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Recently, rate studies®® have been reported for substitu-
tion reactions of aquopentaammineruthenium(ll), i.e., the re-
placement of coordinated H,0 by a variety of organic ligands
L in aqueous solution

Ru(NH,).H,0** + L -~ Ru(NH,),L* + H,0 1))

These studies have led to the following general observations.?
Over all concentrations of ligand and Ru(NH;);H,0%* studi-
ed, the reaction displayed a second-order rate law

d[P]/dt = ky, [Ru(NH,)s(H,0)**][L}] @

where P is the product Ru(NH3)sL?* and ky, the second-or-
der rate constant characteristic of the ligand L.. However,

the rate constants k¢, and the appropriate activation param-
eters AH* and AS#* are rather insensitive to the stability of
Ru(NH3)sL*", to whether L is uncharged or a unipositive
cation, or to ligand substituent effects as reflected by a homo-
logous series of substituted pyridines for L. Thus, it was
concluded? that the substitution mechanism is dissociative in
character, perhaps approximating the limiting SN 1 mechanism

k
Ru(NH,),(H,0)** k_ﬁRu(NH,)S“ +H,0 3)
1
kz
Ru(NH,),* + L —>Ru(NH,),L** @)

Under experimentally attainable conditions where k, [L] <€
k-1, this mechanism gives the rate law described in eq 2 with
kL = klkg/k_l .

An earlier report” from this laboratory examined the stereo-
chemistry of substitution reactions of the diaquotetraammine
complex ions cis- and trans-Ru(NH3)4(H,0),%* (eq 5 and 6).

cis-Ru(NH,),(H,0),** + 2py — cis-Ru(NH,) ,(py),** + 2H,0 (5)

trans-Ru(NH,),(H,0),** + 2py — trans-Ru(NH,),(py),** + (6)
2H,0

For L = pyridine, these reactions proved highly stereospeci-
fic giving retention of configuration. Here we report some
rate studies of the successive substitution reactions which
lead to Ru(NH;),L,2* products.

Experimental Section
Reagents. Organic ligands were purchased as reagent chemicals
and were further purified by distillation from barium oxide. The
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isomers cis- and trans-dichlorotetraammineruthenium(IIl) chloride,
[Ru(NH,),Cl, ICl, were prepared from [Ru(NH,),Cl]C], by the meth-
ods of Gleu and Breuel.® Water for kinetics solutions was redistilled
from alkaline permanganate. Recrystallized sodium p-toluenesulfo-
nate was employed to maintain ionic strength. Argon used to entrain
reaction solutions was deoxygenated by passage through Cr(II) solu-
tion in gas scrubbing bottles.

Isolation of the Complexes Ru(NH,),(L)C1**. trans-[Ru(NH,),-
(py)CI]C1,. In deaerated aqueous solution, trans-[Ru(NH,),Cl, IC1
(0.1 g, 3.6 X 107% mol) was reduced with zinc amalgam to the Ru(II)
analog and then allowed to react with pyridine (0.03 g, 3.8 X 10~
mol) for a period of 8 hr. This resulted in approximately 80% forma-
tion of the monosubstituted product trans-Ru(NH,), (py)H,0?* ac-
cording to the visible spectrum. The reaction mixture was then de-
canted from the Zn(Hg), acidified by adding 3 NV HCl, and O, was
bubbled through the solution to oxidize Ru(II) species to Ru(III).
The oxidation step in the presence of excess Cl™ gives the ion trans-
Ru(NH,), (py)C1** as the principal Ru(III) species in solution. Ca-
tion exchange on a Dowex AG 50W-X4 resin column eluting with
acidic sodium chloride led to separation of the desired complex from
other ruthenium species. The combined eluent aliquots containing
this complex were reduced in volume by rotary evaporation. During
the evaporation, a white solid, presumably NaCl, precipitated and
was removed by filtration. At the conclusion, a pale yellow solid
was obtained and according to the uv-vis spectrum® this was approxi-
mately 50% trans-[Ru(NH,),Cl(py)]Cl,. Extraction with 90% ethan-
ol-water dissolved the Ru(lII) salt leaving behind most of the NaCl
impurity. The ethanol extract was evaporated to dryness to give a
material about 90% the desired complex which was recrystallized
from hot water. The overall yield was about 40%. Electronic spec-
tral properties agreed with those previously reported.®

