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Abstract: The formation of adducts of
the square-planar 16-electron com-
plexes trans-[M(tropp™),]* and cis-
[M(tropp™),]* (M =Rh, Ir; tropp™ =5-
diphenylphosphanyldibenzo[a,d]cyclo-
heptene) with acetonitrile (acn) and
Cl™, and the redox chemistry of these
complexes was investigated by various
physical methods (NMR and UV-visi-
ble spectroscopy, square-wave voltam-
metry), in order to obtain some funda-
mental thermodynamic and kinetic
data for these systems. A trans/cis
isomerization cannot be detected for
[M(tropp™),]* in non-coordinating sol-
vents. However, both isomers are con-
nected through equilibria of the type
trans-[M(tropp™),]* + L=
ML(tropp®™),]"=cis-[M(tropp™),] *
involving five-coordinate intermediates

[ML(tropp™),]" (L=acn, n=+1; L=
Cl~, n=0). Values for K, (K;), that is,
the dissociation (formation) equilibri-
um constant, and k, (k;), that is, the
dissociation (formation) rate constant,
were obtained. The formation reactions
are fast, especially with the trans iso-
mers (k;>1x10°m™'s™"). The reaction
with the sterically more hindered cis
isomers is at least one order of magni-
tude slower. The stability of the five-
coordinate complexes [ML(tropp™),]"
increases with Ir>Rh and CI”>acn.
The dissociation reaction has a pro-
nounced influence on the square-wave
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(SW) voltammograms of trans/cis-[Ir(-
tropp™),]T. With the help of the ther-
modynamic and kinetic data independ-
ently determined by other physical
means, these reactions could be simu-
lated and allowed the setting up of a
reaction sequence. Examination of the
data obtained showed that the trans/cis
isomerization is a process with a low
activation barrier for the four-coordi-
nate 17-electron complexes
[M(tropp™),]° and especially that a dis-
proportionation reaction 2trans/cis-
[M(tropp™),]"—[M(tropp™),]* +
[M(tropp™),]” may be sufficiently fast
to mask the true reactivity of the para-
magnetic species, which are probably
less reactive than their diamagnetic
equilibrium partners.

Introduction

Dr. S. Boulmaéz, Dr. J. Thomaier, Prof. H. Griitzmacher
Department of Chemistry and Applied Biology (D-CHAB)
ETH Honggerberg, Wolfgang-Pauli Str.

8093 Ziirich (Switzerland)

Fax: (+41)1-633-10-32

E-mail: gruetzmacher@inorg.chem.ethz.ch

Dr. M. Mlakar

Center for Marine Research-Zagreb

Rudjer Boskovic¢ Institute, Bijenicka 54

10001 Zagreb (Croatia)

Dr. M. Rudolph

Faculty of Chemistry

Friedrich-Schiller-University of Jena
August Bebel Str. 2, 07743 Jena (Germany)

[b

—

[c

—

Chem. Eur. J. 2004, 10, 641653 DOI: 10.1002/chem.200305116

The syntheses of stable paramagnetic rhodium and iridium
complexes in their formal oxidation state (0) have been re-
ported recently.™ Such d° valence-electron-configured
complexes were not explored in depth previously. In addi-
tion, much of the chemistry of d'°-configured rhodate and
iridate complexes remains to be investigated, even though
these electron-rich compounds have been known for about
35 years.[*'? These four-coordinate 17-electron and 18-elec-
tron complexes merit attention, because they have promis-
ing potential in bond activation chemistry> ! and have
been discussed in the context of the photocatalytic H,O"”!
and HBr!" splitting.
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The ligand systems used to date for the preparation and
isolation of stable M° complexes are 1) 5-diphenylphosphan-
yl-dibenzo[a,d]cycloheptene  (dibenzotropylidene  phos-
phines = tropp®),?! 2) 1,1'-bis(diphenylphosphino)ferrocene
(dppf),*¥  and 3)  3,3'4,4-tetramethylbiphosphinine
(tmbp).Fl. Although electronically quite different, they have
a rigid bidentate metal binding site in common.

Ph,P L2>—PPh,
A== Fe A=

tropp™” dppf tmbp

In previous work!">"! we showed that the 16-electron
[M(tropp™),]* complexes 1-M (M=Rh, Ir) are reversibly
reduced at remarkable low negative potentials in two con-
secutive one-electron transfer steps, to give the neutral para-
magnetic 17-electron [M(tropp™),]® 2-M (M =Rh, Ir), and
the 18-electron ate-complexes [M(tropp™),]~ 3-M (M=Rh,
Ir). For M=1Ir, we investigated various reactions of the com-
plexes 1-Ir, 2-Ir, and 3-Ir, which have different valence elec-
tron configurations, with protic reagents or dihydrogen.”*”

As a result, we obtained the simplified reaction diagram
shown in Scheme 1, in which two electrons (steps a and b)

[Intropp®™)I" === [Irtropp®™)l" === [i(tropp""),I
1-Ir (a) 2-Ir (b) 3-Ir

H H*
-~ © " @)
[IrH,(tropp™),]" (IrH(tropp™™),]

5 (d) 4

Scheme 1. Simplified cycle for H, production with iridium tropp com-
plexes.

and subsequently two protons (stepsc and d) are added
“dropwise”, to finally produce dihydrogen (step e).?!! Reac-
tion e proceeds at room temperature and is remarkable
clean. This cycle includes all chemical steps that are neces-
sary to produce dihydrogen from proton sources by using a
single site catalyst. Note that all complexes shown in
Scheme 1 were isolated and fully structurally characterized.

