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trans-[Os(tpy)(Cl)~(N)ICl(l) has been prepared by addition of tpy to [NBu4][0s(N)CL] in dichloromethane and 
trans-[os(tpy)(cl)2(N)][PF6] (2) by addition of [m][PF6]  to a methanolic solution of 1. When dissolved in 
methanol in the presence of added chloride, 1 undergoes slow isomerization to cis-[Os(tpy)(Cl)2(N)]+, which has 
been isolated as its [PF& salt 3. In methanolic solutions containing added chloride, an equilibrium is set up 
between the trans and cis isomers, trans-[(tpy)(Cl)zOs~Nl+ * cis-[(tpy)(Cl)2Os~N]+ with K(20 "C) = k& = 
4.8, A W  = 22(2) kJ/mol, and AS" = 88(6) Jlmol as measured by 'H NMR. The approach to equilibrium followed 
first order kinetics as determined by time-resolved W-visible measurements with kd20 "C) = 1.1 x lop4 s-', 
kr(20 "C) = 2.3 x lop5 s-', AH? = 78(8) kJ/mol, AS? = 79(10) J/mol, AH? = 56(7) kT/mol, and AS? = -9(6) 
J/mol. In the absence of added chloride, rapid solvolysis occurs to give trans- or ~is-[Os(tpy)(Cl)(MeOH)(N)]~+ 
as shown by absorption and conductivity measurements. Isomerization does not occur in dichloromethane. A 
mechanism for isomerization and substitution is proposed involving associative attack of methanol to form seven- 
coordinate, solvent-bound intermediates which undergo solvolysis by loss of chloride or isomerization by interchange 
of the chloro and nitrido groups. 

Introduction 

There is an extensive coordination chemistry of complexes 
containing the nitrido ligand, which includes [Os(N)(C1)4]-, Re- 
(N)(C1)2(PR3)2, and [Mo(N)(C~)~]-.~-~ In these complexes there 
is often a simple substitutional chemistry at the metal, such as 
ligand exchange with halides or phosphines without involvement 
of the nitrido ligand. The strong tram effect of the nitrido plays 
an important role in determining stereochemistry and, presum- 
ably, substitution rates. 

These and related complexes containing nitrogen ligands may 
be important as models or stabilized forms of intermediates that 
play a role in the multiple electron transfer chemistry of nitrogen 
including nitrite reduction via n i t r o s y l ~ ~ - ~ ~  
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and in the nitrite reductase e n ~ y m e s . ~ J ~ - ~ ~  The redox chemistry 
of [Os(tpy>(Cl)~(N)]+ is especially relevant in this regard. It 
has been shown to undergo reduction to [Os(tpy)(Cl)2(NHs)], 
which is reversible toward reoxidation to [Os(tpy)(Cl)~(N)]+.4~~~ 
The redox chemistry has been extended to reactions with 
phosphines to give phosphoraminato complexes of osmium(IV), 
[OS(~~Y)(C~)Z(NPR~)I+.~~ 

In this manuscript we describe a new aspect of this coordina- 
tion chemistry, a cisltrans equilibrium, and the quantitative 
details that characterize it. 

Experimental Section 

General Details. All synthetic preparations were carried out under 
ambient conditions. Os04 (Alfa), tpy (2,2';6',2"-terpyridine, Fluka), 
[NBu4J[OH] (Aldrich), all solvents (unless otherwise specified) and 
[NI-bJ[PF6] were used as received. [NBu][PF6] (TBAH) was recrystal- 
lized three times from boiling ethanol and dried under vacuum at 120 
"C for 2 days. Na[BArd] (sodium tetrakis(3,5-bis(trifluoromethyl)- 
pheny1)borate) was prepared according to the l i t e r a t ~ r e . ~ ~  NMR spectra 
were acquired on Bruker AML300 or WM250 spectrometers, and 
chemical shifts are reported as ppm vs TMS at 20 "C in CD30D unless 
otherwise specified. Deuterated solvents were purchased from CIL and 
used as received. UV-vis spectra were recorded on an OLIS modified 
Cary 14 spectrophotometer in 1 cm cuvettes. Analyses were performed 
by Oneida Research Services. 
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Trans-Cis Isomerization in [Os(tpy)(Cl)z(N>]+ 

Conductivity Studies. Conductivity measurements were conducted 
by using a YSI Model 35 conductance meter and a YSI 3402 probe 
sealed in parafilm and immersed in a flowing water bath with 
temperature controlled by a circulator. [N(PPh3)2]Cl, [Ru(bpy)3]Clz, 
and [Ru(bpy)3][PF6]2 were used to determine the conductances of 1:1 
and 2:1 electrolytes in methanol under these conditions. The back- 
ground conductance of the solvent alone was less than 10% of the 
conductance of the samples in all cases. The conductance of the 
standards was invariant over the timescale of the kinetic experiments. 