cis-[Ru(NH,) ,(C,H,CN)CI|Cl,. The isolation procedure was
analogous. Benzonitrile (4.5 X 107 mol) was allowed to react in
deaerated solution with cis-Ru(NH,),(H,0),* (3.7 X 10~ mol,
prepared by Zn(Hg) reduction of aqueous cis-Ru(NH,),Cl, **) for 5
hr. The reaction was quenched by acidifying with HCl and then
oxidizing with O,. Elution with acidic NaCl from a cation-exchange
column gave a volume of eluent containing cis-{Ru(NH,),(C ,H,CN)-
Cl]Cl1,, which was recovered by rotary evaporation, extraction with
aqueous ethanol, and recrystallization in a manner analogous to the
above preparation. The spectrum of the Ru(II) complex cis-Ru-
(NH,),(C,H;CN)H,0*" was obtained by Zn(Hg) reduction of cis-
{Ru(NH,),(C,H,CN)CI|CI, in gravimetrically prepared, deaerated
aqueous solution. The validity of the spectral data obtained was
checked by adding excess benzonitrile and (after allowing a few min-
utes for reaction) comparing the spectrum of the resulting solution
to that of the known!° complex ion cis-Ru(NH,), (C,H,CN),**. The
agreement was very good. The charge-transfer band of cis-Ru(NH,), -
(C,H,CN)(H,0)** has a maximum at 358 nm (¢ 6.8 X 10> M~! cm™?).

Rate Studies and Analysis of Data. Rates were studied by observ-
ing optical density changes in reaction solution with a Cary 14 record-
ing spectrophotometer equipped with a thermostated cell compart-
ment. The aqueous cis- and trans-diaquo ions Ru(NH,),(H,0),**
were prepared from the respective dichlororuthenium(III) ions Ru-
(NH,),Cl,* by reduction over Zn(Hg) in deaerated solutions. Solu-
tions were transferred by syringe techniques, and other procedures
were analogous to those reported for previous rate studies.?

Data analysis showed that simple first-order plots of —In (4, —A4)
vs. time for reactions of Ru(NH,),(H,0),** with excess L were not
linear. This result was expected since the system very likely involves
consecutive replacement of coordinated H,O to form the species Ru-
(NH,),(H,0)L** and Ru(NH,),L,**, both of which absorb at the
wavelengths used for observation but with different extinction coef-
ficients. Thus, the optical density increases related to the formation
of these species were analyzed by iterative computation on an IBM
360/65 assuming an A -+ B — C system of consecutive first-order re-
actions. The computer program was a modification of one by
Wiberg!! and required an estimate of the two rate constants of the
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Table 1.

Notes

Second-Order Rate Constants and Activation Parameters for the Reactions?®

k
M(H,0),> + L =X M(H,0)L* + H,0

k
M(H,0)L* + L =E> ML,* + H,0

M(H,0),% or M(H,0)L* L

Temp, °C

le or kzL:

M sec™! X 102 AH#*, kcal/mol AS* eu

cis-Ru(NH,),(H,0),* py 18.0
25.0
339

43.6

bz 18.0
25.0
33.9
43.6

AMP? 18.0
25.0
33.9
436

Py 18.0
25.0
33.9
43.6

cis-Ru(NH,), (H,0)bz?* bz 18.0
25.0
33.9
436

trans-Ru(NH,),(H,0),* py 18.5
25.0
33.9
43.6

trans-Ru(NH,),(H,0)py ** py 18.5
25.0
33.9
43.6

cis-Ru(NH,),(#H,0)py*
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@ In aqueous solution; ionic strength maintained at 0.2 M with sodium p-toluenesulfonate; pH 7.7 £ 0.3 except where noted; py = pyridine,

bz = benzonitrile, AMP = 2-aminomethylpyridine. & pH 10.0.

