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Table III. Bond Lengths (A) in the Coordination Group,
Porphinato Skeleton, and Pyridine Ligands of Cr(py),(TPP)¢

Cr, -N, 2.026 (8) Cas~Crn s 1.372 (12)
Cr,-N, 2.012 (8) Cao=Chy 1.410 (12)
Cr,-N, 2,141 (8) a6-Crms 1.401 (12)
Cr,~N, 2.044 (8) Car-Ch, 1.441 (13)
Cr,-N, 2.026 (8) Car=Cina 1.368 (12)
Cr,-N, 2.121 (8) Cai=Co 1.441 (13)
N, =C,, 1.408 (11)  Coa-Cps 1.402 (12)
N,-Ca, 1.391 (12)  Cy,~Cp, 1.345 (13)
N,-C,, 1.367 (12)  Cp,—Cp, 1.336 (14)
N,~Caa 1.379 (11)  Cp~C. 1.355 (13)
N,~Cy. 1399 (11)  Cyy-Ch, 1.347 (13)
N,~Ca. 1380 (11)  N,-C,, 1.341 (12)
N,~Ca, 1.378 (11)  N,-C,, 1.349 (13)
N,=Cy, 1.400 11)  C,.-C,, 1.394 (15)
Cay~Ch: 1.424 (13)  C,.-C,. 1.367 (17)

21 -Cins 1.388 (11)  C,,~C,, 1.406 (17)
Cas-Ch 1.438 (13)  C,,-C,, 1.443 (15)

a2-Com, 1.398(13)  N,-C,, 1.334 (12)
Cas=Chs 1.439 (14)  N,-C,. 1.349 (11)
Cas-Crns 1.394 (13)  C,,-C,, 1.419 (14)
Cas=Cha 1.432 (14)  C,,-C,, 1.433 (15)
Ca=Cins 1.374 (11)  C,,-C,, 1.419 (15)

a:=Ch - 1.425(12)  C,,-C,, 1.409 (14)

@ The figures in parentheses are the estimated standard devia-
tions in the least significant figure.

Table IV. Bond Angles (deg) in the Coordination Group and
Porphinato Skeleton of Cr(py),(TPP)¢

N, Cr, N, 90.1 (3)  N.CayCrma 124.2 (10)
N,Cr N, 89.4 (5)  CrmiCasChs  127.2(10)
N,Cr,N," 90.5(5)  N.Ca,Cp» 109.2 (9)
N,Cr, N, 88.0(3)  N,Cy-Cps 126.7 (10)
N,Cr, N, 91.0 3)  CmaCarCp,  124.1 (10)
N,Cr,N.’ 904 3)  N.Ca Gy, 108.6 (9)
N,Cr,N; 89.6 (3) sCasCms 124.7 (10)
N,Cr,N, 91.0 (3)  CpmCaxCps  126.7(10)
N.Cr,N, 90.8(3)  Ca,Cp,Ch, 108.4 (10)
Cay N, Ca, 106.5 (9) 22C>Co 108.2 (10)
CasN,Cas 105.2(9)  CasCpsCha 105.0 (11)
Ca:N,Ca, 107.2(8)  CasCph:Chys 109.3 (10)
CaoN,Ca. 106.6 (8)  Cp.Cp<Cp. 107.6 (10)
N\ Cq, Ch, 108.5(9)  CpyCpeCh- 108.7 (10)
N,Ca:Cins 125.0 (1) 22C»Chy» 107.8 (10)
CmsCarCo: 126.5(10)  CaeChyCos 107.7 (10)
N, Ca,Ch» 108.5 (10)  CapCmiCas  125.4 (10)
N, Cy,Crns 125.5(10)  CpiCrm,Cas’  127.3(14)
CmiCarChs  125.0(10)  Ca,Crm,Ca,’' - 125.5(14)
N,Ca;Cps 111.6 (10)  CayCmeCa,  126.4 (10)
N,CasCrm, 124.6 (11)  Cas'Cm:Cas  125.2(10)
Cm CasCos  123.7(11)  Cr,N,Ca, 127.5 (7)
N, CasCh 108.9 (10)  Cr,N,Ca, 126.0 (7)
N,Ca.Cms 124.5(11)  Cr,N,Ca, 128.2 (8)
CmyCa.Cos 1256 (11)  Cr,N,C,, 126.6 (8)
N, Ca.Ch. 107.9(9)  Cr,N,Ca. 126.0 (7)
N.Ca.Cm: 126.8 (10)  Cr,N,Ca, 126.4 (7)
Cms CasCos 1253 (10)  Cr,N.C,. 125.6 (7)
N, Ca.Chs 108.5(9)  Cr,N.Cas 127.7 (7)