In a typical kinetic experiment, the electrolyte was added to 
preequilibrated solvent in the sample cell (volume = 12.0 mL), and 
the solid dissolved by agitation with a glass pipette. Data collection 
was begun when the solid was completely dissolved with t = 0 taken 
as the time when the solid was introduced into the solution. 

Molar conductivity or specific conductance (A) was obtained by 
the following equations: 
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It was filtered through a glass frit and washed with copious amounts 
of dichloromethane to remove [NBu4]C1, and dried in vacuo, affording 
475 mg (93%) of a magenta solid. IH NMR (CD3CN): 6 9.04 (d, 

(3’,5’-tpy), 8.02 (ddd, 5,5”). W - v i s  (MeOH) [Am, nm (log E ) ] :  291 
(4.19), 338 (3.97), 353 (3.92), 369 (3.76), 514 (2.15). 
trans-[Os(tpy)(Cl)~(N)][PF~] (2). Salt 1 (1.00 g, 1.89 mmol) was 

dissolved in methanol (100 mL), and [N&][PF6] (315 mg, 1.89 mmol) 
was added. A dark pink solid began to precipitate immediately, and 
the solution was stirred for 5 min. After filtration, the pink solid was 
washed with cold methanol followed by copious amounts of ether and 
dried in air to give 885 mg (73%) of a pale purple powder. ‘H NMR 
(CD3CN): 6 9.00 (d, 6,6”-tpy), 8.58 (d, 3,3”-tpy), 8.47 (dd, 4’-tpy), 
8.41 (4,4”-tpy), 8.32 (3’,5’-tpy), 7.97 (ddd, 55”). UV-vis (CH3CN) 
[d, nm (log E)]: 288 (4.15), 336 (3.91), 354 (3.90), 512 (2.56). Anal. 
Calcd for C I S H I I N ~ C ~ ~ P F ~ O S :  C, 27.57; H, 1.70; N, 8.58. Found: C, 
27.26; H, 1.64; N, 8.63. 
tran~-[Os(tpy)(Cl)~(N)][BAr~] (3). Salt 1 (50 mg, 94 mmol) and 

[Na][BAr4] (84 mg, 94 mmol) were slumed in dichloromethane (10 
mL) for approximately 2 min with vigorous agitation. The resulting 
cloudy pink solution was then filtered through celite, leaving a pale 
brown powder and a transparent solution, which remained unchanged 
(by UV-vis) after 5 h at room temperature. ‘H NMR (CD2C12): 6 
8.94 (d, 6,6”-tpy), 8.38 (mult, 3,3”-tpy, 4‘-tpy, 4,4”-tpy), 8.32 (3’3’- 
tpy), 8.02 (ddd, 5,5”). W-vis  (CHCN) [A,, nm (log E)]: 298 (4.20), 
340 (4.16), 516 (2.38). 

cis-[Os(tpy)(CI)~(N)][PFs] (4). A solution of 1 (100 mg, 183 pmol) 
and LiCl(77 mg, 1.83 mmol) in methanol (25 mL) was prepared at 50 
“C and allowed to stir for 30 min, resulting in an orange solution. 
Ammonium hexafluorophosphate (35 mg, 210 mmol) was added as a 
solid and the solution cooled to 0 “C for 5 min, after which the orange- 
brown precipitate was collected by filtration, washed with room 
temperature methanol and ether, and dried to give 85 mg (71%). ‘H 
NMR (CD3CN): 6 9.81 (d, 6,6”-tpy), 8.88 (mult, 4’-tpy), 8.78 (d, 3,3”- 
tpy, 3’,5’-tpy), 8.68 (td, 4,4”-tpy), 8.19 (ddd, 5,5”). UV-vis (CH3- 
CN) [A,,,, nm (log E)]: 278 (4.051, 302 (3.99), 360 (3.98). 372 (3.98). 
Anal. Calcd for C ~ ~ H I I N ~ C ~ ~ P F ~ O S :  C, 27.57; H, 1.70; N, 8.58. 
Found: C, 27.71; H, 1.61; N, 8.44. 
cis-[Os(tpy)(Cl)~(N)][BAr4] (5). Salt 4 (20 mg, 31 pmol) and Na- 