A key-point for the rational design of such cycles is a
better knowledge of the thermodynamic and kinetic param-
eters which interconnect the participating species. At this
point, an evaluation of the reactivity of the 17-electron com-
plex [Ir(tropp™),]° (2-Ir) was of special interest. We investi-
gated the reaction of 2-Ir with H, or protons and observed,
in both cases, the quantitative formation of the very stable
18-electron monohydride complex [IrH(tropp™),] (4). How-
ever, the 16-electron complexes trans/cis-[Ir(tropp™),]*
(trans/cis-1-Ir) and the 18-electron iridate [Ir(tropp®™),]” (3-
Ir) also react rapidly and exothermically with H, to yield
either the octahedral cationic iridium(m) dihydride [IrH,-
(tropp™),]* (5), which is stable under an atmosphere of H,,
or the monhydride 4, respectively.” Thus it is possible that
the “reactivity” of the 17-electron complexes trans/cis-[Ir-
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(tropp™),]° (2-Ir) is evoked in reality by the diamagnetic
closed-shell species trans/cis-1-Ir and 3-Ir, which may be
present in the equilibrium given in Equation (1), which is
characterized by the disproportionation constant K .

2 trans / cis-[Ir(tropp™),]* = a

trans /cis-[Ir(tropp™),] " + [Ir(tropp™),]~

We show in this paper that a satisfactory answer to this
question can be found by digital simulation of electrochemi-
cal data of a redox system that also includes non-redox equi-
libria. Some of these data were determined independently
by other physical means. The paper is divided into two
parts. In the first part, we investigate the structures and
simple addition reactions of the four-coordinate 16-electron
complexes [M(tropp™),]" (M=Rh, Ir) with donor ligands
such as tetrahydrofuran (thf), acetonitrile (acn), or chloride
by NMR techniques. In the second part we discuss the elec-
trochemistry of the iridium complex [Ir(tropp™),] = (1-Ir).

Results

Molecular structures of [Rh(acn)(tropp™),]"PF,~ (6-Rh)
and [IrCl(tropp™™),] (7-Ir). As this study is concerned with
the formation and dynamics of five-coordinate rhodium-—
and iridum-bis(tropp) complexes, we first discuss briefly the
structures of [Rh(acn)(tropp™),]* (6-Rh) (acn = acetonitrile)
and [IrCl(tropp™),] (7-Ir). Crystallization of the four-coordi-
nate complex trans/cis-[Rh(tropp™),]*PF;~ (1-Rh) from a
concentrated solution in acetonitrile gave a mixture of red
and a few yellow crystals. The red ones contain the trans
isomer of 1-Rh.["! The yellow crystals contain the five-coor-
dinate complex [Rh(acn)(tropp™),]*PF,~ (6-Rh); the result
of the X-ray structure analysis is shown in Figure 1. These
yellow crystals easily decompose, with loss of acetonitrile, to
give a red powder, as soon as they are separated from the
mother liquor. The very high lability of 6-Rh also prevents
its detection by NMR spectroscopy as a stable species in so-
lution (vide infra). Slightly yellow crystals of the iridium
chloro complex 7-Ir were grown from a concentrated solu-
tion in methylene chloride layered with n-hexane. The result
of the X-ray structure analysis of 7-Ir is shown in Figure 2.
Selected bond lengths and angles of both complexes are
given in the figure captions. Details concerning the data col-
lection and refinement for 6-Rh and 7-Ir are compiled in
Table 1.

Both compounds show the expected trigonal-bipyramidal
structure with the two phosphorus atoms occupying the
axial positions and the olefinic units, C=C,,, occupying two
of the equatorial positions. The bond lengths fall mostly
within the typical range observed in comparable five-coordi-
nate Rh! and Ir' complexes™ and compare well with those
in the hydride complex 4.7 The M—C and M—P distances
are similar for both 6-Rh and 7-Ir. The acetonitrile ligand in
6-Rh deviates by about 5.8° from linearity, pointing towards
Pla, and the Rh—N bond is slightly longer than usual Rh—N
single bonds.””! For steric reasons, the C4a=C5a,,, unit
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Figure 1. Top: Molecular structure and numbering scheme of the cation
of [Rh(acn)(tropp™),]* PF,~ (6-Rh). Thermal ellipsoids are drawn at the
40% probability level. The hydrogen atoms and the counter ion (PFg")
are omitted for clarity. Bottom: View along the Pla-Rh-P1b vector. The
connections between the Rh atom and the centroids Ctl and Ct2 of the
coordinated olefins C4a=C5a and C4b=C5b, respectively, and the Rh—N
bond, are shown as solid lines. All atoms are drawn with arbitrary radii.
Selected bond lengths [A] and angles [°] for 6-Rh: Rh—N 2.136(6), Rh—
Pla 2.353(2), Rh—C4a 2.340(6), Rh—C5a 2.283(6), C4a—C5a 1.397(8),
Pla—Cla 1.864(6), Rh—P1b 2.312(2), Rh—C4b 2.141(6), Rh—C5b 2.202(6),
C4b—C5b 1.434(8), P1b—Clb 1.849(6), Rh—Ctl 2.203, Rh—Ct2 2.050,
C4b—C5a 3.138; P1b-Rh-Pla 176.89(7), N-Rh-Pla 91.4(2), N-Rh-P1lb
87.5(2), N-Rh-C4a 79.1(2), N-Rh-C5b 117.0(2), C4b-Rh-C5a 90.3(2);
;(N-Rh-Ctl) 96.4, w,(N-Rh-Ct2) 136.0, Ct1-Rh-Ct2 127.6.

