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7 is a plot of chemical shift vs. o constant for the N-
methylpyridinium compounds.
Table IIT lists slopes and intercepts calculated by a

TABLE I1I

CORRELATION OF CHEMICAL SHIFTS WITH HAMMETT'S o
CONSTANTS BY A LEAST-SQUARES FIT T0 A STRAIGHT LINE

Correla-
tion Per cent

Ordinate Intercept Slope coefficient conduction
7(CHs—Co)® 9.32 —-0.155 —1.00 63
#(CHy=Co )P 9.47 —0.171 —0.98 70
7(CH3—Co)e 9.21 —0.166 —0.95 68
7(CH-N*)8 5.65 —0.245 —0.94 100

¢ For CHaCO(DH)QPY‘4-X in CH.Cl,. b For CHaCO(DH)zpy-
4-X in DMSO-ds. °For [CH;Co[(DOH)(DO)pn]pyX]~ in
DMSO-ds. ¢ For CH;py ™ in D;O.

least-squares fit of the dependence of the chemical
shift on Hammett’'s ¢ constants. The electronic
effect of the pyridine ring substituent upon the chem-
ical shift of the methyl group is reduced from a slope
of ~0.245 to a slope of —0.155 or —0.171 upon inter-
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position of a cobalt(III) ion. Therefore, about two-
thirds of the electronic effect is transmitted through
the cobalt to the methyl group. This ratio is sur-
prisingly high. It can be compared with a correspond-
ing value for an sp® carbon, commonly one-third but
with estimates as high as half.}* Since the electronic
effect must depend on the overlap between the methyl
and cobalt orbitals, we expected to find a larger con-
duction in the more negatively charged (and hence
more extended orbitals) dimethylglyoximato com-
plexes than in the diacetyl monoxime iminopropanato
complexes, but this appears not to be true. The total
charge is larger on the dimethylglyoximato complex
but there are two oxygens to carry the charge compared
to only one in the diacetyl monoxime iminopropanato
complexes.

Clearly, the trans effect is large. The conduction
through the cobalt atom is highly efficient. These
results do not answer the question of what orbitals are
respomnisible for the trans effect, ¢ or = orbitals.
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The reaction Co(NH;)sONO?*+ + H,0 + H+ = Co(NH;);0H3+ + HNO; has been studied kinetically at 25° and p = 1.00
M. With HClO+~LiClO4 mixtures to adjust u, the rate law is d In [Co(NH;);ONO?2+] /dt = ki[H*] + k[H ]2, where k; =
1.32 X 1073 M~1sec tand By = 1.37 X 1079 M ~2sec™!. Halide and thiocyanate ions catalyze the reaction, and the domi-
nant additional terms in the above rate law are k% [H *][X ~] where &;X has the values 847 X 1072 1.04, 15.8, and 6.53 M %
sec™! for chloride, bromide, iodide, and thiocyanate, respectively. The mechanistic implications of these results are dis-
cussed in the context of possible linear free energy relationships. It is concluded that nitrosation reactions implicated in
the coordination chemistry of O-bonded nitrite involve, in addition to the previously established species N3Oz and NO*, the
participation of species XNO, where X~ = Cl—,Br~, 17, and SCN .

Introduction

Kinetic and mechanistic studies of diazotization and
deamination reactions? have uncovered three pathways
for nitrosation, namely nitrosation via N,O; NOT
(or HLONOT), and XNO (X~ = Cl—, Br—, I, SCN™).
In the coordination chemistry of nitrite ion, the N,O;
path has been detected in the formation reactions of
nitritopentaammine complexes of cobalt(III),* chro-
mium(III), rhodium(III), iridium(III), and plati-
num(IV)* from the corresponding aquo complexes.
These types of reactions have been shown to proceed
without metal-oxygen bond breaking® according to the
rate law A[HNO,]?[M(NH;);OH?*].3%4 The kinetic
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and tracer results have been interpreted on the basis of

O-nitrosation by N;O; as depicted in eq 1. More
o
(NH;):MOH:?+ Ve
+ —> (NHa)sMO\ O
ONNO; N
s
O O
(NH;);:MONO?**
+ 1)
HONO

recently, the NO+ path has been uncovered in the acid-
catalyzed aquations of nitrito complexes of chro-
mium(III),5~® cobalt(IIT), rhodium(III), and iridium-
(1I1).9
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H
L;MONOz+ L;MOHz+
+ —>LM—O — + @)
H+ " NO*
1
0

According to microscopic reversibility considerations,
these reactions correspond to O-nitrosation on
L:MOH?* pia NOT.

Since nitrosation reactions by means of XNO (X~ =
Cl-, Br—, I-, SCN-) provide such well established
pathways for diazotization in organic chemistry, it is
perhaps somewhat astonishing that these paths have
not been observed in the coordination chemistry of
nitrite ion. In the present work, we report the results
of the halide- and thiocyanate-catalyzed aquations of
Co(NH;);ONO* .

e+
"O/
Co(NH,);ONO?+ S
+ —> (NH;):Co N---X —>
H+ 4 X~
(NH3)5C00H2+
+ (8)
XNO

These reactions, when examined in the context of
microscopic reversibility, provide evidence for O-
nitrosation on (NH;);CoOH 2+ 9ia XNO.