¢ The numbers in parentheses are the estimated standard devia-
tions in the least significant figure.

for further consideration. This axial distance is considerably
shorter than that observed in the isoelectronic manganese(III)
porphyrins. In Mn(Cl)(py)(TPP),"*> the Mn-N(py) bond
distance is 2.444 (4) A, and in [Mn(1-Melm),(TPP)]*,!3 the
Mn~N(Im) bond distance is 2.308 (3) A. This difference in
the axial bond lengths is attributable? to the population of the
3d,: orbital in the high-spin Mn(IIT) derivatives and its de-
population in the low-spin Cr(IT) complex.

The average chromium—porphinato nitrogen bond distance
is 2.027 (13) A, comparable to the 2.033 (1) A Cr-N bond
distance observed in four-coordinate Cr(TPP)-2(toluene).*
Thus although the addition of two axial pyridine ligands to
Cr(TPP) leads to a high-spin to low-spin conversion, there is
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little change in the equatorial coordination parameters, since
both complexes contain an unoccupied d,z.,2 orbital. A similar
high to low spin conversion was observed by Tsutsui et al.,!4
who noted that chromium(II) mesoporphyrin IX dimethyl ester
was high spin in solution and low spin in the solid state.
Presumably, in the solid state intermolecular interactions lead
to six-coordinate species. As noted previously,? the chromi-
um-porphinato nitrogen bond distances in the chromium(II)
porphyrins appear short compared to the one other known
Cr(II) structure! and also to known Cr(III)~N bond dis-
tances.'8 This emphasizes, as in other porphinato derivatives,
the strong complexing nature of the porphinato ligand.
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Grant and co-workers, in a series of related papers,! have
studied the kinetics and the mechanism of the addition of
bidentate bases to several nickel(II) complexes; in particular
these authors have examined the effect of substituents at the
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ligand in the plane upon the rate of addition of 1,10-
phenanthroline to bis(thioacetylacetonato)nickel(IT) and bis-
(0,0’-disubstituted phosphorodithioato-S,S*)nickel(IT} com-
plexes.

In order to investigate further such an effect and in con-
tinuing our previous kinetic studies on square-planar—octa-
hedral interconversion of nickel(IT) complexes,? we have un-
dertaken a kinetic study of reaction 1 in benzene at 25 °C.

k
Ni(X-xanthate), + bpy T—k_’r— Ni(X-xanthato),(bpy) , 1)

S
v
X-0-C
\
5-
X = methyl, ethyl, n-propyl, isopropyl, #-butyl, sec-butyl,

benzyl, cyclohexyl, allyl, 2,6-dimethylphenyl,
methoxyethyl

Bis(O-substituted xanthato)nickel(IT) complexes yield octa-
hedral adducts, presumably of cis configuration®* on adding
bipyridine.

This paper reports the forward, k;, and reverse, k,, rate
constants for reaction 1 in benzene at 25 °C; activation pa-
rameters associated with the same reaction, when X is cy-
clohexyl, are also presented. Furthermore, the equilibrium
constants at 25 °C for addition of two molecules of pyridine
to complexes Ni(Xxan), (X = n-butyl, sec-butyl, allyl,
methoxyethyl; xan = xanthate) are reported.

Experimental Section

Materials. Nickel xanthates were prepared according to the
methods reported in the literature;>® Ni(allyl xanthate), could not
be crystallized, and the dark brown solid which precipitated on mixing
aqueous solutions of potassium xanthate and nickel(II) nitrate was
dried and used without further purification. Ni(sec-butyl xanthate),
was obtained as a dark oil which was extracted with bénzene and then
dried for 2 days over phosphorus pentoxide under vacuum. The
resulting dark brown microcrystalline mass was used without further
purification. All the other nickel xanthates were recrystallized twice
from acetone.