consecutive steps and the extinction coefficient of the intermediate
B. Since accurate values for the presumed monosubstituted inter-
mediate (Ru(NH,),L(H,0)**) are known (this work and ref 9),

these were used as estimates of eg and this value was normally not
allowed to vary in the iterative calculation. Stepwise iterations of
the rate constants were carried out until convergence on values which
gave best fits of calculated optical densities to those observed experi-
mentally, Convergence to the same values from significantly different
estimates of the rate constants and agreement of all calculated and
observed optical densities to within 2% or +0.01 OD unit (which-
ever was larger) were the criteria for acceptance of the computed rate
constants. For the reaction of trans-Ru(NH,),(H,0), > with pyri-
dine, the validities of the computed rate constants were confirmed

at 25° by independently examining the second step. Reported
activation parameters were obtained from Arrhenius plots (AH *=
E, — RT) using a least-squares method to determine the slope of the
best straight line with uncertainties based on a 95% confidence limit.

Results and Discussion

Rate data for the reaction of either cis-Ru(NH3),(H,0),*
or trans-Ru(NH;)4(H,0),** with excess pyridine in aqueous
solution did not give straight lines when plotted in a simple
first-order manner (In (A~ — A4) vs. t) thus suggesting that if
replacement of the coordinated water occurred stepwise (eq
7 and 8), neither step is clearly rate determining, where M =

k
M(H,0),* + py —5 M(H,0)py* + H,0 @)
k
M(H,0)py™ + py —= M(py),™ + H,0 ®)

cis-Ru(NH3), or trans-Ru(NH;),. Computational analysis
of rate data demonstrated that, in the presence of excess lig-
and, the rate behavior was consistent with the operation of
consecutive first-order reactions (A > B — C). The pseudo-

first-order rate constants thus derived displayed first-order
dependence on the free ligand concentration [py], and for
each reaction, an overall second-order rate law is observed,

eg.
rate for eq 7 = k1, [M(H,0),**][py] ©

In the pH region ~7.7 where these studies were carried out,
the computed rate constants were apparently insensitive to
small changes in solution pH, and with other variables held
constant pH differences of 0.3 pH unit led to no discernible
changes in rates. This supports the contention that the di-
aquo complexes are the dominant contributors to the substi-
tution reaction. Similar rate behavior was observed for the
successive reactions of benzonitrile with cis-Ru(NH3),-
(H,0),%"; however, attempts to evaluate rates of the reactions
of benzonitrile with frans-Ru(NH;),(H,0),** were compli-
cated by apparent instability of the trans-Ru(NH,),(C¢Hs-
CN),? product.!® Rate constants and activation parameters
for those reactions studied are summarized in Table I.

The comparative reactivities of benzonitrile and pyridine
toward cis-Ru(NH;)4(H,0),2* are analogous to those seen
when Ru(NH;)s(H,0)** was used as a substrate. At 25°
benzonitrile is about twice as reactive as pyridine, an observa-
tion which previously was attributed in part to steric differ-
ences between the two ligands. The same reactivity order
holds for the second step. For the reaction of L with c¢is-Ru-
(NH3),L(H,0)%, the rate is about twice as fast for L = benzo-
nitrile than for L = pyridine. However, in both cases the
second step is about one-tenth as rapid as the first step. One
interpretation of the decreased reactivity of the second step
is that the bulk of the first ligand already occupying a cis co-
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ordination site may inhibit approach of the second ligand.
Electronic considerations might also be applicable if one ar-
gues that 7 back-bonding to the cis ligands increases the effec-
tive positive charge of the Ru(Il) center thus making less fav-
orable a dissociative path for departure of the water molecule.
The m-acceptor character of benzonitrile in its interactions
with Ru(lI) has been reasonably well established,'®-'? while
that of pyridine remains somewhat controversial.%*?

Perhaps the most important conclusion that can be drawn
from the data in Table I is that the activation parameters AH*
and AS# are essentially identical (within experimental uncer-
tainty) for all reactions listed. Furthermore these values are
close to those for the substitution reactions of Ru(NH,);-
(H,0)** (ky, =0.091 M™! sec™!, AH* =153+ 0.2 and AS* =
—13 = 1 for the reaction of pyridine with Ru(NH;);H,0%*
at 25°).%1% This implies that the substitution mechanisms
for the various systems are similar,