Experimental Section

Materials.—A quopentaamminecobalt(III) perchlorate was pre-
pared by the reaction of carbonatopentaamminecobalt(III)
nitrate} with perchloric acid. Recrystallization was accom-
plished by dissolution in water followed by addition of 709, per-
chloric acid. Nitritopentaamminecobalt(III) perchlorate was
prepared and recrystallized (twice) by the procedure of Lin-
hard, Siebert, and Weigel.!t The absorption spectrum of [Co-
(NH;);:ONO] (ClO,); in water exhibited maxima at 491 and 361
nm with extinction coefficients 69.9 and 263 M ~! cm ™!, respec-
tively. In order to retard the linkage isomerization of nitrito-
to nitropentaamminecobalt(III), the crystals of [Co(NHj)s-
ONOJ (Cl0,); were stored at —12°. According to Balzani and
coworkers,!? the nitrito complex can be stored for several months
at this temperature without appreciable isomerization. How-
ever, in order to minimize the amount of nitro complex in the
samples of the nitrito complex used for kinetic and stoichiometric
measurements, the complex was prepared monthly during the
course of the present work. .

Lithium perchlorate used as a background electrolyte in the
acid-catalyzed kinetic measurements and in the stoichiometric
measurements was obtained as a solid from solutions obtained by
dissolution of lithium carbonate in perchloric acid. The solid
was recrystallized twice from water. The lithium perchlorate
used in the halide and thiocyanate studies was prepared in solu-
tion by the dissolution of lithium carbonate in perchloric acid.

The water used for the preparation of all the solutions was ob-
tained by passing distilled water through a Barnstead ion-ex-
change demineralizer, and then distilling the efluent in a Corn-
ing Model AG-lb all-glass apparatus. All other chemicals were
reagent grade.

The sodium bromide, sodium iodide, and sodium thiocyanate
were standardized by titration with silver nitrate solutions.
The lithium chloride solutions were standardized acidimetrically
by an ion-exchange procedure.

Kinetic Measurements.—All kinetic measurements were
carried out spectrophotometrically at 25° in a Cary 14 recording
spectrophotometer equipped with a thermostated cell compart-
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ment and cell holder. The technique used to study the relatively
slow acid-catalyzed aquation consisted of adding the HCIO4
LiClO, solution at 25° to the solid [Co(NH;);ONO](ClO,);.
Following the dissolution of the complex, a portion of the solution
was transferred to a spectrophotometric cell, and a recording of
absorbance vs. time was obtained. For the faster anion-catalyzed
reactions, the desired amounts of HC10O,, LiClO,, and the appro-
priate salt of the anion were placed in a spectrophotometric cell.
After temperature equilibration to 25° in the cell compartment,
the desired amount of freshly prepared Co(NH;);ONO?t solu-
tion at 25° was rapidly added by means of a syringe, and a record-
ing of absorbance vs. time was obtained. Reactions were fol-
lowed for 4-5 half-lives, and pseudo-first-order rate constants
were obtained by nonlinear least-squares fitting of absorbance
to time according to the equation (4 — A.) = (4o — Ae) exp
(— kobsat). The wavelengths for the measurements were chosen
to obtain large (e.g., 0.5-1.0) absorbance changes on reaction,
and depended on the particular system studied. The acid-
catalyzed aquation with [H*] > 0.40 1 and the reactions assisted
by Br~ and Cl~ were studied at 2756 nm. Measurements of the
acid-catalyzed reaction with [H*] < 0.40 M and of the isomeriza-
tions to the nitro complex were carried out at 325 nm. The
reaction in the presence of iodide ion produces iodine, and there-~
fore the rate of appearance of I;~ was followed at 420 nm. The
reaction induced by SCN~ was followed at 290 nm since nitrosyl
thiocyanate absorbs strongly below 280 nm.

Stoichiometric - Measurements.—The relative amounts of
aquation and isomerization were measured by a spectrophoto-
metric method. The desired amounts of ~2 M HCIO,, ~2 M
LiClO4, and 25 ml of water were placed in a 100-ml volumetric
flask immersed ina 25° bath. The desired amount of [Co(NH;);-
ONOJ (Cl10;); was dissolved in water and then transferred to the
volumetric flask, which was then made up to volume. The
flask was covered with aluminum foil and left in the constant
temperature bath for 24 hr to ensure complete reaction. The
visible spectrum was measured in a 10-cm cell, and the absor-
bance at 458 nm, an absorption maximum for Co(NH;);NO,2*,
was especially useful in determining the yields of Co(INH;);OH,3*+
and CO(NHa)sNOzH'.