Zinc xanthates were obtained by addition® of aqueous solutions
of the appropriate xanthate to a solution of zinc chloride in water,
The light yellow compounds were recrystallized when possible from
acetone.

The purity of the compounds was checked by elemental analysis
and IR spectra.>® 2,2’-Bipyridine was of reagent grade. Benzene
was dried over calcium hydride and then distilled.

Thermodynamics. The formation constants for the adducts Ni-
(Xxan),(py), in benzene were determined spectrophotometrically’
by use of an Optica CF 4R recording spectrophotometer equipped
with a thermostated cell holder. The details of the experimental
procedure have been described elsewhere.?

Kinetics. The rates of reaction were followed spectrophotometrically
by measuring the changes in optical density of the reaction mixtures
in dependence on time. A Beckman DU spectrophotometer equipped
with a Saitron 301 photometer and a Servogor 5 recording poten-
tiometer was used to follow the slower reactions. The reactants were
mixed in a thermostated quartz cell, and the rate of the reaction was
monitored by the variation of the absorbance of the mixture (at a
suitable wavelength in the visible region) as a function of time. The
rate constants were calculated from the slope of the usual plot of log
(A. - A,) vs. time, where A4, represents the absorbance after 6-8
half-lives and A, the absorbance at various times. Faster reactions
were followed by means of a stopped-flow Durrum D-110 provided
with a Kel-F flow system. The exponential traces were photographed,
and the values of kg Were evaluated by matching the experimental
traces with similar ones produced by an exponential generator® on
the same oscilloscope. Each value of kg is at least the average of
three experiments. The kinetic experiments for the forward path of
reaction | were performed under pseudo-first-order conditions with'
2,2- blpyrldme in at least a 10-fold excess over the nickel complex
concentration;’ six or more kinetic runs, at different 2,2’-bipyridine
concentration, were performed for each nickel complex. For kinetic
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Table I. Values of Rate Constants k¢ and k, for Reaction 1 and
Values of Equlhbrlum Constants Ky for Reactlon 6
in Benzene at 25 °C

log log
10™*kg, (ky/ '3
substituent, X To*?¢ Mgt 10%k,, st k) (M‘ )]

methyl 0 6.67 +0.26 1.00:0.06 6.82 3.97°
ethyl -0.2  335#0.13 2.11+0.06 620 3.44P
n-propyl -0.23 3.23:0.09 2.80:0.04 6.06 1.87°
isopropyl . ~0.38 1.73+0.02 5.41:0.08 5.51 2.69%
n-butyl —0.26 2.87+0.04 290:0.04 6.00 3.24
sec-butyl —-0.38 1.57+0.05 6.21+0.32 540 2.58
benzyl +0.54 6.29:0.18 1.40:0.12 6.65 3.86°
cyclohexyl —0.30 1.73+0.05 5.62+024 549 266%
allyl +1.12 5.55:0.16 1.55%0.09 6.55 3.72
methoxyethyl 6.16 + 0.24 1.55:0.04 6.60 3.74
2,6-dimethyl- 3.17 £ 0.09
phenyl

2 Sum of the Taft o* values!! relative to the substituents X in
the complexes Ni(Xxan),. b Values from ref 10.

measurements of the dissociation rate constants Zn(xan), was used
to drive the reaction: the concentrations of Ni(xan), and 2,2’-bipyridine
were kept constant at 5 X 1075 M and the zinc xanthate concentrations
varied in four steps from 5 X 107 t0 3.0 X 103 M. All the kinetic
values were reproducible to better than £10%.

Results

The values of the forward rate constants, k¢, were obtained
by studying the dependence of the rate of reaction between
Ni(xan), and 2,2’-bipyridine on the 2,2’-bipyridine concen-
tration. Good straight lines with zero intercepts were obtained
in each case by plotting the values of k.4 against those of bpy
concentration. The experimental results are therefore in
agreement with the rate law

kobsd = kf[bpy] (2)
The gradients of the plots kg, vs. [bpy], obtained by least-
squares treatment, yielded the values of k;. These values are
reported in Table I. The values of rate constants, k., for the

dissociation of the octahedral adducts were obtained by driving
the reverse reaction with Zn(xan)2

Ni(Xxan)(bpy) <= Nl(ann) , + bpy 3)