[BAr4] (27 mg, 31 pmol) were slumed in dichloromethane (5  mLj for 
approximately 2 min with vigorous agitation. The resulting cloudy 
orange solution was filtered through Celite, leaving a pale brown powder 
and a transparent solution, which remained unchanged (by UV-vis) 
after 5 h at room temperature. IH NMR (CD2C12): 6 9.95 (d, 6,6”- 
tpy), 8.77 (mult, 4‘-tpy), 8.63 (td, 4,4”-tpy), 8.57 (d, 3,3”-tpy, 3’3’- 
tpy), 8.21 (ddd, 5 5 ” ) .  UV-vis (CHXN) [am, nm (log E)]: 270 (4.38), 
278 (4.37), 306 (4.26), 354 (4.19), 370 (4.14), 456 (2.55). 

Results 

Synthese~. In our hands, the sole product of reaction between 
[NBu4][0s(N)(C1)4] and 2,2’:6’,2”-terpyridne (tpy) in dichlo- 
romethane is [Os(tpy)(Cl)2(N)]Cl (l), eq 3.23 This salt is 

6,6“-tpy), 8.62 (d, 3,3”-tpy), 8.50 (dd, 4‘-tpy), 8.43 (4,4”-tpy), 8.32 

E = K X L  

L is the background-subtracted conductance of the solution, is the 
specific conductance, K is the cell constant (the area of the electrodes 
divided by the distance between them; a measured constant), and [XI 
is the concentration of the electrolyte. 

Equilibrium and Kinetic Experiments. Equilibrium constants were 
determined by following the reaction of interest on the Bruker AML300 
spectrometer until the ratio cis-trans remained constant as shown by 
integration of the tpy resonances. Probe temperatures were calculated 
by using the temperature dependent frequency difference between the 
aliphatic and hydroxyl resonances of methanol or ethylene glycol by 
the standard method.26 Rate constants were determined by fitting time- 
resolved UV-visible spectra by using the global kinetic analysis 
program SPECFIT.27 Spectra were recorded on an HP-8452A diode 
array spectrophotometer with temperature control provided by a water 
bath circulator. Solutions of the salts were prepared by addition of a 
weighed amount of salt to temperature preequilibrated solutions of 
[N(PPh3j2]Cl in a 25 mL volumetric flask, with the time base started 
at the moment of addition of the solid. 

Values for AIP and ASo were obtained from plots of In K vs 1IT 
and A@ and A 9  from plots of In (UT) vs UT. Error estimates in 
AW and AS” were obtained by assuming a deviation in the value for 
K by f 0.1 (consistent with observed values) and taking lines having 
the least and greatest slope. Errors in the Eyring plots were from 
statistical analysis of the data. 

Preparation of Compounds. Kz[OSOZ(OH)~] (Potassium Os- 
mate). This salt was prepared as reported in ref 28. Essentially 
quantitative yields were obtained routinely. 

[NB~1[0s(N)(C1)4]. This preparation essentially follows that 
reported by Griffith and Pawson: but due to the scant details provided 
there, we describe our procedure here. Potassium osmate (7.18 g, 19.5 
m o l )  was dissolved in concentrated HCl (200 mL) to give an olive 
green solution. Sodium azide (2.54 g, 39.0 mmol) in water (10 mL) 
was added to the stirred solution, causing vigorous effervescence and 
a gradual color change to brown and then to cherry red. The solution 
was stirred for 4 h, and 40% [NBud][OH] in HzO (5.24 mL, 20.0 mmol) 
was added via syringe. Immediately, a pink solid precipitated. After 
being stirred for 15 min, the slurry was filtered and washed with copious 
amounts of deionized water, followed by a similar amount of ether. 
Addition of ether caused the precipitate to tum purple from its initial 
pink color due to formation of the adduct [Os(N)(C1)4(EtzO)]-, which 
reverts to the desired product upon air drying. The product was 
recrystallized from boiling acetone to give 10.3 g (90%) of dark ruby 
crystals. 
trans-[Os(tpy)(Cl)z(N)]Cl (1). This salt has been prepared previ- 

o u ~ l y . ~ ~  We have developed a modified, higher yield procedure. The 
preparation described here provides high yields of pure material of the 
formula given. [NBQ][OS(N)(C~)~] (568 mg, 964 pmol) was dissolved 
in dichloromethane (20 mL) with stirring and tpy (225 mg, 964 pmol) 
was added. The solution was stirred for at least 5 h, during which 
time it turned purple and a purple powder precipitated from the solution. 