Results

Linkage Isomerization and Acid-Catalyzed Aquation
of Co(NH;);ONO?+.—Weakly acidic solutions of Co-
(NH;);ONO?+ are known to be unstable with respect to
isomerization to Co(NH;);NO:2+, and quantitative
measurements of the rate of this rearrangement have
been published previously.®!® The. earlier measure-
ments were carried out either at low ionic strength!3 or
with sodium salts as background electrolytes.? In
measuring the acid-catalyzed aquation of Co(NHjs)s-
ONO?+, we have used LiC10, to adjust the ionic strength
in an attempt to minimize medium effects caused by
replacing H+ by an equivalent amount of a unipositive
ion. Therefore, we have also measured the isomeriza-
tion in the presence of 1.0 M Lit, and the results, to-
gether with those from previous investigations, are
presented in Table I. It will be seen that the rate con-
stant for isomerization depends on the nature and con-
centration of negative and positive ions in solution, a
rather surprising result for a reaction which proceeds by
an intramolecular rearrangement mechanism.?® Thus,
the rate of isomerization is ca. 309, faster in 1.00 M
LiCl than in 1.00 M LiClOy, with 1.00 M NaNO; giving
an intermediate rate. It is not known whether these
variations in rate are medium effects or manifestations
of chemical pathways. However, the changes in rates
are rather small, especially when compared with the
substantial effect that chloride ion has on the rate of
aquation of Co(NH;);ONO?2+ (vide tnfra). ,

We have confirmed that, at low hydrogen ion con-
centrations, Co(NH3);ONO?+ rearranges quantitatively

(13) B. Adell, Sv. Kem, Tidskr., 66, 318 (1944); BT, 260 (1945).
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TABLE I
IsomeERIZATION OF Co(NH;);ONOQ?* 1o Co(NH;)sNOg2te
105,
Conditions sec™i?  Ref
[Co(III)] = 4.11 X 1074 M, 1.00 M LiClO, 6.2 c
[Co(III)] = 4.63 X 10~* M, 1.00 M LiCl 8.2 c
[NO,~] = 5 X 10~ M, [HNO,] = 4.2 4
6 X 1073 M, u = 1.125 adjusted with
NaClO;
[NO;-] = 1.0 M, [HNOQ,;] = 0.125 M, 7.7 d
u = 1,125 adjusted with NaClO,
[Co(III)] = 2.5 X 1073 M, [Cl-] = 3.5 e
5.0 X 1073 M, no other substances added
[Co(III)] = 2.5 X 10~ M, [ClT] = 3.5 e
5.0 X 103 M
[NaCH,COOQ] = 0.013 M, [CH.,COOH] =
0.013 M

o Measurements in aqueous solution at 25°, ? First-order rate
constant defined by —d In [Co(NH;)sONO?**]/d¢ = k. ¢ This
work. 9 Reference 3. ¢Interpolated from data at 20 and 30°
from ref 13.

to Co(NH3);NO,2+. Thus, a solution 1.01 X 10— M
in Co(NHj3);0ONO?+, 9.83 X 10— M in HCIO;, and 1.00
M in LiClO, displayed, after 24 hr at 25°, an absorption
maximum at 458 nm with a calculated extinction coeffi-
cient of 96, in perfect agreement with values previously
reported?®for an authentic sample of Co(NH,)sNO,2+,
The rate of disappearance of Co(NH;);ONO?t in-
creases with increasing acidity, with increasing amounts
of Co(NH;);0H,%t being produced in addition to Co-
(NH;);NOy2+.1  Stoichiometric and kinetic measure-
ments were performed as a function of the hydrogen ion
concentration, and the pertinent results are summarized
in Tables IT and III. In column three of Table IT we

TaBLE 11
KINETICS OF THE ACID-CATALYZED AQUATION OF
Co(NH;);0ONQ2+te

10%kq0r/[H 7], 10%%caled,
[H+}], M 104kohsq, sec=10 M~1sect¢ sec™i
0.0786 1.65,°1.69¢ 1.31,1.36 1.74
0.197 8.73,£3.97¢ 1.58,1.70 3.76
0.394 8.13, 8.19 1.91,1.92 7.96
0.591 13.3,13.8 2.15,2.23 13.2
0.789 19.3, 19.4, 19.5° 2.37,2.88,2.39 19.6
0.983 26.1,26.7 2.89, 2.65 26.9

o Measurements at 25° and 4 = 1.00 M adjusted with LiClO,.
[Co(III)] = (8-10) X 107% M. Wavelength of observation
275 nm, except where indicated. ? Pseudo-first-order rate con-
stant for disappearance of Co(NH;);ONO2+, ¢ ke = kovsa —
Riso, where kiso = 6.2 X 1078 sec™l. 4 Calculated from Zeajea =
kiso + R1[H*] 4+ E[HT]2, where kiso = 6.2 X 1078 sec™, by =
132 X 1073 M ~1sec™},and by = 1.37 X 1073 M ~%sec™!. ¢ Mea-
surement at 325 nm.

list the values of keor/[H ], where Eoor (= Eobsa — Rico) iS
the pseudo-first-order rate constant for disappearance
of Co(NH;);ONO?* corrected for the spontaneous
isomerization.’® It will be seen that Z.sa/[HT] in-

(14) D, A, Buckingham, I, Olsen, and A. M. Sargeson, J. Amer. Chem.
Soc., 88, 5443 (1966).