forms a smaller angle with the Rh—N bond (w,;(N—Rh—Ct1)

= 96.4°, Ctl =centroid of the C4a=C5a bond) and has a
longer distance to the rhodium center (Rh—Ctl = 2.203 A),
when compared to the other coordinated olefin bond C4b=
C5by, (Rh—Ct2 = 2.050 A, Ct2=centroid of the C4b=C5b
bond). Correspondingly, the C4a=C5a distance (1.397(8) A)
is shorter than that of C4b=C5b (1.434(8) A). In 7-Ir, both
C=C,,, units are close to the iridium center (Ir—Ctl =
2.041 A, Ir—Ct2 = 2.085 A) and the C=C bonds are elongat-
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Figure 2. Top: Molecular structure and numbering scheme of [IrCl-
(tropp™),] (7-Ir). Thermal ellipsoids are drawn at the 40% probability
level. The hydrogen atoms are omitted for clarity. Bottom: View along
the P1-Ir-P2 vector. The connections between the Ir atom and the cen-
troids Ctl and Ct2 of the coordinated olefins C4=C5 and C31=C32, re-
spectively, and the Ir-Cl bond, are shown as solid lines. All atoms are
drawn with arbitrary radii. Selected bond lengths [A] and angles [°] for
7-Ir: Ir—CI1 2.497(2), Ir—P1 2.321(2), Ir1-C4 2.198(6), Ir1—-C5 2.134(6),
C5—C4 1.454(9), Ir—P2 2.337(2), Ir—C31 2.190(6), Ir—C32 2.217(6), C31—
C32 1.425(9); P1-Ir-P2 177.99(5), P1-Ir-ClI1 87.60(6), P2-Ir-Cl1 92.63(6),
C4-Ir-Cl1 110.6(2), C32-Ir-Cl1 81.7(2), C5-Ir-C31 90.9(2), Ir-Ctl 2.041,
Ir-Ct2 2.085; w,(Cl-Ir-Ct2) 100.4, w,(Cl-Ir-Ct1) 129.9, Ct1-Ir-Ct2 129.6.

ed to >1.42A by metal-to-ligand backbonding. A view
along the P-M-P axis reveals a rather strong deviation from
an ideal trigonal arrangement (i.e., L-M-L angles of 120°) of
the ligands in the equatorial plane towards a so called “Y/
T”-shaped structure.”?! The nitrogen atom in 6-Rh devi-
ates by 14.8°, and the chloride atom in 7-Ir by 19.8°, from
the bisection of the Ct1-M-Ct2 angle (M=Rh, Ir; Ctl2=
centroids of the C=C,,, bonds). In the 18-electron com-
plexes 6-Rh and 7-Ir this distortion certainly has exclusively
steric reasons® and is only detected in the solid state. In
solution, only two sets of signals are observed for the pair-
wise equivalent olefinic protons (see black and white circles
in Scheme 2 below), even at low temperatures.
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Table 1. Crystallographic and refinement details of 6-Rh and 7-Ir. dinate complexes [M(acn)(troppph)2]+ (M=Rh: 6-Rh; M=
compound 6-Rh 71r Ir: 6-Ir) and [MCl(tropp™),] (M=Rh: 7-Rh; M=Ir: 7-Ir)
formula CyHyFNP;Rh  CyyrsH o CIP,Ir (Scheme 2). With the exception of [Rh(acn)(tropp™),]*
crystal size [mm] 0.40x0.06x0.06  0.20x0.10x0.02 (6-Rh), the formation can be easily followed by 'H, *C, *'P,
crystal system monoclinic monoclinic and '"Rh NMR spectroscopy and selected NMR data are
Sp[aAC;’ group 5213{; 5G3) ;)3%/; 6(1) listed in Table 2. The formation of 6-Rh is only indicated in-
a B . . .
b [A] 16.638(4) 9.800(5) directly, as the 'J('®Rh,}P) coupling constant, and the
c[A] 25.905(5) 19.72(1) chemical shift of the olefinic CH=CH,,,,, protons of the trans
Bl 96.59(2) 94.09(1) isomer depend on the acetonitrile concentration and the
A3 . . .
;[A 1 3879(2) 3600(4) temperature (that is, at T=223 K, 6(‘H) is shifted from
s Mgm] 1418 1.490 5.66 ppm in pure CD,Cl, to 436 ppm in a 1:1 mixture of
caled . . .
4 [mm-"] 0510 7102 CD,CL,/CD;CN). Note that the cis-[Rh(tropp™),]* complex
index range 0<h<10 —23<h<23 is not affected either by a variation of the temperature or by
0<k<16 0<k<9 the concentration of acetonitrile. Similiar observations were
26, ] ;023 8§l§24 2 9391 f 19 made when the iridium complexes trans/cis-[Ir(tropp™),]*
T Ei?] 293 293 (trans/cis-1-Ir) were dissolved in THF at T=298 K. Only the
reflections 4572 4561 3P resonance of the trans isomer is broadened, while that of
parameters 609 573 the cis isomer remains sharp.””
;_3081;1 8.32(3)0 (1)'8226 In solution, the olefinic protons and *C nuclei in the four-
ina X . . ohy 1+ 3 ) .
final wR2 (all data) 0.0681 0.1083 coordinate [M(tropp™),]* complexes, 1-Rh and 1-Ir, are iso

