns?* ion leads to the preparation of some novel cobalt(III) pentaammine complexes, namely

[Co(NHs)s(py)]2t, Co(NH;);NCR?*+, and Co(NH;);OCH;2*,

(NH;3);OP(OCyHj;);]% " as an intermediate.

Some of these were prepared directly, others through [Co-

The reactivity of the complexes in aqueous solution and reduction by Cr2+ ion

are discussed, and some attempts to coordinate N; are also described.

Introduction

In a recent publication, Haim and Taube! proposed
that the nitrosation of the [Co(NH;);N;3]*T ion occurs
by the addition of NO* to the terminal nitrogen leading
to an intermediate of the form [Co(NH;);NNNNO]3+
(Scheme I), which immediately decomposes to yield
Nz N0, and [Co(NH;);0H,]*+. This assumption
receives some support from the fact that NNNNOZ? is
formed when N3~ reacts with NO+.

ScHEME I
THE PoSSIBLE MODES OF ADDITION OF
NO* 10 COORDINATED AZIDE IoN
[(NH&)sCONNN]2+ + NO+

[(NH3);CoNNNNO]** or [(NH;)CoN(NO)NN]#+

[(NHj3);CoNe]*t + N,O (NH;3);CoNO8* + N3

In the reaction of [Co(NH;)sN;]2+ with NO*, there
is the possibility that the N; formed when the co-
ordinated N,O decomposes remains coordinated to the
metal ion for a finite length of time. It is also possible
that NO* does not attack the terminal nitrogen of the
azide, but the nitrogen coordinated to the metal ion.
Since the Co-N-N angle (as determined?® for [Co-
(NH;3)sN;1(N3)s) is 125°, this mode of attack is not out
of the question. The research which we are describing
was initiated to check on these possibilities, by search-
ing for a time lag in the liberation of N, compared to
that of N;O (see Scheme I). Though we have suc-
ceeded only in showing that an intermediate, if formed,
does not persist longer than several seconds, we feel
our research on this problem is nevertheless worth
describing. The possibilities we considered deserve
further exploration, and what we have done may guide
others who become interested in the question.

A second theme which we pursued in our work was
to exploit the fact that the reaction of NO* with co-
ordinated azide does produce a good leaving group in
preparing some novel complexes of the pentaammine-
cobalt(III) series. They are the complexes with tri-
ethyl phosphate, CH;0~, pyridine, or nitriles as the
heteroligands. At the time of our work, the prepara-

(1) A. Haim and H. Taube, Inorg. Chem., 3, 1199 (1983).

(2) H. W. Lucien, J. Am. Chem. Soc., 80, 4458 (1958).
(8) G. J. Palenik, Acta Cryst., 1T, 360 (1964).

tion of none of these complexes as pure solid phases
had been described; since then, the pyridine complex
has been prepared by direct reaction with aquopenta-
amminecobalt(II11) in DMF as solvent. 5

Experimental Section

(A) Preparation of Starting Materials.—[Co(NH,);N;]Cl$
was converted to the perchlorate using silver acetate, then sodium
perchlorate to crystallize the complex. The complex gave a
sharp azide absorption at 2060 cm™!. -[Pt(dtn)N;]NO; (dtn =
diethylenetriamine) and K;[Co(CN);N;] were prepared by the
methods described in the literature.?s

[Ru(phen):(py)N3]Cl (phen = 1,10-phenanthroline, py =
pyridine) was prepared by bringing into reaction [Ru(phen)s-
(py)CIJCI® (1.22 g) with NaN; (0.14 g) in water (20 ml) at 50°
for 30 min. The cooled solution was filtered and the [Ru(phen ).-
(py)N3]I complex precipitated with Nal. This salt was then
treated with excess AgCl in warm water (20 ml), the solution was
filtered and evaporated to ~5 ml at room temperature, and the
[Ru(phen)o(py)N3]Cl salt crystallized out with LiCl. The re-
sulting complex was then recrystallized from alcohol with ether.
The infrared spectrum showed a sharp azide absorption at 2020
cm~l,

Anal. Caled for [RuCyxHuN;]Cl-3H.O: C, 51.82; H, 4.05;
N, 16.67; Ru, 15.04. Found: C, 51.62; H, 4.00; N, 17.0;
Ruy, 15.1.