(15) Adell’$ reported a retardaiion of the rate of isomerization with in-
creasing acid concentration. However, it must be noted that Adell studied
the reaction at 436 nm where the values of the extinction coefficients for
Co(NH5)sONO2+, Co(NHz)sNO:2+, and Co(NH;)sOH** are 37, 74, and
22.12 Any aquation therefore results in a smaller increase in absorbance
than that accompanying quantitative isomerization. We believe this to be
the reason for Adell’s conclusion regarding the effect of acid. For example,
for the disappearance of Co(NH3)sONQ?* via 719, aquation and 29% isom-
erization, no change in absorbance would occur at 436 nm, and this result
could be taken as an indication of the absence of any reaction.

(16) In applying this type of correction, it is implicitely assumed that the
rate of isomerization of Co(NH:);ONQ2"* is acid-independent. The ade-
quacy of this assumption is confirmed by the results of the stoichiometric
measurements in Table III.
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TaBLE III

PropucTs oF THE ReacTION OF Co({NH;);0NO2+ 1n
AcIpIc SOLUTION®

[H*], M  [Co(lID], M A? Faitro® Foaled®
0.0786 0.984,1.01 0.558,0.587 0.34,0.37 0.37
0.197 1.01,1.01 0.460, 0.468 0.15,0.17 0.16
0.591 1.01 0.398 0.050 0.046
0.983 0.984,1.01 0.378,0.384¢ 0.028,0.032 0.023
2 At 25° and ionic strength 1.00 adjusted with LiClO4. ? Mea-

¢ Fraction of Co-
4 Calculated

sured absorbance at 458 nm in a 10-cm cell.
(NH;)sNO;2* produced in the reaction (see eq 5).
from kiso/(kiso + kl [H +] + kZ[H +] 2)'

creases with increasing [H*], and therefore, as pre-
viously observed for the analogous reactions of
Cr(OHp)sONO?+ and Cr(NH;);ONO2+,57 the acid-
catalyzed aquation of Co(NH;);ONO?* is higher than
first order in [H+]. Using the previously suggested®’
functional dependence

kcor = kl[H+] + kZ[H+]2 (4)

the values of k; and k; obtained by a nonlinear least-
squares treatment of the data are (1.32 = 0.04) X 10—?
M-1 sec—! and (1.37 £ 0.07) X 10—% M—? sec™!, re-
spectively. These two parameters adequately re-
produce the observed behavior since there is good
agreement between the values of ketea (= Fiso + 21 [H*]
+ ky[H*1?) in column four and the values of kopsa in
column two.

As already indicated, the disappearance of Co-
(NH;);ONO%t at low ([H*] < 1 X 10~% M) acidities
results in the quantitative formation of Co(INHj);NO2+.
At higher acidities, however, mixtures of Co(NHs)s-
OH. 3t and Co(NH;);NOg?t are produced. The values
of faitro (the fraction of Co(NH;);NO:2+ produced in
the reaction) listed in column four of Table III were
calculated from the expression

— (A/Z[CO(III) ]) — €aquo

€nitro — €aquo

()

fnitro

where 4 is the measured absorbance at 458 nm at the
completion of the reaction, / is the path length,
[Co(II)] is the initial concentration of Co(NHjs);-
ONO?+, and enjiro and eque are the extinction coeffi-
cients at 458 nm of Co(INH;);NO,*t (96) and Co-
(NH;);0H,*t (36.4), respectively. Ifitisassumed that
the rate of isomerization is acid independent and that
the [H*]-dependent paths k; and k; result in the forma-
tion of Co(NH,);OH.*t, then the fraction of Co-
(NH,);NOy2*+ produced at any given acidity can be
calculated from the expression felea = Riso/ (Riso +
ki[Ht] 4+ E[HT]?). Values of feaica Obtained in this
manner are listed in column five of Table III. The ex-
cellent agreement between the calculated values fealea
and the observed values fuitro provides strong support
for the assumption that the nitrito-nitro rearrange-
ment is acid independent, whereas the aquation of Co-
(NH;);ONO?**t proceeds viz parallel first- and second-
order paths in [H¥].