max/min residual el. density [eA]  0.587/—0.502 2.293/-0.764 chronous (gray circles in Scheme 2), indicating square-
planar structures on the on average over time. The 'H and

BC resonances of the coordinated olefins in the cis isomers
of 1-Rh and 1-Ir appear at higher frequencies, relative to
the trans isomers; this may be taken as an indication of
weaker M—L backbonding, probably as a result of the
higher trans influence of a P donor relative to an olefin.

Steric congestion may also play a role.?%?)
ky In comparison to the four-coordinate species, the *'P and,
o especially, the 'H and *C NMR resonances, of the five-coor-
by dinate complexes are significantly shifted to lower frequen-
cies, indicating enhanced M —L backbonding. In accordance
L_= vl L_= MeCN with the structures of the five-coordinate complexes (vide
: e -gjﬂﬁh r_;fi:h e supra), .th.e 'H and ®C NMR resonances qf the olefinic C=
ir [ransdoir 6-Ir  7-Ir cis1- Ir Cyop unit in 6-Ir, 7-Rh, and 7-Ir are inequivalent (see black
and white circles in Scheme 2). The protons appear as two
Scheme 2. Formation of five-coordinate tropp complexes 6-M and 7-M multiplets, corresponding to the AA’ and BB’ parts of an
from trans-1-M or cis-1-M (M =R, Ir). Gray circles indicate magnetical- AA'BB’XX’ spin system (XX’ =phosphorus nuclei). Accord-

ly equivalent olefin protons in trans/cis-1-M and black or white circles in-

. . .. 13 .
dicate the non-equivalent protons in 6-M and 7-M. ingly, two multiplets for the olefinic ~C nuclei are observed.

A comparison between the iridium complexes [Ir(L)-
(tropp™),]" (6-Ir: L=acn, n=+1; 7-Ir: L=Cl", n=0; 4-Ir:
L=H", n=0;* 8 L=CO, n=+1:) is instructive: The

NMR studies: In a non-coordi-

nating solvent like methylene

chloride (CH,CL,), the cationic Table 2. Selected '“Rh, *'P, BC, and '"H NMR data. For the rhodium complexes trans/cis-1-Rh and 7-Rh, the
’ 'J("®Rh,*'P) couplings [Hz] are given in parentheses.

four-coordinate complexes

[M(tropp™),]* (M=Rh: 1-Rh solvent T [K] o'P 8"C(olefin) 6'H(olefin) ¢'“Rh

and M=Ir: 1-Ir) with weakly four-coordinate 16-electron complexes

coordinating counteranions like tr'ans-l-Rh CD,Cl, 248 85.8 (131) 85.7 5.66 210

PF.—. BF, CE.SO. ist cis-1-Rh CD,Cl, 248 83.7 (178) 106.1 6.50 —253

6 > Bla, OF LE5U5 -, eXISUppps1i1e CD,Cl, 298 72.8 71.0 5.41

as mixtures of trans and cis iSO-  (is-1-Ir CD,Cl, 298 68.8 87.0 5.86

mers that do not interconvert five-coordinate 18-electron complexes

on the NMR timescale.?! ITn a 61" CD;CN 233 534 48.9,46.5 4.17,3.89

coordinatine solvent like aceto- 7-Rh CD,Cl, 213 81.3 (117) 67.1, 64.9 4.56, 3.90 381
o0 '8 7-Ir CcDCl, 298 48.1 48.7,43.9 4.10, 3.45

nitrile, or in the presence of a  4b) CD,CL, 298 733 36.8, 34.7 3.06,2.73

coordinating anion like Cl™, the 8P CDCl, 298 53.9 61.3, 61.0 4.54,3.62

four-coordinate complexes 1- [a] The synthesis and isolation of 6-Ir was reported in ref. [20], where the exchange-broadened NMR data at
Rh and 1-Ir give the five-coor- 298 K were given. [b] 4=[IrH(tropp™),].*” 8 =[Ir(CO)(tropp™),] *PF, .*"!
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strongly o-donating hydride exptl
ligand in [IrH(tropp™),] (4)
shifts the 'H and >C NMR res-
onances to the lowest frequency
values in this series of iridium
complexes, while the strongly
m-accepting CO does the oppo-
site. The values for the com-
plexes 6-Ir and 7-Ir fall in be-
tween the two extremes marked
by 4 and 8. The data for both 6-
Ir and 7-Ir are very similar and
thus imply similar electronic

properties. 233 K

Dynamic NMR studies: We in-
vestigated the formation and
dissociation of the five-coordi-
nate complexes
[RhCl(tropp™),] (7-Rh), 223K
[Ir(acn)(tropp™),]* (6-Ir), and

[IrCl(tropp™),] (7-Ir) in more

T SRS JMHJ\LJUUL

sim. exptl sim.