The rates for the reaction of pyridine with zrans-Ru(NH;),-
(H,0),%" and trans-Ru(NH;),(H,0)py?" are both slower than
the analogous reactions with Ru(NH;)sH,0?%" or cis-Ru-
(NH,),(H,0),*" as substrates. The differences between the
trans aquo and the trans pyridyl complexes are relatively
small and the activation parameters are comparable, and these
differences could be due to minor steric or solvation effects.
The activation parameters are comparable to the reactions of
the cis isomer and of Ru(NH3)sH,0%"; thus mechanistic simi-
larity is inferred. Nonetheless, the reactivity difference be-
tween a trans-substituted aquotetraammine and the aquo-
pentaammine ion may also reflect electronic factors. For
ruthenium(Il)-ammine complexes, it has been observed that
a very strong m-acceptor ligand such as SO, or NO* leads to
labilization of the ligand trans to it.!5 This effect is apparent-
ly in large part due to weakening of the ¢ bond between the
trans ligand and the Ru(II), as demonstrated by the abnormal-
ly long bond (and lability) of the trans NH; of Ru(NH;)s-
NO®*, Back-bonding alone should strengthen not weaken the
metal’s o-bonding ability to the trans ligand. Thus, the o-
bond weakening is likely to be in large part due to the sub-
stantial o overlap between the m-acceptor ligand and the
metal owing to the very short bond length. However, in the
present case, trans-Ru(NHs),py(H,0)?* is less substitution
labile than Ru(NH;)s(H,0)**. Despite the apparent m-accep-
tor character of pyridine,® this result suggests that the inter-
action is sufficiently weak that other factors are more im-
portant in establishing the relative lability of the trans posi-
tion.

Reaction of cis-Ru(NH3),(H,0),*" with excess 2-amino-
methylpyridine followed simple first-order kinetics indicating
that substitution of the first coordination site is rate deter-
mining, regardless of whether the pyridine or amine nitrogen
coordinates initially. When the product solutions of the rate
studies were exposed to air, the originally yellow solution
(Amax 414 nm) turned a deep red owing to oxidation of the
coordinated ligand to give the complex tetraammine (2-imi-
nomethylpyridine)ruthenium(II). Characterization of this
oxidation product was accomplished by spectral and chemi-
cal analysis. !
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Recent Mossbauer studies of five-coordinate high-spin
iron(II) complexes indicate that this coordination environ-
ment is often associated with relatively large quadrupole
effects. For instance, the monoterpyridyl® ferrous halides
and pseudohalides whose geometries are believed inter-
mediate? between square pyramidal and trigonal bipyramidal
show quadrupole splittings (AE’) ranging from 2.7 to 3.2
mm/sec. Even larger values are found for five-coordinate
complexes of Curtis macrocyclic ligands.> In this note, we
discuss the magnetically perturbed Mossbauer spectra of one
such system, Fe(1,7-CTC1)CIO,4 (1,7-CT =5,5,7,12,12,14-
hexamethyl-1,4,8,11-tetraazacyclotetradeca-1(14),7-diene),
in an attempt to assess bonding and nonbonding electron
contributions to the very large electric field gradient in these
and similar systems and to ascertain also the nature of the
orbital ground state. A schematic of the structure of the
cation Fe(1,7-CTCI)* as well as the ligand is shown in Figure
1. A crystallographic study* of [Fe(1,7-CTCD)]I indicates
that it possesses at most C, symmetry with the C, axis cor-
responding to the Fe-Cl bond and that the coordination en-
vironment may be approximated as distorted trigonal bi-
pyramidal. However, for distorted five-coordinate stereo-
chemistry, the question of whether a system is closer to trig-
onal bipyramidal or square pyramidal is often difficult to
decide, if in fact it has any meaning. Previous electronic
spectral results as well as those of this investigation favor
square-pyramidal symmetry for the ligand field of the [Fe-
(1,7-CTCI)] * cation,

Results and Discussion

Figures 2 and 3 show the unperturbed and corresponding
magnetically perturbed Mossbauer spectra of Fe(1,7-CTCl)-
ClO, at 300°K. It is evident from the lower energy triplet
of the room-temperature spectrum that the principal compo-
nent of the electric field gradient tensor (¥,,) is positive®
and the asymmetry parameter 7 is small suggesting nearly
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