Anion-Catalyzed Aquations of Co(NH;);ONO?t.—
The addition of small quantities of halide or thiocy-
anate ions in acidic solution dramatically increases the
rate of disappearance of Co(NH;);ONO?*. Thus, the
half-life for disappearance of Co(NH;);ONO?* when
[HCIOs] = 0.10 M and [LiClO4] = 0.90 M is ca. 1 hr.
With the same HCIO, but with [LiCl} = 0.90 M, the
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half-life decreases by a factor of 40 to ca. 1.5 min. "An
extensive series of measurements, summarized in Table
1V, was performed in order to determine the rate law

TaBLE IV

KINETICS OF THE AQUATION OF Co(NH,;):ONO2+
CartavLyzep By CHLORIDE IoN®

10[H*], 10[Cl-], 10kgor/[H *1[C17]> 10%kcalod,
M M 10%kohed, sec™? M =2 sec™? sec™!
1.00 1.00 1.04, 1.07 0.84,0.86 1.07
3.00 1.00 3.55, 3.62, 0.98,1.01, 3.38
3.78 1.07
5.00 1.00 6.02, 6.28 0.99, 1.04 5.97
6.00 1.00 7.30, 7.33 0.99, 1.00 7.37
7.00 1.00 9.32,9.52 1.09,1.12 8.85
8.00 1.00 11.0, 11.1 1.11,1.12 10.4
9.00 1.00 11.3, 12.0, 1.00, 1.07, 12.0
12.3,12.4 1.11,1.12
10.00 1.00 13.2, 13.5, 1.05, 1.08, 13.8
13.8, 14.1 1.11,1.14
1.00 2.00 2.08,2.12 1.02,1.06 1.94
2.00 2.00 4.27,4.28 1.07,1.07 3.98
5.00 2.00 11.2, 11.7 1.02,1.07 10.8
5.00 3.00 15.8,15.9 0.99, 1.00 15.7
1.00 4.00 3.50, 3.58 0.81,0.84 3.71
5.00 4.00 20.7, 21.3 1 0.98,1.02 20.6
1.00 5.00 - 4.83,4.87 0.92, 0.93 4.56
5.00 5.00 25.8,426.0,¢  0.97,1.00, 25.4
26.3,¢ 26.8° 1.01,1.08
1.00 6.00 5.05, 5.22 0.81,0.83 5.44
5.00 6.00 28.8,31.7 - 0.93,1.02 30.3
1.00 7.00 6.28, 6.38 0.90, 0.91 6.31
5.00 7.00 34.0 0.97 35.2
7.00 7.00 48.5,49.7 0.99, 1.01 52.0
1.00 8.00 7.08,7.18 0.85,0.87 7.19
5.00 8.00 36.8, 38.3 0.89, 0.93 40.1
1.00 9.00 7.90, 7.93, 0.85, 0.86, 8.05
7.93, 7.95, 0.86, 0.86,
8.10, 8.12 0.91,0.91
5.00 9.00  41.8,42.3 0.91,0.94 45.0
1.00 10.0 8.67, 8.70, 0.87,0.87, 8.93
8.75, 8.80 0.88,0.88
5.00 10.0 45.8,47.2 0.92,0.94 49.9

2 At 25° and ionic strength 1.00 M adjusted with LiClO,.
[Co(III)] = (3.0-4.0) X 1075 M. Reor = kopsa — k', where &’
is the pseudo-first-order rate constant for disappearance of Co-
(NH;3);ONO2* at the same [H*], but in the absence of CI-,
¢ Calculated from keatea = %/ + kO [H*+][C17] + RCHH*]2[C17],
with k¢! = 847 X 1072 M2 sec~!land kO = 2.6 X 10~2 }/—8

sec™l, 4 Solutions made using standard solutions of HCI and
LiClO,. ¢ Solutions made using standard solutions of LiCl and
HCIO,.

for the chloride-catalyzed aquation. It must be ad-
mitted that after completing 66 independent kinetic
runs, the exact form of the rate law is not firmly estab-
lished. Undoubtedly, the dominant term in the rate
law is a term first order in [H+] and first order in [C1~],
but a single-term rate law of the form Zeor = kuci [H]
[C1-] gives an unsatisfactory fit of the data (nonlinear
least-squares value of kuci is 0.094 M/ ~? sec—!, average
deviation 7.99;). A somewhat better fit (average
deviation 4.29,) can be obtained by using the functional
dependence given by eq 6. For X = Cl, the nonlinear

Foor = ke* [H¥]|X~] + kX [H+]?[X -] (6)

least-squares values of £5°' and £, are (8.47 + 0.11) X
10=2M~%sectand (2.6 £ 0.2) X 10~2 M % sec—!, re-
spectively. The values of keoq using eq 6 with the
above parameters and the contributions of the acid-
catalyzed path and the spontaneous isomerization are
listed in column five of Table IV. Except for the ex-
periments with [H+][CI~] > 0.4 M?, the agreement
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between experimental and calculated values is rel-
atively good. The reason for the discrepancies at
the higher [H*] and [Cl~] values is not clear, but at
the higher concentrations medium effects, associated
with the replacement of both ClO,~ and Li+ by Cl~and
H+, might come into play.