(B) The Nitrosation Experiments.—The azido complex (5 X
10~* to 1073 mole) was dissolved in water (50 ml) and the appro-
priate amount of solid NaNO; added. The mixture was de-
aerated with He and excess acid, usually 1 ml of 10 N HCIO, or
HCIl, added with a syringe through a syringe cap. The gas
evolved (10-25 cc) was repeatedly sampled (5 sec, 10-15 sec,
30 sec, 1 min) with a Hamilton gas syringe (5 cc) and the sample
injected into a gas chromatograph at 25° coentaining a column
(10 ft 0.25 in.) filled with sec-butyl phthalate absorbed on
Chromosorb P (80-100 mesh) using He as the carrier gas. The
experiments were carried out in a vessel with only a small space
above the solution (~10 cc) and the helium flow rate varied from
0 to 200 cc/min, The gas escaped through a syringe needle
which was varied in size depending on the He flow rate.

Since in most experiments the gases evolved were diluted with
He, a 5-cc sample was collected. The He flushed both N,
and N,O out of the aqueous solution.

Several complexes, namely [Co(NH;)sN;) 2, [Pt(dien)Ns]t,
[Ru(phen):(py)Ns]*, and [Co(CN);Ns]3~, were used in the at-
tempt to retain either N; or N:O fixed in the first coordination
sphere of a metal ion. In all cases, the gases N; and N:O were
ohserved to be liberated in equivalent amount except for the first

(4) E. Gould, private communication,

(5) F. Nordmeyer, private communication.

(8) M. Linhard and H. Flygare, Z. Anorg. Allgem. Chem., 262, 328 (1950).

(7) F. Basolo, H. B. Gray, and R. G. Pearson, J. Am. Chem. Soc., 83,
4200 (1960). '

(8) J. Fujita and Y. Shimura, Bull, Chem. Soc. Japan, 86, 1281 (1963).

(8) F. P. Dwyer, H. A. Goodwin, and E. C. Gyarfas, Australian J. Chem.,
16, 544 (1963).
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sample taken at 5 sec. For this sample, the concentration of
N was slightly greater than that of N:O, but a small lag in this
direction is expected because of the higher solubility of N,O
compared to N.. Even when the experiment was carried out
in a solvent less nucleophilic than water, namely CHzCO,H~
(CH;CO)0, both N, and N.O were released together, except
that N:O again slightly trailed N,

The resolution time of our method is of course not short, and
our experiments by no means prove that a complex containing
Ng bound for a finite time is not formed by the reactions we
have tried. The failure to observe delay in the liberation of N3 in
the reaction of [Ru(phen):(py)Ns]* is especially noteworthy in
the context of the report which has been made of the preparation
of N: complexes of Ru(IT) ammines,¥

(C) Preparation and Characterization of Some Complexes
of the Pentaamminecobalt(III) Class.—The success of the dif-
ferent preparative procedures to be described depends on keeping
the water content of the systems low. Water is more nucleo-
philic than most of the ligands featured in this part of our work,
and if it is present [Co(NH;);OH,}J%* is the major product.
Several preparative routes are open meeting the condition on
water content and making use of the azide-NO™ reaction to
labilize the sixth coordination position.

(1) XNitrosyl perchlorate can be used in reaction with [Co-
(NH;);N3]2* in a solvent such as glacial acetic acid or methanol.
When NOC]I is used, the product is mainly [Co(NHj);Cl] 2+,

(2) An alkyl nitrite together with a strong noncomplexing
acid can be used in some instances in place of nitrosyl perchlorate.
This is a possible method of preparing a variety of alcohol
complexes. The success of the reactions in alcohols depends on
the relative rate of reaction of NO* with the complex compared
with the alcohol.

The details of the preparations of the complexes and some of
their properties are herewith described.