Zn(Xxan), + bpy —]v Zn(Xxan),(bpy) 4

The Zn(Xxan), concentration was in each case much larger
than that of Ni(Xxan),(bpy); under these experimental con-
ditions and owing to the fact that k; > k;,'2 the values of kg
were independent of Zn(Xxan), concentration and were equal
to those of k;. In fact, it can be shown!? that, when k;[Zn-
(Xxan),] » ki Ni(Xxan),], ko €quals k,. The values of k,,
which are the average of four values obtained at different
Zn(Xxan), concentrations, are reported in Table 1.
Activation parameters for the reaction

k
Ni(cyclohexyl xanthate), + bpy TIL—’
Ni(cyclohexyl xanthate),bpy (5)

have been determined by studying the temperature dependence
of k; and k. The values of AH* and AS* for both the forward
and reverse paths of the reaction have been obtained by
least-squares analysis of the usual Arrhenius plots and are
quoted in Table II.

The equilibrium constants, Ky (M), for the reaction

Ni(Xxan), + 2py = Ni(Xxan),(py), (6)
K,, = [Ni(Xxan),(py),] /(INi(Xxan),1[py]®)  (7)

(X = n-butyl, sec-butyl, allyl, methoxyethyl) in benzene at 25
°C, which were determined spectrophotometrically (see Ex-
perimental Section), are reported in Table I.
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Table II. Values of Rate Constants and Activation Parameters for
Reaction § in Benzene

T, 107k, T, 107k,

°C MTs' 10%g, st °C MTsT 10%, s
15 1.17:0.05 1.46+0.07 30 1.97+0.17 12.70 + 1.08
20 1.39:0.03 3.00%0.13 35 2.300.11 23.300.84
25 1.73:0.09 5.620.24

AHgY = 5.4 + 0.6 kcal mol™?
AH,F =24 + 1 kcal mol™!
ASsT=-21t 4 cal K- mol™
A8, F =426 + 3 cal K~* mol™!

Discussion

The main feature emerging from inspection of Table I is
that the rate constants for both the forward and reverse re-
actions are dependent on the nature of the substituent X at
the ligand in the plane. In particular, one may note that, on
increasing the s-donor ability of the alkyl substituents, the
values of the forward rate constant, k;, decrease and those of
the dissociation rate constant, k,, increase; therefore, the
electrophilicity of the nickel atom is directly related to the
nature of the group X. This result, which is in line with
previous findings on the solvent exchange on various octahedral
nickel(II) complexes!*!* and on the addition of 1,10-
phenanthroline to bis(thioacetylacetonato)nickel(II) complexes
and bis(O,0’-disubstituted phosphorodithioato-S,S ) nickel(1I)
complexes,! is a further confirmation that the substituent at
the ligand in the plane plays an important role on the kinetics
of square-planar—-octahedral interconversion of nickel(II)
complexes. The equilibrium constants Ky, which are ex-
pressed as the ratio between forward and reverse rate constants
(Kypy = ki/k;), are obviously more sensitive to the change in
the nature of the substituent X. Thus, the replacement of an
isopropyl group with a methyl group increases the stability
constant Ky, by over 20-fold, in spite of the remoteness of the
substituent from the coordination center. The equilibrium
constants of the reactions studied here are too large to be
measured with accuracy; a direct comparison between the
values of Ky, evaluated kinetically as the ratio k;/k, and those
obtained independently by other experimental means is
therefore impossible. Nevertheless, an indication of the con-
sistency of the equilibrium constants quoted in Table I can
come from the comparison of the values of K, for reaction
1 with those of K, referring to the reaction of the same
substrates with pyridine under the same experimental con-
ditions (Figure 1). The values of K, could be determined
by calorimetry!® or spectrophotometry.

A quantitative estimation of the substituent effect on the
rate constants for reaction 1 can be made on the basis of Taft’s
parameters o*,'¢ by plotting the logarithm of the rate constant
for a xanthate with a given substituent against the 3" ¢* values
of the substituent itself. Such a plot, for both forward and
reverse paths of reaction 1, is shown in Figure 2. It can be
seen that alkyl groups, which can exert only inductive effects,
lie on roughly straight lines, By converse, allyl and benzyl
groups exhibit large deviations from linearity and lead to values
of rate constants, k¢ and k,, respectively lower and higher than
expected on the basis of Taft polar substituent constants. This
deviant behavior can be accounted for in terms of stacking
interactions'? between the unsaturated allyl and benzyl groups
and the aromatic rings of 2,2’-bipyridine;'® resonance effects,
which the allyl group is able to exert, can be an additional
source of deviation.