Less extensive measurements were carried out for the
aquations catalyzed by Br—, I-, and SCN-. The
results are summarized in Tables V-VII. The func-

TABLE V

KINETICS OF THE AQUATION OF Co(NH;);0NO2+
CATALYZED BY BROMIDE Ione

10[H*], 10[Br-], koor/[H*][Br=1? 10%oalcd,®
M M 10%kohsd, sec™! M ~2 sec™? sec™t
1.00 1.00 1.07,1.08 1.06,1.07 1.08
1.00 2.00 2.13,2.17 1.06, 1.08 2,14
1.00 3.00 3.23, 3.27 1.07,1.08 3.22
3.00 1.00 3.42, 3.45 1.12,1.13 3.45
5.00 1.00 5.92, 5.98 1.16,1.18 6.06
6.00 1.00 6.98, 7.82, 1.14, 1.28, 7.46
7.98 1.31
7.00 1.00 8.38,9.12 1.17,1.28 9.03
8.00 1.00 10.5, 10.7 1.26,1.31 10.5
9.00 1.00 12.0,12.3 1.31,1.33 12.0

2 At 25° and ionic strength 1.00 M adjusted with LiClO,.
[Co(III)] = (B8.2-83.6) X 1074 M. ?keor = kobsa — k', where &’
is the pseudo-first-order rate constant for disappearance of Co-
(NH;)ONO?* at the same [H*], but in the absence of Br—.
¢ Calculated from kegica = &' + EB*[H*][Br~] + kBr{H*?%
[Br=], with k3B = 1,04 M ~2secland kB = 0.31 M ~3sec™L.

TaBLE VI

KINETICS OF THE AQUATION oF Co(NH;);ONOQ2+
CaTaLyzED BY lopIDE IoN®

10[H*],  107[I-], Foor/[H*HI12  10%0a1cd,®
M M 102kohad, sec™? M =2 sec™? sec™1
1.00 1.00 1.66, 1.68 16.5, 16.7 1.59
1.00 2.00 2.90, 3.35 14.4,16.7 3.17
1.00 3.00 4.45,4.48 14.7,14.9 4.75
5.00 1.00 7.80,7.88 15.4, 15.6 7.99
7.00 1.00 11.5,11.6 16.1, 16.3 11.2
8.00 1.00 13.5, 14.0 16.6, 17.2 12.8
9.00 1.00 14.0,14.2 15.3,15.4 14 .4

2 At 25° and ionic strength 1.00 M adjusted with LiClO,.
[Co(III)] = (8.2-3.83) X 10~t M. bk = kobsa — k', where
k' is the pseudo-first-order rate constant for disappearance of.
Co(NH;);ONO?+ at the same [H*], but in the absence of I,
¢ Calculated from keacda = &’ + AI[H*][17], with kI = 158
M=2sec™.

TaBLE VII

KINETICS OF THE AQUATION oF Co(NH;);ONO2+
CATALYZED BY THIOCYANATE IoN¢

102 keor/

10[H*], [SCN-], [H*][SCN-1F  10%cajcd,®

M M 10%kobsd, sec™t M -2 sec—? sec™!
1.00 1.00 0.658, 0.658 6.38, 6.38 0.673
1.00 2.00 1.35,1.36 8.65,6.70 1.33
1.00 3.00 1.92,1.93 6.33, 6.40 1.98
3.00 1.00 1.98,2.08 6.44, 6.77 2.01
5.00 1.00 3.53,3.77 6.88, 7.34 3.35
6.00 1.00 4.03,4.08 6.50, 6.58 4.05
7.00 1.00 4.77,4.85 6.58,6.70 4.71
8.00 1.00 5.25, 5.43 6.33, 6.55 5.41
9.00 1.00 5.78,5.82 6.18,6.21 6.10

¢ At 25° and jonic strength 1.00 M adjusted with LiClO,,
[CO(III)] = (32—36) X 1074 M. bkoor = kobsd - k/: where kl
is the pseudo-first-order rate constant for disappearance of Co-
(NH;);ONO?* at the same [H*], but in the absence of SCN—,
¢ Calculated from keajea = k' + EsSON[H *][SCN ], with £3S0N =
6.53 M~2sec™

tional dependence given by eq 6 describes the bromide
data quite accurately with ks = 1.04 £ 0.02 M2
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sec™! and kB = 0.31 =+ 0.03 M3 sec™l. Only the
kX terms are necessary in the case of I~ and SCN—.
The values of kX are 15.8 £ 0.2 M ~%sec™! and 6.53 =+
0.06 M—%sec~!for I~ and SCN—, respectively.

Discussion

The results of the kinetic measurements on the aqua-
tion of Co(NH;);ONO?* catalyzed by H¥ and by halide
and thiocyanate ions show that the compositions of the
dominant transition states for the reactions are Co-
(NH;)sONOH?®*+ and Co(NH,;);ONOHX?+ (X~ = CI-,
Br—, I-, SCN-), respectively. Moreover, the rapidity
of these reactions strongly suggests to us that they pro-
ceed by O-N rather than Co-O bond cleavage. The
proposed®—® mechanism for the acid-catalyzed aqua-
tion of nitritochromium(III) complexes involves a
rapid preequilibrium protonation of the coordinated
nitrite ligand, followed by slow N-O bond bond break-
ing to produce NOT, and we adopt the same mechanism
for the path first order in H+* (eq 7 and 8). Although

H
Co(NH;);ONO?* + H* === Co(NH;);ONO3* rapid, ¢ (7)

H
Co(NH;);ONO?*+ — Co(NH;),0H2* + NO* slow, ks (8)

the site of protonation is not known, the most reasonable
formulation places the proton on the adjacent oxygen
atom, since protonation of the nitrogen or remote oxygen
atoms followed by O-N bond breaking would result
in the formation of the highly unstable species Co-
(NH;);0*t and HNO T or NOH *.