[Co(NH;)0P(0OC:H;);] (Cl04);.—[Co(NH;);N3] (ClOs): (0.4
g), dissolved in OP(OC:H;)s (3—4 ml of dry solvent) was treated
with excess solid NOCIO4.1t  After about 10 min the clear solu-
tion was filtered and excess dry ether added to it with rapid stir-
ring. The complex precipitated and crystallized and was filtered
off and dried in a vacuum desiccator for 24 hr. The extinction
coefficients of the product, ¢ 46 at 515 mu and e 39 at 350 my,
are similar to those reported by Schmidt and Taube!? for the tri-
methyl ester, ¢ 46.3 at 520 my and ¢ 39.2 at 350 mgu.

Anal. Caled for [Co(NH;):PO.CsHy;1(ClO4)s: C, 11.54; H,
4.84; N,11.21. Found: C,10.8; H,4.7; N,11.4.

The proton nmr spectrum for the ion is presented in Figure 1.
The pattern for the methylene protons is superimposed on the
broad band arising from the ammonia protons. The pattern
reveals splitting of the absorption for the methylene protons also
by P (I = 1/:) and can be understood as resulting from the super-
position of two quartets, as shown in Figure 1.

The coordinated phosphate ester is more labile to substitution
than is water in the same position, and the ester complex was
used to prepare the methoxo, pyridine, and some nitrile com-
plexes. We have evidence that CH;NCS and CH.SCN also
replace the ester molecule from the coordination sphere, but the
resulting products were not characterized.

The compound [Co(NH;);OP{OC:H;)s] (ClO4)s is soluble in
acetone, methanol, and ethanol; the tri(n-butyl) derivative is
even more soluble and sensitive to substitution.

[Co(NH;)0CH;] (Cl0,)..—Triethylphosphatopentaammine-
eobalt perchlorate (0.3 g) was dissolved in dry methanol (5 ml)
and excess solid NaOCH; was added. A pink crystalline solid
formed which was filtered off, washed with dry ether, and dried
in a vacuum desiccator.

Anal. Caled for [Co(INH;);0CH;) (Cl0O4):2:
N, 18,73. Found: C,3.1; H,4.7; N, 18.7.

C, 3.21; H, 4.85;

(10) A. D, Allen and C. V, Senoff, Chem. Commun., 24, 621 (1965).

(11) G. Brauer, “Handbuch der Preparativen Chemie,” F. Enke Verlag,
Stuttgart, 1954, p 253.

(12) W, Schmidt and H, Taube, Inorg. Chem., 2, 698 (1963). Note that
S. and T. did not prepare a pure solid phase containing the complex.
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Figure 1.—The 60-Mc nmr spectrum of [Co(NH;);0P-
(OCH;)3] (Cl0y4)s in DO, D2SOs (0.1 M) relative to sodium tri-
methylsilylpropanesulfonate as internal standard (P.E.R. 10
spectrometer).

The proton nmr spectrum in DO shows a broad CH; peak at
3.05 ppm relative to tetramethylsilane (external) and the signal
sharpens and moves downfield to 3.58 ppm on the addition of
D*. Thebroad signal further downfield is due to the coordinated
NH; groups. As the solution is kept, a peak at 3.85 ppm de-
velops at the expense of the 3.58 ppm peak. The absorption
at 3.85 ppm is caused by free CH;0OH. The rate at which the
coordinated methanol was replaced by DsO was followed in the
nmr spectrometer (A60) at 35° in 1.8 M DsSQs. Some of these
results are given in Figure 2; they show the release of the co-
ordinated CH3OH and its appearance in the solvent. Under
these conditions a first-order plot of log (peak height) against
time is obtained both for the ‘“‘appearance’” and ‘‘disappearance’’
signals and the half-life of the process is 50 min at 35°. From
a similar measurement in more dilute D* (pH ~3) the half-
life was ~2 hr, so it would seem that the hydrolysis has an
acid-dependent path. This reaction is now being examined in
more detail. The rate at which the methoxide ion is replaced
by water was not explored but the process is not rapid (f/, >
30 min).