rNB~,l[os~”),l + tPY - 
tr~ns-[(tpy)(Cl)~Os~N]Cl+ [NBu,]Cl (3) 

obtained as a brick red to magenta colored solid, depending on 
particle size. We have previously structurally characterized 1 
and found it to have the tpy ligand trans to the nitride.23 When 
it is dissolved in potentially ligating solvents (such as methanol 
or water), a reaction occurs as evidenced by changes in NMR 
(Figure 1) and absorptionz3 spectra (Figure 2) .  

With added chloride in methanol the reaction observed is 
equilibration with the tan-colored isomer, cis-[Os(tpy)(Cl)z(N)]+ 
(eq 4). Analytical data for the cis and trans salts are identical. 

tran~-[(tpy)(Cl)~Os=N]+ 4 ~i s - [ ( tpy ) (C l )~Os~N]+  (4) 

That there is a structural difference between the two is clear by 
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Figure 1. 'H NMR spectra in CD3CN of (a) trans-[Os(tpy)(C1)2(N)][PFs] and (b) cis-[Os(tpy)(Cl)z(N)][PF& 

the 'H NMR spectra in Figure 1. The resonance of the 
(magnetically equivalent) ortho protons (6,6") on the outer rings 
of the tpy ligand is sensitive to stereochemistry. In CD3CN 
they appear at 9.0 ppm in the trans isomer and at 9.8 ppm in 
cis. The large downfield shift in the cis isomer is probably 
due to less effective shielding by electron density in the filled 
d,, orbital (taking the z axis to lie along the Os-N bond) 
compared to shielding in trans by the in-plane osmium-nitrogen 
n bond. The other resonances change as well, but not as 
dramatically. 

Other salts of these cations are readily prepared by metathesis. 
As reported previously, trans-[Os(tpy)(Cl)~(N)1 [PF6] (2) pre- 
cipitates in high yield upon addition of [NH4][PF6] to a 
methanolic solution of tran~-[Os(tpy)(C1)2(N)]Cl.~~ In order to 
prepare a salt with the anion tetrakis{ 3,5bis(trifluoromethyl)- 
pheny1)borate (abbreviated [BAr4]-) it was necessary to slurry 
1 with the sodium salt in dry dichloromethane to achieve 
complete metathesis. Filtration cleanly removes NaCl from the 
resulting solution of 3. Similarly, a solution containing cis- 
[Os(tpy)(Cl)z(N)][BAr4] (5) could be prepared from 4. Due to 
the instability of the nitrido complexes at high  concentration^^^*^^ 
and the oily nature of the [BAr4]- salts, it was impossible to 
isolate them as solids from these solutions. Significantly, no 
isomerization is observed in CHZC12. 

Absorption Spectra. As shown by the data in Figure 3, 
absorption spectra of the cis and trans isomers in acetonitrile 

(26) VanGeet, A. L. In Abstracts of the 10th Experimenral NMR Confer- 
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are different and both are solvent dependent. Spectral features 
are summarized in Table 1. The d2 configuration of these 
complexes gives rise to LaPorte forbidden, dn - dn transitions 
in the visible region with .G < 300 M-' cm-I. Intense 
absorptions ( E  > IO3) appear in the W due to structured, 
solvent-dependent LMCT Ligand-localized n - 
n* (tpy) bands appear below -310 nm. These bands are not 
highly solvent dependent and the pattern is significantly dif- 
ferent between trans and cis. The data in methanol were 
acquired with added chloride to suppress solvolysis (see be- 
low). 