S Y S| |

L

V|
detail, by performing line-shape . . y . . . ‘ g
[30] o 85 80 85 80 85 80
analyses (LSA)"" or spin-inver- SC'P)/ppm SC'P)/ppm 5C"P)/ppm 5¢"P)fppm

sion experiments according to
the Forsén-Hoffman magneti-
zation-transfer technique
(FHMT).B®"! We begin our dis-
cussion with the dissociation of
the 18-electron [RhCl(tropp™),]
complex (7-Rh) into the four-
coordinate 16-electron com-
plexes trans-1-Rh [Eq. (2)] and cis-1-Rh [Eq. (3)].At ambi-
ent temperature in CD,Cl,, only one broadened doublet is
observed in the *'P NMR spectrum for 7-Rh. On cooling to
about 253 K this broadens further, then starts to sharpen. At
the same time, two additional doublets appear with low in-
tensity at higher frequencies; these are characteristic of cis-
1-Rh and trans-1-Rh (see Table 2). In order to enhance the
concentration of the cationic species cis-1-Rh and trans-1-
Rh, to allow for a more accurate determination of their con-
centration by integration of the NMR signals, the equilibria
in Equations (2) and (3) were studied in CD,Cl, containing
different amounts of (nBu,N)PF as electrolyte (0.031m,
0.067wm, 0.103M). These experiments also give qualitative in-
formation about the influence of the polarity of the reaction
medium. All species, 7-Rh, trans-1-Rh, and cis-1-Rh are ob-
served directly by NMR spectroscopy and therefore the
data for both equilibria could be obtained.”

[RhCl(tropp™),] = trans-[Rh(tropp™),]* + CI~

(2)
7-Rh trans-1-Rh

[RhCl(tropp™),] = cis-[Rh(tropp™),]" + CI~

A 3)
7-Rh cis-1-Rh

In Figure 3, selected *'P spectra at four different tempera-
tures and two different salt concentrations (0.031m and

Chem. Eur. J. 2004, 10, 641 -653 www.chemeurj.org
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Figure 3. The first and third column shows the experimental 202 MHz *'P{'H} NMR spectra for
[RhCI(tropp™),] in CD,Cl, at four different temperatures. [Rh],,, was 0.10m to which (nBu,N)PF, had been
added in concentrations of 0.031m (left side) and 0.067m (right side), respectively. The second and fourth col-
umns represent the simulations of the experimental spectra to their left using the MEXICO program pack-
age,™ which were used to obtain the thermodynamic and kinetic parameters for the exchange reactions
shown in Equations (2) and (3).

0.067m (nBu,N)PF;) are shown. Beside each experimental
spectrum, the simulated spectrum is displayed, demonstrat-
ing the high quality of the simulation. The effect of the tem-
perature and electrolyte concentration is immediately evi-
dent: raising the temperature and/or salt concentration leads
to increasing amounts of the ionic products. Furthermore,
line broadening, especially for frans-1-Rh and 7-Rh, is ob-
served with increasing temperatures. The equilibrium con-
stant, Ky, and thermodynamic parameters for the dissocia-
tion reactions in equilibria in Equations (2) and (3) are
listed in Table 3.

The dissociation reactions in Equations (2) and (3) are en-
dogonic. Although activation enthalpies and entropies deter-

Table 3. Thermodynamic parameters for the equilibria in Equations (2)
and (3) at T=298 K.

(nBu,N)PE, K2 AGS AH® AS°

[m] [m] [kJmol™] [kImol™] [Imol ' K™
[RhCI(tropp™),]—trans-[Rh(tropp™),]* + Cl~

0.031 1.1x1072 11.2 6.1 -17.0

0.067 22x1072 9.5 59 -12.0

0.103 1.4x107! 4.8 2.6 -7.6

[RhCI(tropp™),]—cis-[Rh(tropp™),]* + CI~

0.031 33x107° 14.1 6.8 —24.4
0.067 7.5%107° 12.1 6.3 —194
0.103 4.4x107* 7.8 2.3 —18.4

—— 645
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mined by NMR methods must be regarded with great
care,¥ our data indicate that the enthalpies (AH°) are
mainly influenced by the polarity of the reaction medium.
As expected for a process in which a neutral compound dis-
sociates into charged species, AH° becomes smaller (less
positive) with increasing polarity of the medium and the dis-
sociation entropies are negative, indicating higher order sol-
vation spheres for the ionic products.