The acid dissociation constant for the methanol complex was
measured. We found pK,»*° = 5.58 & 0.03 at » = 0.1, a value
not greatly different from that of the corresponding aquo com-
plex. The extinction coefficients for both ions are also similar;
for [Co(NHj3);CHOH](ClOs); at 494 my, e is 49, at 345 my,
¢ is 50; for [Co(INH;3);0H,) (ClOy); in 0.1 M HCIO; at 494 my,
e is 48.5, at 347 mp, e is 44; for [Co(NH;),OCH;](ClOy); in
water eis 75 at 510 mu and 81 at 370 mu.

Nitrilopentaamminecobalt(ITI) Perchlorates.—The nitrile
compounds were made in two ways: by the nitrosation of the
azido complex in the nitrile of choice as solvent, and by the re-
action of the phosphate ester complex with the nitrile. All of
the nitriles resemble [Co(NH;)](ClO,); in appearance and the
coordinated nitrile appears to undergo little replacemtent by
water over several days time in both acid and dilute alkali,
The malonodinitrile may be an exception. The methylene
protons are quite acidic (pK ~ 9 £ 1) compared to that for the
free ligand!® (pK = 11.2). A solution of the salt in water gives
an intense red color when OH ™ is added, but this changes rapidly
to a yellow color, similar to that of the original solution. Cor-
responding to the development of the red color, the optical
density at the maximum more than doubled and the band at 465
myu moved to 530 mu. Within 8 min this band had disappeared;
though the colors are similar, the spectrum of the final solution
is not identical with that of the solution before alkali was added.
The secondary reaction interfered with the attempt to measure
pK, of the complex, but it was not investigated further,

[Co(INH;);NCCH;] (ClO4);.—[Co(NH;); N3] (Cl04): (0.5 g) was

(13) R. G. Pearson and R. L. Dillon, J. Am. Chem, Soc., T8, 2439 (1953).
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Figure 2.—The exchange of coordinated methanol with D;O
as shown by 60-Mc nmr spectra of [Co(INH;)OCHs] (ClOs). in
D0, D:S0; (1.8 M) relative to tetramethylsilane as external

standard (Varian AB0 spectrometer, temperature 35°, times are )

measured from the first sample as zero).

suspended in CH3CN (5 ml) and excess NOCIO, added, There
was a vigorous reaction following which the yellow-orange
nitrile complex was precipitated with ether and then redissolved
in water and recrystallized by adding concentrated HCIO,.
The infrared spectrum showed a sharp absorption at 2320 ecm™
attributed to the C=N stretching mode. The extinction co-
efficients in water are 57 at 465 mu and 53 at 330 mu and were
unaltered in 0.1 M HCIO,.
Anal. Caled for [Co(NH;):NCCH:](ClOs)s:

3.75; N,17.38. Found: C,5.3; H,3.8; N, 174.

C, 4.97; H,

SoME PENTAAMMINEOCOBALT(III) CoMpLEXES 1093

[Co(NH;);NCCH=CH_] (C10,);.—This compound was pre-
pared by dissolving [Co(NH;);OP(OCsH;)] (ClOy)s in acrylo-
nitrile and heating the mixture at 50° until it turned yellow.
The nitrile complex was isolated as above and the extinction
coefficients were ¢ 69 at 470 mu and € 75 at 330 mu.

Anal, Caled for [Co(NH;)3NCCH=CH,](ClO:);: C, 7.27;
H,3.66; N, 16.96. Found: C,7.4; H,3.5; N, 17.1.

[Co(NH;);NCCH.CH,CH,C(CH;)=—CH_,] (C10,);,—This com-
pound was prepared and isolated in the same manner as the
acrylonitrile complex.

Anal. Caled for [Co(NH;):C:HuNI(ClOy)s: C, 15.24; H,
4.75; N, 15.24. Found: C, 15.6; H, 4.8; N, 15.1.

[Co(NH;);NCCHCN](C104);.—The complex with malono-
dinitrile as ligand was also prepared by the method used for the
acrylonitrile complex, The extinction coefficient is 84 at the
first maximum in the long wavelength region of the spectrum
appearing at 465 mu.

Anal. Caled for [Co(NH;)NCCHCN](ClOy4);s:
H,3.37; N, 19.28, Found: C,7.0; H,3.4; N, 19.1.