The halide and thiocyanate catalyzed paths can be
viewed as anion-assisted removal of NO* from the
protonated species, and the proposed mechanism in-
volves the rapid preequilibrium represented by eq 7
followed by the slow step represented by eq 9. The

H
Co(NH;);ONO#* 4+ X~ —> Co(NH;);OH2* 4 XNO k% (9)

question arises as to the extent of assistance offered by
the anion X~ in removing NO+*. Two extreme situa-
tions can be envisioned: (1) an associative mechanism
whereby N-X bond making plays a most important
role in the activation process; (2) a dissociative mech-
anism whereby O-N bond breaking is the dominant
feature, and there is little or no assistance by the in-
coming anion. Some information about the extent of
bond making and bond breaking in the transition state
for eq 9 can be obtained by considering the variation of
rates with the nature of the anion in the context of
possible free-energy relationships.” However, before
considering the reactions of the cobalt complex, it is
instructive to examine the kinetic and thermodynamic
information regarding the formation of nitrosyl halides
and nitrosyl thiocyanate. The pertinent information is
summarized in Table VIII. It will be seen that in
going from Cl~ to SCN~ the equilibrium constant in-
creases by ca. 10° but the rate constant increases by less
than a factor of 2. Moreover, the rates of formation of
the XNO compounds are quite similar to the rate of
formation of NO+. These reactivity trends are entirely
analogous to those observed previously for the anation
reactions of aquopentaamminecobalt(III).¥ In par-
ticular, the strong equilibrium discrimination displayed
by the nitrogen center toward the various anions, con-

(17) A. Haim, Inorg. Chem., 9, 426 (1970).

KLIMEK, GROSSMAN, AND Ham

TasLr VIII

Rate anp Eguirisrium ConsTANTS AT 0°
HONO + H* + X~ — H.0 + XNO

X- 102k, M ~2 sec™? Q, M~ Ref
6.2 2 X 107 a, b
cl- 9.8 5.6 X 104 ¢, d
Br— 11.7 2.2 X 1072 e, d
I- 13.7 e
SCN- 14.6 46 o, f

2 D. J. Benton and P. Moore, J. Chem. Soc. A, 3179 (1970).
T, A. Turney and G. A. Wright, ¢bid., 2415 (1958); value of
Q at 20°. °¢G. Stedman, 4bid., 2949 (1959). ¢ H, Schmid and
E. Hallaba, Monatsh. Chem., 87, 568 (1956). ¢ E. D. Hughes,
C. K. Ingold, and J. H. Ridd, J. Chem. Soc., 88 (1958). ' G.
Stedman and P. A. E. Whincup, <bid., 5796 (19683).

«20F

=301

Figure 1.—Log k us. log Q plots for the reactions (A) HNO; +
X~ 4+ H* = H,O + XNO and (B) Co(NH;);ONO*+ 4+ X~ 4
H+t = Co(NH;);OH?t 4+ XNO. From left to right the points
correspond to no added anion, chloride, bromide, thiocyanate.

trasted with the insensitivity of the rate constants to the
identity of the incoming anion suggests, at most, a
very weak bond between nitrogen and the anion in the
transition state. This conclusion is depicted quantita-
tively in Figure 1, where a log % vs. log Q plot has been
constructed. Assuming that the free-energy relation-
ship is linear, we obtain a value of ~0.04 for the slope,
a value indicative of extremely weak bonding of the
incoming anion in the transition state.

Similar considerations applied to the anion-assisted
aquation of Co(NHj3);ONO?* lead to the conclusion that
both O-N bond breaking and N-X bond making are
important in the activation process that leads to the
formation of Co(NH;);0H2+ and XNO from Co(NHa);-
ONO2+ H+*, and X~. The pertinent kinetic and equi-
librium data are summarized in Table IX. It will be

TasLe IX
RATE AND EQUILIBRIUM CONSTANTS AT 25°
Co(NH;)ONO2+ + H* + X~ > Co(NH,;);OH?** 4+ XNO

Xx- k, M~2sec™! Q,* Mt Ref
1.3 X 1078 1 b

Cl- 8.5 X 1072 5.5 X 103 b, ¢

Br- 1.04 2.6 X 10 b, d
I- 15.8 b

SCN- 6.5 1.5 X 108 b, e

« Equilibrium quotient relative to a value of 1.0 for Co(NH;)s-
ONO2+ + H* — Co(NH;);0OH** 4+ NO +. ?This work.
¢ A, Maschka, Monatsh. Chem., 85, 853 (1953). ¢H. Schmid,
ibid., 85,424 (1954). ¢ Footnote f of Table VIII.