Because the first-order dissociation rate constants (ky),
that is, the forward reactions in Equations (2) and (3), are
better suited for comparison, these were calculated and used
in classical Eyring plots (RIn(kh/k,T) vs. 1/T) to obtain the
activation energy AG*(T) [kImol™'] (see Experimental Sec-
tion for details). As an example, the graph for the dissocia-
tion of the five-coordinate chloro complex 7-Rh into trans-
1-Rh is shown in Figure 4. Note that, in agreement with the

-160
¢ dataset
linear curve fit

170
1804

1901

Rin(khik,T) /
Jmol 'kt ]
2104
-220

-230

-240

T T T T T T T T T T 1
32 34 36 38 40 42 44 46 48 50 52 54
T'710°K™

Figure 4. Eyring plot, RIn(kh/kyT) versus the inverse temperature 7',
giving AG"=50.3kImol™"' for the dissociation of [RhCl(tropp™),] to
trans-[Rh(tropp™),]* [Eq. (2)].

assumption that this process obeys a first-order rate law
and, hence, k, is independent of the concentration of [7-
Rh], the data for the three different electrolyte concentra-
tions fall onto one line.

The dissociation of 7-Rh to the cis-configured cation is
more strongly endogonic than that to the trans isomer. An
evaluation of the data shows that 7-Rh dissociates about
40 times slower to the cis complex than to the trans complex
(see entries 1 and 2 in Table 4). Hence, the finding that the
NMR signals for cis-1-Rh remain significantly sharper at all
temperatures and electrolyte concentrations is due to the
fact that the equilibrium reactions in Equation (3) are one
order of magnitude slower than those in Equation (2).

The higher activation barrier for cis-1-Rh [A(AG® . _uns) =
7.8 kJmol '] is probably due to the fact that, apart from
Rh—CI bond rupture, a considerable rearrangement of the
ligand sphere, that is, a type of Turnstile rotation, must also
occur. On the other hand, the formation of trans-1-Rh is
pre-organized in the structure of 7-Rh.

Within experimental error, the same rate constants k; and
activation energies AG* as discussed before were obtained
from the resonances of the benzylic protons at the 5-position
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Table 4. Dissociation rate constants k; and activation energies AG*(T)
for equilibria (2)—(6).

Eq. T kq AG* Method
K] [s™] [kJ mol ]t
1 2) 295 ~8640 50.3 LSAM
2 3) 295 ~238 58.1 LSADI
3 (4) 298 5lel 69.8 SI (FHMT)!
4 5) 298 8 67.7 LSAM
5 (6) 298 3700 53.1 LSAl

[a] The activation energies were obtained from Eyring plots [RIn(kh/
kgT) vs. 1/T] (see Figure 4 for an example). [b] The *'P NMR resonances
(Figure 3) were used in line shape analyses (LSA) using the MEXICO
program package for the determination of k, at different temperatures.
[c] Spin inversion (SI) *'P NMR experiments [Forsén-Hoffman type mag-
netization transfer (FHMT)] were performed, and the resulting points
fitted with the CIFIT program package to determine the rate constant
for the ligand exchange reaction in Equation (4) (Figure 5). [d] The ole-
finic CH=CH,,,, 'H NMR resonances (Figure 6) were used in line shape
analyses (LSA) using the MEXICO program package for the determina-
tion of k, at different temperatures.

of the dibenzo[a,d]cycloheptene instead of the *'P resonan-
ces in an LSA. As the resonances of the olefinic protons in
the CH=CH,,, units are very broad and overlap, they
cannot be used in a simulation. However, a qualitative in-
spection of the line shape reveals that a process with a rate
constant approximately ten times larger (i.e., the AG* for
this process is about 6 kImol™' lower in energy) leads to an
equilibration of these signals. This finding is incompatible
with the assumption that the exchange between the olefinic
protons occurs solely by a simple unimolecular dissociation
process in which the dissociated solvated chloride ion adds
rapidly either from the front or back side of the four-coordi-
nate product complexes trans/cis-1-Rh. A second process
(process A), including complete dissociation of one C=C,,
unit in 7-Rh and flipping of one tropp ligand from one side
to the other, may be responsible for this phenomenon. Al-
ternatively, a close ion pair {[Rh(tropp’™),]*Cl"} may be
formed in a pre-equilibrium (process B)
[RhCl(tropp™),]={[Rh(tropp™™),]*Cl"} before the dissocia-
tion of the chloro ligand is completely accomplished.
Since the “chloride” in such an ion pair should be very
mobile, positional exchange of the olefin protons with a
smaller barrier than that for dissociation may occur. Our
data do not allow us to distinguish between these two possi-
bilities with certainty. However, in view of the considerable
steric crowding (see Figures 1 and 2) and the finding that
the dissociation giving cis-1-Rh requires a comparable reor-
ganization of the ligand sphere that actually has a higher ac-
tivation barrier, leads us to favor the close-ion-pair forma-
tion, that is, process B.