[Co(NH;)sNC;H;] (C1O4)s.—[Co(NH;)s: N3] (C10s)2 (0.3 g) in
OP(OC.H;); (5 ml) was mixed with excess NOClIO;. The reac-
tion was allowed to continue until the azide was eliminated and
then dry pyridine (1 ml) was added and the mixture warmed at
50-60° for 12 hr. Ether was added, whereupon the complex
separated as an oil. The oil was washed with more ether and
was finally redissolved in a minimum of water, and the pyridine
complex was crystallized by adding concentrated HClO,. The
complex was recrystallized from NaOH (0.1 M) at 20° by adding
NaClO,. This procedure was used to eliminate pyridinium per-
chlorate from the product. The complex was finally washed
with alcohol and ether and dried in a vacuum desiccator. The
extinction coefficients were 46 at 480 mp and 39 at 340 mu.
The pyridine absorption bands appear in the complex charge-
transfer band region at 255, 260, and 265 mu with e ~5 X 1074,

Anal. Caled for [(Co(NH;)sNCsH;](ClOy)s: C, 11.51; H,
3.87; N, 16.12, Found: C,11.3; H,4.2; N, 16.0.

The Reaction with Cr?+ of the N-Coordinated Complexes.—
As part of a search for ligands which lead to a slow rate of attack,
a brief study was made of the rate at which Cr?* reacts with
some of the complexes which we prepared. In studying media-
tion in electron-transfer reactions by various bridging groups,
it is an advantage to have ligands which limit the complex to a
slow rate of reduction by adjacent attack, The method we
used in this part of our work is substantially that described
by Svatos and Taube.'* The compound [Co(NH;);CN](ClO4).
was prepared as described by Siebert.!6

The results of the experiments are shown in Table I. OQur

C, 7.08;

TABLE 1

THE RATE OF REACTION WITH Cr?* oF NITRILO AND
RELATED PENTAAMMINECOBALT(II]) ComPLEXES
[(HClOs) = 1M; temperature 25°]

(Co(1I1))e (Cr2*)o
Heteroligand X 102, M X 102, M k, M—1gec—t
CN 0.08 0.08 100 = 20 (2)=
NCCH; 0.10 1.07 1.7 X 1072 (1)e
NC—CH=CH, 0.10 2.14 2.9 X 1072 (1)
NC—CH,—CN 0.07 2.14 >10 sec™1  (4)s

%@ 0.10 3.22

¢ Figures in parentheses indicate the number of rate measure-
ments carried out. ? The reaction in this case is complete; see
text,

4 X 1073

(14) G. Svatos and H. Tausbe, J. Am. Chem. Soc., 88, 4172 (1961).

(15) H. Siebert, Z. Anorg. Allgem, Chem., 327, 63 (1964). The compound
was formulated by Siebert as having C coordinated to Co(III), but the evi-
dence in support of this is by no means conclusive. The comparison of the
spectrum observed for Co(NHa)sCN?2* (e 44 at the long wavelength maximum
at 440 my) with that which we have observed for Co(NHs)sNCCHs3+ does
not settle the matter, because the change expected in converting ~-NC -~ to
~-NCCH; as ligand cannot be predicted with confidence.
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measurement for [Co(NH;);CN]2* is consistent with that re-
ported by Espenson and Birk' at 13°, Their value of 61 %=
6 M~! sec™! in combination with ours leads to AH* =~ 9 kcal
mole~tand AS* = —30 eu.

It is clear that acetonitrile, acrylonitrile, and pyridine as
heteroligands lead to much lower rates of reduction than does a
typical carboxylate, such as acetate. The nitrogen bound to the
Co(III) center is less open to attack by Cr?* than is at least one
of the oxygens in the carboxylate complex. The spectra of the
Cr(I1I) products in fact suggest that the ligand is not transferred
in the case of the three nitrogen-containing ligands just men-
tioned. Though we are probably dealing there with an outer-
sphere reaction, the rate is somewhat higher than it is for [Co-
(NH;))3*. For the latter ion & has been reported as 0.9 X
10-4 M—'sec~tat p = 0.4 and 25°.