seen that the range of kinetic discrimination toward the
incoming anion, although appreciably smaller than
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the range of thermodynamic discrimination, covers
four orders of magnitude. This is in contrast with
the reactivity patterns for the reactions of HONO
where the rate constants for the formation of XNO are
practically independent of the nature of X~. In the
case of HNO:; it was concluded that no N-X bond mak-
ing obtains in the transition state. Therefore, in the
case of Co(NH;);ONO?+, there must be some N-X bond
making in the transition state. A ‘‘quantitative”
measure of the amount of bond breaking and bond
making that obtains in the transition state

Q2+ ]+
H /
(NH;)sCoO---N
X

can be estimated from the log % vs. log Q plot presented
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in Figure 1. Assuming a linear free energy relationship,
we obtain a slope of ~0.5, a value which suggests ap-
proximately “equal” contributions of bond making and
bond breaking in the transition state for the reaction.
Finally, it isnoteworthy that the catalysis of aquation
of Co(NH;);ONO?+ by halides and thiocyanate ions,
when combined with microscopic reversibility con-
siderations, indicates that, provided the equilibrium is
favorable, O-nitrosation on Co(NH;);0OH2+ would be
accomplished by XNO. Thus, the range of reagents
involved in nitrosation in inorganic chemistry has been
extended from the early studies with N»O;®® to the more
recent studies implicating NO+¢~? and to the present
studies which show the importance of reaction paths
involving nitrosyl halides and nitrosyl thiocyanate.
We are planning to extend the studies of the effects of
halides and pseudohalides to other metal complexes
containing coordinated nitrite and coordinated nitrosyl.
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The Single-Crystal Electronic Spectrum of

Bromotetrakis(2-methylimidazole)nickel(II) Bromide and an
Interpretation of the Energy Levels of Some Tetragonally Distorted
Nickel Complexes Using the Angular Overlap Model
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The single-crystal polarized electronic spectrum of the five-coordinate complex bromotetrakis(2-methylimidazole)nickel(II)
bromide is reported. A general method for the analysis of the excited-state energies observed in the “d-d’’ electronic spectra
of nickel halide complexes with Dy, or Cs, symmetry is described and used to derive the angular overlap o- and m-bonding
parameters of the ligands in several nickel halide complexes of known crystal structure.

Introduction

There has been considerable interest recently both
in the electronic spectra of five-coordinate nickel com-
plexes! and in the interpretation of the energy levels of
tetragonally distorted compounds using ligand-field
bonding parameters.? The single-crystal spectrum of
bromotetrakis(2-methylimidazole)nickel{II) bromide,
[Ni(2-meim),Br]Br, is therefore interesting both be-
cause it is a representative example of the spectrum of a
square-pyramidal nickel complex and because it al-
lows the ligand ¢- and w-bonding parameters of a five-
coordinate complex to be compared w1th those of simi-
lar six-coordinate compounds.

Single-Crystal Spectrum of [Ni(2-meim)Br]|Br
The complex crystallizes in the tetragonal space
group Pdnc, Z = 2, with the faces (010), (100), etc. well
developed. Althougl the refinement of the structure
is not yet complete (R = 99%) and the bond lengths
are only approximate, the overall molecular geometry
is quite clear.? The nickel ion is bonded to four imid-

* Address correspondence to the University of Tasmania, Hobart, Tas-
mania, 7005, Australia.

(1) C. Furlani, Coord. Chem. Rev., 8, 141 (1968), and references therem

(2) A.B.P. Lever, ibid., 8,119 (1968)

(3) D. M. L. Goodgame andA Skapski, private communication.

azole nitrogen atoms, with a fifth bond to a bromide
ion (Ni-Br = 2.53 A) and each NNiBr angle ~99°.
The second bromide is trans to the first, but at the
much longer distance of ~3.6 A. The nickel ion is
thus effectively five-coordinate and the molecular sym-
metry is Cys,. Each Ni-Br bond lies along the ¢ crystal
axis, The electronic spectra of three crystals were
measured at room temperature with the electric vector
parallel (|]) and perpendicular (L) to the ¢ axis (which
is also the molecular z axis) using a microspectropho-
tometer* and a Glan-Thomson polarizing prism. A
typical spectrum is shown in Figure 1A. The extinc-
tion coefficients of the bands were obtained by measur-
ing the crystal thicknesses using a microscope with a
graduated eyepiece.

Low-Temperature Mull Spectra of [Ni(2-meim),Br]-
Br and [Ni(2-meim),C1]Cl.—As low-temperature spec-
tra could not be obtained using the microspectropho-
tometer, the spectra of [Ni(2-meim),Br]Br and [Ni-
(2-meim),Cl]Cl, which is isomorphous with the bromide
complex,? were measured as Nujol mulls at ~80°K
(Figure 1B) using a Unicam SP 700 spectrophotometer.

(4) The microspectrophotometer and its method of use are described by
P, Day, A. F. Orchard, A. J. Thomson, and R. J. P. Williams, J. Chem. Phys.,
42, 1973 (1965).