A solution of the five-coordinate iridium complex [IrCl-
(tropp™),] (7-Ir) in CD,Cl, shows sharp *'P and 'H NMR
signals at all temperatures between T=223 K and 318 K
and no dynamic phenomenon is observed. Hence, the disso-
ciation into the four-coordinate ions trans- and cis-[Ir-
(tropp™),]* (trans/cis-1-Ir) and Cl~ cannot be observed di-
rectly by NMR spectroscopy. Therefore the ligand exchange
reaction [Eq. (4)] between the chloro complex 7-Ir and ace-
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tonitrile complex 6-Ir was investigated in CH,Cl, containing
various amounts of acetonitrile.

[IrCl(tropp™),] + acn = [Ir(acn)(tropp™),]* + CI

7-Ir 6-Ir @

It is assumed that this reaction proceeds stepwise through
the dissociation of the chloro complex 7-Ir into the cationic
complexes trans/cis-[Ir(tropp™),]T [Eq. (5)], which subse-
quently react with acetonitrile to give 6-Ir. The equilibrium
constant K, of the ligand exchange reaction [Eq. (4)] was
measured at various temperatures and a van’t-Hoff plot
(—RInK,® vs. 1/T) gave AH°=-26.1kImol™" and AS°=
—116.8 Jmol'K~'. Although the data must again be inter-
preted with care,”” they indicate that the cationic acetoni-
trile complex 6-Ir may be enthalpically favored, but a nega-
tive entropy makes the substitution in Equation (4) endo-
gonic (AG°=8.7kJmol™! at T=298 K) and stabilizes the
chloro-complex 7-Ir.

[IrCl(tropp™),] = trans/cis-[Ir(tropp™),]" + CI~ )

7-Ir trans /cis-1-Ir

A UV-visible titration of a solution of the four-coordinate
complexes trans/cis-[Ir(tropp™),]* (trans/cis-1-Ir) in CH,Cl,
with acetonitrile furnishes the formation equilibrium con-
stant, K®=626m", for the reaction given in Equation (6).
The equilibrium constant, K%, and the free reaction energy
AGj for the dissociation reaction [Eq.(5)] of the iridium
chloro complex can then be calculated according to K,®=
KWIK®=0.0337/626=58x10"M at T=298K (AGS=
24 kJmol™"). These data show that the five-coordinate iridi-
um complex 7-Ir is considerably more stable than the analo-
gous rhodium complex 7-Rh (c.f. AGS ~4.8-14.1 kImol™' in
Table 3).

trans /cis-[Ir(tropp™),]" + acn = [Ir(acn)(tropp™),]"

(6)

trans /cis-1-Ir 6-Ir

The exchange rate for the ligand exchange reaction in
Equation (4) is comparable with the spin-lattice relaxation
time 7). As a consequence, the line broadening is too small
to allow a LSA to give sufficiently exact data. Therefore, a
spin-inversion experiment was performed in which the
*'P NMR signal of the chloro complex 7-Ir was inverted by
a selective 180° pulse. Because 7-Ir and 6-Ir are exchange-
coupled, the inversion affects the *'P NMR signal intensity
of 6-Ir. The time to recover to the equilibrium state is de-
pendent on T; and the exchange rate k. This process was fol-
lowed by measuring the magnetization of the sample after
spin inversion at various time intervals (Forsén—Hoffman
magnetization transfer technique (FHMT)F'). Two typical
curves at temperatures 7=293 K and T=313 K are shown
in Figure 5. The rate constants (k.), as a function of tem-
perature, for the forward reaction [IrCl(tropp™),] (7-Ir) +
acn—[Ir(acn)(tropp™),]* (6-Ir)+Cl~ were obtained by
curve fitting with the CIFIT program package and used to
determine (Eyring plot) the free activation energy AG*=
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Figure 5. Monitored experimental intensities, open and filled circles for
the resonances of [IrCl(tropp™),] (inverted) and [Ir(acn)(tropp™),]", re-
spectively, from the 202 MHz *'P {'H} magnetization transfer experiments
for the ligand exchange process described in Equation (4) at 293 K (left)
and 313 K (right). The biexponential curves drawn represent the fits as
obtained from the CIFIT program package,” giving exchange rates of
2.6s"and 15.2 57" at 293 K and 313 K, respectively.

69.8 kJmol™" (Table 4). It is assumed that the dissociation of
the chloro complex 7-Ir is the rate-determining step in
Equation (4) and that the observed rate constant (k)
equals the rate constant k), of the dissociation to the four-co-
ordinate complexes trans/cis-[Ir(tropp™),]* (trans/cis-1-Ir).
The dissociation into both isomers cannot be separately ob-
served, but we assume that k,=ky(trans) + ky(cis) =~
kqy(trans), as kq(cis) <kq(trans) (see the discussion of the
analogous rhodium complexes and of the [Ir(thf)(tropp™),]
complex above and in the footnotes).””) That these square-
planar complexes are very likely the intermediates in the
ligand displacement reactions, indeed, is indirectly indicated
by the exchange of the diastereotopic olefinic proton reso-
nances in 7-Ir and 6-Ir (see the white and black circles in
Scheme 2) that is observed in the '"H NMR spectra. This ob-
servation requires either an intermediate with a mirror
plane to participate in the equilibrium in Equation (4) or a
highly fluxional behavior of the five-coordinate species
[IrL(tropp™),]. While the latter possibility could not be
ruled out for the rhodium complexes discussed above, we
exclude this possibility for the iridium complexes, because,
as mentioned above, [IrCl(tropp™),] (as well as [IrH-
(tropp™),]™®) shows sharp and well-resolved NMR signals
in the absence of a coordinating solvent, indicating the in-
tegrity and non-fluxional behavior of these compounds.