Isomerization. Changes in UV-visible spectra of trans- 
[Os(tpy)(Cl)~(N)][PF6] in methanol over a period of hours are 
shown in Figure 2 and final spectra with and without added 
C1- in Figure 4. Over this period there is a decrease in 
absorption at Am= 325 nm, and an increase at 344 nm. There 
are no true isosbestic points during the reaction if chloride is 
not added. Over even longer periods a decomposition reaction 
occurs (presumably from coupling to form dinitrogen and 
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Figure 2. Spectral changes at 10 min intervals after dissolution of 
truns-[Os(tpy)(C1)2(N)][PF6], M, in MeOH in a 1 cm cell at 14.5 
"C, with 0 M chloride (above) and with M chloride (below). 

p loow 
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Figure 3. Absorption spectra of frans-[Os(tpy)(Cl)a(N)][PF6] and cis- 
[Os(tpy)(Cl)z(N)] [PF,] in acetonitrile. 

Os"').29 When trans-[Os(tpy)(Cl)2(N)][PF6] is dissolved in 
MeOH with a 10-fold excess of added [N(PPh&]Cl, similar 
spectral changes occur but with isosbestic points at 298, 324, 
and 345 nm. The final spectrum is consistent with a convoluted 
mix of cis- and trans-[Os(tpy)(Cl)2(N)]+. Both trans-[Os(tpy)- 
(C1)2(N)]+ and cis-[Os(tpy)(C1)2(N)]+ are stable toward isomer- 
ization in dichloromethane. 

In attempts to identify a solvento intermediate in methanol, 
NMR spectra of 1 in CD30D were obtained at various times 
during the reaction by chilling the solution to as low as -90 
"C (methanol calibration). However, only one set of resonances 
was present, even in samples prepared immediately prior to 
spectral acquisition. At no temperature were we able to observe 
distinct sets of resonances for dichloro and solvento com- 
plexes, only sets of averaged resonances for trans or cis were 
observed. 

tr~ns-[O~(tpy)(C1)2(N)]+ CHzCl2 270 4.38 tPY (JC - JC*) 
280 4.32 tpy ( J C - J C * )  
292 4.29 tpy ( J C - J C * )  
340 4.16 LMCT(N-Os) 
520 2.1 &-& 

336 3.94 tpy ( JC-JC*)  
354 3.93 LMCT(N-Os) 
366 3.83 LMCT(N-Os) 
514 2.1 &-& 

328 3.98 tpy(Jt-z*) 

350 3.87 LMCT(N-Os) 
366 3.69 LMCT(N-Os) 
514 2.1 &-& 

cis-[Os(tpy)(Cl)~(N)]+ CHzClz 272 4.38 tpy (JC - JC*) 
280 4.37 tpy ( JC-JC*)  
306 4.26 tpy (JC-JC*) 
354 4.19 LMCT(N-Os) 
370 4.14 LMCT(N-Os) 
456 2.55 &-& 

280 4.07 tpy (JC-JC*) 
302 4.02 tpy(n-n*)  
360 4.01 LMCT(N-Os) 
372 4.01 LMCT(N-Os) 
460 2.45 &-& 

344 4.01 LMCT(N-Os) 
470 2.4 &-& 

With 10-fold added chloride to supress 

CH3CN 288 4.17 tpY(n-JC*) 

CH30Hb 289 4.18 tpY(n--*) 

334 3.99 tpy (n-JC*) 

CH3CN 268 4.02 tpy ( JC-JC*)  

CH30Hb 292 4.04 tpy(n-X*) 

E in units of M-' cm-'. 
solvolysis. 

a) tansunnoler 

2oooo 1 :: 

300 

100 

4W 4JO JW 510 WQ 

4 
0 )  I 

280 320 360 400 440 480 S20 S60 600 
wavelength (nm) 

b) cis complex 

6W 

k,, 4 
o/ 

280 320 Mo UL) 440 480 510 560 630 
wavelength (nm) 

Figure 4. Absorption spectra of (a) trans-[Os(tpy)(Cl)z(N)][PF~] and 
(b) cis-[Os(tpy)(Cl)z(N)][PF6] in methanol with added chloride and 
without added chloride. 