(16) J. H. Espenson and J. P. Birk, J. Am, Chem. Soc., 87, 3280 (1965).

Inorganic Chemistry

The reduction of the complex with malonodinitrile as the ligand
is very rapid, and the reduction phase is followed by at least two
other processes, as judged by the changes in extinction with time.
That the initial rapid phase corresponds to reduction was proven
by quenching the reaction mixture with air quickly after mixing,
whereupon analysis showed Co?* to be present in substantial
amounts. Ligand transfer does occur in this case. We do not
understand the nature of the subsequent changes, but the system
seems particularly interesting to us because there is the possi-
bility of attack by Cr?~ at the carbon of the ligand.

Acknowledgment.—Support of this research by the
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320, is gratefully acknowledged.
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The reaction of Co(NH;);OH.?* with NCO ~ takes place to form the carbamato complex as an intermediate.

Oxygen tracer

studies on the reaction of the carbamato complex with nitrous acid prove that the Co-O bond remains intact in the reaction

of the aquopentaammine complex with NCO~.
it leads to 809 Co-O bond rupture.

The mechanism of the nitrosation of the carbamato complex is such that
The competition of Cl1~ and H,O for the presumed intermediate Co(NHj);** is dis-
cussed, The reaction of NCO~ with Co(en)(OH3):%7 leads to Co(en);CO;* as product.

Oxygen tracer studies on the re-

action of this product with acid show that one of the two oxygen atoms in the chelate ring is derived from NCO~, the other
from the aquo complex, and the remaining oxygen in the complex is derived from the solvent.

Introduction

The substitution of NCO- in cobalt(III) ammine
complexes has been examined previously by Linhard
and Flygare! in the course of an extensive study of the
spectral properties of the halo and pseudo-halo Co(III)
ammine compounds, These authors noted that the
spectra of the supposed cyanato compounds were not
related to those of the halogen compounds and that
NCO~ was not detected when the Co(III) complexes
were decomposed. They suggested from these results
and their analytical data that NCO~ substituted by
addition to the coordinated water or more likely by the
addition of HNCO to the hydroxo complex, giving the
corresponding carbamato complex. In this way Co-
(NH,;);0.CNH2+ and Co(NHj;),(OHz)O.CNH,2* were
prepared; the latter iom, however, eventually
hydrolyzes to the Co(NH;)4,CO; ™ ion.

The present investigation was carried out to test
these proposals and to attempt to establish the mech-
anism of the reactions by means of tracer experiments.
Nitrosation suggested itself as a convenient possibility
for the workup of the carbamate complex. It proved

(1) M. Linhard and H. Flygare, Z. Anorg. Chem., 261, 25 (1943).

to be well suited to our needs and the interest in the
reaction itself grew so that it became the dominant
theme of this part of our work.

The experiments divided naturally into two parts:
(a) those concerning the pentaammine complex and
(b) those dealing with a tetraammine system and its
subsequent hydrolysis, and they will be dealt with in
that order.

A. The Reaction of NCO+ with Co(NH;);O0H,3+;
Mechanism of Nitrosation of the Carbamato Complex

Experimental Section

Preparations.—[Co(NH;);0.CNH;] (ClO:), was prepared es-
sentially by the method of Linhard and Flygare.! [Co(INHs)s-
OH,}(ClOy); (14 g) added to water (40 ml at 60°) was stirred
rapidly until the complex dissolved.

NaXNCO (2 g) was added and the mixture cooled to 25° over
30 min. The complex which formed was recrystallized rapidly
from warm water with NaClO;, The salt was collected and
washed with methanol and dried in a vacuum desiccator for 12

hr. The extinction coefficient ¢ was 60 at 505 mu. Anal.
Caled for [CO(NH3)502CNH2](CIO4)2: C, 2.98; H, 4.25;
N, 20.85; ClO4, 49.4. Found: C, 3.15; H, 4.16; N, 20.98;
Cl0y, 50.5.

The sparingly soluble dithionate salt was prepared by dis-
solving the perchlorate in a minimum of water and adding excess