The nature of the processes. is reflected in the values of
activation parameters for reaction 5. Thus, a low activation
enthalpy and a highly negative entropy are associated with the
direct path, while conversely a high activation enthalpy, to-
gether with a largely positive entropy, is found for the disso-
ciative step (see Table IT). The values of the activation pa-
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Figure 2. Relationship between Taft polar substituents constants, > o*,
and forward, kg, and reverse, k., rate constants for reaction 1 in benzene
at 25 °C.

rameters reported here are similar to those found for analogous
reactions on nickel(I1) substrates,!»> when steric factors were
absent.

Finally, the rate constants k; for some of the reactions
studied have been compared with those referring to the reaction
of 1,10-phenanthroline with the analogous bis(0,0%dialkyl-
phosphorodithioato-S,S/)nickel(II) complexes in toluene!

kA
Ni[(RO),PS;]; + phen = Ni[(RO),PS;],-phen (8)

Such a comparison is interesting in that these two sets of
square-planar complexes both have the nickel atom coordinated
to four coplanar sulfur atoms. The difference in the medium
of reaction, one being benzene and the other toluene, should
not affect the comparison of the kinetic behavior exhibited by
the two types of compounds, in that, as pointed out by Grant,!
the solvent plays a minor role in these reactions.

Figure 3 reports the plot of the values of log k¢ against those
of log k¢Y; the two sets of values are correlated through the
LFER

log k¢ = 0.37 + 0.94 log k! (9)

The values of the slope close to unity indicate that the change
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Figure 3. Plot of log k; for reaction 1 against log k{ for reaction 8.

in the nature of the substituent R on the ligands (RO),PS,”
and ROCS, is relfected to the same extent in the variation
of the rate constants for reaction 1 and reaction 8. This is an
interesting point in that the ligand phosphorodithioate bears
two substituents R while the ligand xanthate bears only one.
Therefore, the effect of the substituent R is better exerted in
the nickel xanthate complexes. In other words, inductive and,
to a lower extent, mesomeric effects are better transmitted
through the xanthate skeleton than they are through that of
phosphorodithioate.
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The comparison of synthetic, reactivity, and bonding
properties of dinitrogen and carbon monoxide as isoelectronic
ligands in transition metal complexes has been of interest for
many years.! The effect of ancillary ligands on the properties
of metal carbonyls has been extensively studied, but similar
effects on metal—dinitrogen complexes have not been widely
investigated because of their limited stabilities. The range of
dinitrogen complexes of Ir(I), trans-[Ir(PR;),(N,)X], isolated
thus far is limited to PR; = PPh; and X = CL,2 Br,>* or N,.3
Spectral evidence for the formation of complexes with X =
Cl and PR, = PEtPh,, PBuPh,, PMe,Ph, or PEt,Ph and X
= I and PR; = PPh, has been previously reported.’ We have
examined iridium—dinitrogen complexes prepared by reaction
12 for a variety of substituted phosphines, triphenylarsine, and

trans-[Ir(PR;),(CO)X] + R'N, —
trans-[Ir(PR;),(N,)X] + R'NCO (1)

anions X. Dinitrogen as a ligand for Ir(I) appears to be
particularly sensitive to the electronic and steric properties of
other ligands in the complex. The reasons for the lower sta-
bilities of dinitrogen—iridium(I) complexes with other ligands
have not yet been explained. To elucidate features which
contribute to the stability and difficulty in isolability of di-
nitrogen—iridium(I) complexes, we have conducted an extensive
study of reaction 1 using a variety of ancillary ligands. In the
course of these studies we have isolated four new iridium-
dinitrogen complexes including the first dinitrogen—iridium
complex containing triphenylarsine and obtained IR data
which indicate that ancillary ligands affect the CO and N,
stretching frequencies in a similar fashion.

Experimental Section

The synthesis and characterization of the carbonyliridium(l)
complexes trans-[IrL,(CO)X] have been described previously.® The
purity of the complexes were ascertained by noting the absence of
extraneous IR absorption bands in the 2000-2200-cm™! region where
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