Conductivity studies were conducted on solutions of the cis 
and trans salts in methanol at 25 "C. Estimates of the molar 
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Table 2. Molar Conductivities (A) in Methanol at 25 "C 

Williams et al. 

salt A ( 5 2 - I  
salt concn (M) L,, (52- I )"  mol-')" 

1.81 x 1.18 x 10-3 65.1(5) 
1.28 x 7.91 x 61.9(9) 

[N(PPh3)21Cl 1.6 x 1.04 x 65(6) 

[Ru(bp~)31Clz 7.42 x 9.63 x 130(3) 
[Ru(bpy)3l[PF6lz 1.84 x 2.42 x 131(5) 
truns-[Os(tpy)(C1)2(N)]Cl 1.7 x 9.5 x 56(5)b 

1.29 x 7.95 x 61.7(7)b 
2.18 x 1.31 x 60.0(4)b 

truns-[oS(tpy)(cl)z(N)][PF6] 1.79 X 1.07 X 59.9(5)' 
cis-[Os(tpy)(Cl)~(N)]Cl 2.61 x 1.06 x 63.8(18)b 
cis-[os(tpy)(C1)~(N)][PF6] 1.66 X 1.8 X 63.9(5)b 

' L,,, and A are the background-subtracted solutioq conductance and 
specific conductance of the electrolyte, respectively. The initial value 
acquired at t < 20 s. 

conductivities of 1 : 1 and 2: 1 electrolytes under these conditions 
were obtained from measurements on solutions containing 
[N(PPh3)21Cl, [Ru(bpy)slClz, and [Ru(bpy)sl [PF612. These salts 
were chosen because of the commonality of their anions and 
the similarities of their molecular weights with the nitrido salts. 

In Table 2 are listed molar conductivities (A) for the standards 
and initial values for salts of the cis and trans isomers. Plots 
of A vs time for the trans and cis [PF6]- and C1- salts are shown 
in Figure 5. For all four salts, the initial value of A is nearly 
that for a 1:l electrolyte, but A increases with time. For both 
the cis and trans PF6- salts, ionization continues until the 
conductivity reaches a value consistent with nearly complete 
formation of a 2: 1 electrolyte. These observations are consistent 
with rapid solvolysis of the cis and trans isomers to give the 
corresponding solvento complexes, reactions 5 and 6,  with the 

tr~ns-[Os(tpy)Cl,(N)]~ + MeOH =+ 

trans- [ o~(tpy)Cl(MeOH)(N)]~+ + C1- ( 5 )  

cis-[Os(tpy)Cl,(N)]+ + MeOH --L 

~is-[Os(tpy)Cl(MeOH)(N)]~+ + C1- (6) 

equilibria lying largely to the right. The equilibria must be facile 
since only the dichloro complexes could be isolated from the 
solutions with addition of PFs-. 

On the basis of the conductivity and spectral changes, loss 
of chloride from either the cis or trans isomer is rapid. 
Equilibration between cis and trans solvento complexes, eq 7 

trans-[O~(tpy)(Cl>(MeOH)(N)]~+ f 

ci~-[Os(tpy)(Cl)(MeOH)(N)]~+ (7) 

is far slower. The initial trans and cis geometries of the dichloro 
complexes must be retained in the solvento complexes. From 
the data in Figure 5 the conductivities increase with time for 
the chloride salts at comparable rates but to a far lesser degree. 
This is consistent with the conclusion reached above with the 
small amount of chloride added acting to suppress the equilibria 
in reactions 5 and 6. Isomerization continues to occur but with 
the cis- and trans-dichloro complexes as the dominant forms. 

Equilibrium constants for trans-cis isomerization in methanol 
with added chloride were determined at three temperatures by 
measuring the ratio of the 'H NMR resonances for the 6,6" 
protons of the two isomers after equilibrium had been reached. 
The results are given in Table 3. K was independent of the 
concentrations of either the osmium complex or chloride, 
consistent with eq 4. Values were unobtainable above 30 "C 
due to decomposition of the cis isomer. The values at higher 

I3O 1 
120 4 
I10 4 1 

60 cl- 
0 PF; 

50 T7 
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time (S) 

Figure 5. Molar conductivities (A) as a function of time for (A) trans- 
[Os(tpy)(Cl)~(N)]+ and (B) cis-[Os(tpy)(C1)2(N)]+ in methanol at 25 
"C. 

Table 3. Rate and Equilibrium Constants in Methanol for 
Trans-Cis Isomerization in [Os(tpy)(Cl)~(N)]+ 
temp 105[Os] 105[C1-] 

50.0 16.8 1700 l l b  25 x 23 x loV4 21 x 

40.0 3.5 350 8.5b 10 x 90 x 11 x 

30.0 16.4 1600 6.4 39 x 34 x 5.3 x 

20.3 3.5 350 4.8 13 x 11 x 2.3 x 

14.5 2.6 260 4.0 6.9 x 5.5 x 1.4 x 

("C) (M) (M) K kobs ( s - ' )  k t ( ~ - l ) "  kr(s-l)0 

15.9 160 24 x 10-4 22 x 10-4 20 x 10-5 

3.5 350 98 x 10-5 88 x 10-5 io  x 10-5 

3.5 350 36 x 10-5 31 10-5 4.9 10-5 

3.5 350 13 x 10-5 11 x 10-5 2.3 10-5 

20.0 2000 7.4 x 10-5 5.9 x 10-5 1.5 10-5 
19.9 200 7.1 x 10-5 5.7 x 10-5 1.4 x 10-5 

Calculated from the experimentally observed first-order rate 
constant k,,bs and /cobs = kf + k,, K = kf/k,. Calculated by using eq 8. 

temperatures in Table 3 were calculated from the van't Hoff 
equation in the form 

In K = (1 1 f 1) - (2600 f 200)T' (r2 = 0.999) ( 8 )  

which gave hH" = 22 f 2 kJ/mol and AS" = 88 f 6 J/mol. 
Kinetics. Rate constants for trans-cis isomerization in 

methanol were obtained by UV-visible measurements. Solu- 
tions of trans-[Os(tpy)(C1)2(N)]+ in methanol were prepared 
immediately prior to use with the solvent preequilibrated at the 
temperature used for data collection. The trans:cis ratio was 
unaffected by variations in [Cl-1 at least up to 0.01 M as shown 
by 'H NMR. Similarly, the rates of the forward and reverse 
reactions were [Cl-] independent up to at least 0.01 M. The 
kinetics were conducted at chloride concentrations sufficiently 
high (10-fold excess over osmium) that the solvento complexes 
were unobservable, and isosbestic behavior at 298, 324, and 
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345 nm was obtained. Data obtained with a 100-fold excess 
of added PF6- were indistinguishable from those without added 

The kinetic data were modeled as a first order approach to 
equilibrium consistent with eq 4 by using the program Spe~fit.~' 
Values of K were obtained from 'H NMR data below 35 OC, 
and by extrapolation above this temperature. The individual 
rate constants were calculated from the relations 

PF,5-. 

kobs = kf + kr 

K = k#k, 

where kobS was the experimentally observed, first-order rate 
constant. Factor analysis was used to determine the number of 
species present in the solution, with two, the cis and trans 
isomers, being sufficient to account for the spectral changes 
with a 10-fold excess of chloride. A global least squares 
minimum was obtained at all wavelengths in each spectrum by 
using a Marquardt fit to the data with the assumption of two 
species. 

Eyring plots of ln(klT) vs 1/T were linear for kf and kr over 
the temperature range 14.5-50 "C and gave MHf = 78 f 1 
kT/mol (18.6 kcal/mol), AS? = 79 f 5 J/mol (18.9 cal/(mol 
deg)), AH: = 56 f 2 kT/mol (13.4 kcaumol), and AS: = -9 
f 5 J/mol (2.2 cal/(mol deg)). 

Discussion. Our results show that there are two isomers of 
[Os(tpy)(C1)2(N)lf. The trans isomer is the product of the 
reaction between [Bufil[Os(N)CL] and tpy in CH2C12. The 
existence of the isomerization was a source of confusion in 
earlier work. In retrospect, interconversion between [OsV*(tpy)- 
(C1)2(N)]+ and [Osr1(tpy)(C1)2(NH3)] reported earlier involved 
the cis isomer and not trans because of trans - cis conversion 
in ~ a t e r . ~ . ~ ~  The reported conversion of the v2 complex [Os- 
(v2-tpy)(C1)3(N)] to the trans isomer may have been the trans - cis isomerization reported here: When cis or trans-[Os- 
(tpy)(C1)2(N)]+ are dissolved in methanol, rapid solvolysis 
reactions occur to give the corresponding solvent0 complexes, 
eqs 5 and 6. These reactions are evidenced by the changes that 
occur in W-visible spectra and in molar conductivities upon 
dissolution of the PF6- salts in methanol, Figures 2 and 5. They 
were not studied quantitatively but the qualitative dependence 

of the distribution between species on [Cl-] is consistent with 
the equilibria in eqs 4 and 5. Over a longer timescale, trans- 
cis isomerization occurs but because of the complexity of the 
system, no attempt was made to study it quantitatively. 

Both cis- and trans-[Os(tpy)(Cl)z(N)]+ are stable to isomer- 
ization in CH2C12. Isomerization does occur if methanol is 
added to CH2C12. By inference, a potentially coordinating sol- 
vent (CHFN, CH30H, H20) is required in order for isomer- 
ization to occur. With sufficient added chloride (a 10-fold 
excess over complex) solvolysis is completely suppressed, cis- 
and truns-[Os(tpy)(Cl)2(N)]+ are the dominant forms in solution, 
and yet, trans-cis isomerization continues to occur. Under 
these conditions the experimentally observed, first-order rate 
constant is independent of added chloride, at least to 0.01 M. 

Given the requirement of a potentially coordinating solvent 
and the absence of a chloride dependence, the most reasonable 
mechanism for substitution is by an associative pathway with 
coordination expansion, in methanol by the addition of methanol, 
Scheme 1. There is precedence for such intermediates in the 
do complex of MoV1, Mo(tpy)(Cl)(N&(N), which contains the 
tpy ligand.8 The geometry of this complex accommodates the 
nitrido ligand in an axial position cis to tpy and the two azide 
ligands, and trans to chloride in a pentagonal bipyramidal 
structure. 

As illustrated in Scheme 1, if isomerization occurs through 
a seven-coordinate intermediate, it must proceed via interchange 
of the nitrido and chloro ligands followed by loss of methanol. 
An appealing feature of invoking such intermediates is that they 
provide a common mechanistic basis for both trans-cis 
isomerization and substitution. Loss of chloride or methanol 
without nitrido-chloro interchange results in either solvolysis 
or no net change and provides a basis for achieving the equilibria 
in eqs 4 and 5. These interconversions are rapid. The slow 
step in either direction is intramolecular rearrangement and 
nitrido-chloro interchange via the seven-coordinate intermedi- 
ates. There is no kinetic or spectroscopic evidence to suggest 
that the seven-coordinate intermediates build up appreciably in 
solution. 

At low or no added chloride all four components, cis- and 
rranr-[Os(tpy)(C1)2(]+ and cis- and trans-[Os(tpy)(Cl>(MeOH)- 
(N)I2+ are present and, as noted above, the kinetics are difficult 
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to interpret. There may be multiple pathways for trans-cis 
isomerization in tr~ns-[Os(tpy)(Cl)MeOH)(N)]~+ as suggested 
by Scheme 1. If direct isomerization of [Os(tpy)(Cl)(MeOH)- 
(N)I2+ plays a role, k4, k-4, it may occur via the seven-coordinate 
intermediates, cis- and tr~ns-[Os(tpy)Cl(MeOH)2(N)]~+. 

With excess chloride, isomerization occurs through the 
dichloro complexes. Under these conditions the experimental 
rate constants kf and k, in Table 3 are related to the constants in 
the Scheme by 

kf = k2K1 ( K ,  = k, /k- , )  

Williams et al. 

k, = k - & , - '  (K6 = kdk-6) 

With this interpretation the experimental rate constants (kf, k,) 
and activation parameters (AH?, AH: and AS?, AS:) are 
composite quantities reflecting both preequilibrium and isomer- 
ization steps. 

In the equilibrium between trans- and cis-[Os(tpy)(Cl)2(N)]+ 
in eq 4, cis is favored entropically (AS" = 88 Jlmol) and 
disfavored enthalpically (AW = 22 kJ/mol). There is evidence 
for significant differences between in- and out-of-plane elec- 
tronic coupling between tpy and nitrido by the differences that 

appear in the patterns of tpy-based JC - n* bands in the near- 
UV region, Figure 2 and Table 1. The lowest energy JC - JC* 
band is shifted ca. 2000 cm-' to higher energy in the trans 
complex. This may arise from differences in x(tpy)-dz-p(N) 
andor &*-n*(tpy) mixing between the in- and out-of-plane 
nitridos. A contribution to the positive A W  for the equilibrium 
may come from a loss of JC electronic coupling in the cis isomer. 

The entropic change should be dominated by solvent. From 
the positive value for ASo it can be inferred that trans - cis 
isomerization results in a decrease in complex-solvent interac- 
tions. This is somewhat surprising since the isomerization is 
accompanied by a decrease in symmetry and, by inference, an 
increase in electrostatic asymmetry. Specific solvent interactions 
with the nitrogen atom of the nitrido may play an important 
role. 
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