In Figure 6, the signals for the CH=CH,,,, protons in the
'"H NMR spectra for the chloro (7-Ir) and acetonitrile (6-Ir)
complexes are displayed at various temperatures. On the
right hand side the simulated spectra are shown, again dem-
onstrating the excellent fit with the experimental data.
While separated multiplets are observed for 7-Ir up to
318 K, those for the acetonitrile complex are observed as an
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Figure 6. Experimental and simulated (using the MEXICO program
package”!) 500 MHz variable temperature "H NMR spectra of a mixture
of [IrCl(tropp™),] and [Ir(acn)(tropp™),]*. Three dynamic process are
distinguishable: i) slow exchange, on the NMR timescale, of the diaster-
eotopic olefinic protons in [IrCl(tropp™),] (7-Ir); ii) fast exchange of the
same type of protons in [Ir(acn)(tropp™),]* (6-Ir); and iii) exchange be-
tween these two complexes according to Equation (4).

averaged signal (broadened resonance at 6=4.4 ppm) due
to more rapid exchange. Quantitative kinetic data for the re-
action 7-Ir —trans/cis-1-Ir+ C1~ [forward reaction in Eq. (5)]
and 6-Ir —trans/cis-1-Ir+acn [backward reaction in Eq. (6)]
were obtained by line shape analyses and Eyring plots, and
these are listed in Table 4. Clearly, the activation energies
for the processes in Equations (4) (AG*=69.8 kImol ') and
(5) (AG*=67.7kIJmol™") are very similar. The dissociation
barrier for the acetonitrile complex in Equation (6) is much
lower (AG*=53.1 kJmol™"). With the dissociation rate con-
stant (3.7x10°s7!, see Table 4, entry 5) and the equilibrium
constant, K(®=626M"", the rate constant for the formation
of the iridium acetonitrile complex 6-Ir is calculated accord-
ing to k;=K{® xk;=2.3x10°M's™". This rate constant is six
orders of magnitude larger than the rate constant for the
dissociation of the chloro complex, which is the rate-deter-
mining step in the ligand exchange reaction [Eq. (4)], as we
assumed.

Electrochemical Investigations

With these thermodynamic and kinetic data at hand, we
looked in more detail at the electrochemistry of the
[M(tropp™),]* complexes (M=Rh, Ir). Orsini and Geiger
showed recently, on a related system, that electrochemical
techniques are a powerful tool for the determination of fun-
damental thermodynamic and kinetic data in ligand dis-
placement reactions, provided that one of the species partic-
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ipating in the equilibrium is electroactive.® Under our con-
ditions, we find that donor solvents like THF or acetonitrile
have no measurable effect on the electrochemical response
in cyclic voltammograms (CVs) of [Rh(tropp®™),]* (trans/
cis-1-Rh). In all cases the already known!!! two quasi-reversi-
ble redox waves were observed. However, the CVs of the
analogous iridium complexes [Ir(tropp™),]* (trans/cis-1-Ir)
are solvent dependent.?

We used square-wave voltammetry to benefit from the
high immunity of this method towards charging currents
when fitting a large number of experimental voltammo-
grams to simulated ones without the need to correct the
background currents in the experimental data. One of us
(M.R.) especially extended the available DIGISIM program
suite® to allow the digital data simulation of SW voltam-
mograms and the theoretical background is given in refer-
ence [37]. In Scheme 3, the possible pathways [Egs. (6)-
(11)] that interconnect the iridium—tropp complexes d°
transicis-1-Ir, d° transicis-2-Ir, and d'° 3-Ir with various
formal metal oxidation states are presented. The predomi-
nant reactions [Egs. (6), (7), (8), (9") and (10)] are highlight-
ed by black arrows. The thermodynamic and kinetic data as
determined by the methods discussed above are also includ-
ed. The rate and equilibrium constants for the reaction of
trans/cis-1-Ir with acetonitrile [Eq. (6)] were estimated as
described above in this work. The equilibrium constant K
for the trans=cis isomerization [Eq. (8)] of the paramagnetic
d&’-[Ir(tropp™),] complexes stems from temperature-depend-
ent recorded EPR spectra.['”) Importantly, the equilibrium in
Equation (10) was included in the mechanism which was
used for the simulation. The thermodynamic data for this
process, that is, the equilibrium constants for the sympropor-
tionation, K, =e "RDAE—-37%x10% and disproportiona-

ymp —
tion reactions, K :1/Ksymp:2.7><10’5, are easily deduced

dis
from the potentiallj difference AE=E*>—E°'=-027V for
the two redox processes given by Equations (7) (E°'=
—0.65 V) and (9) (E°*=-0.92 V).

Figure 7 compares experimental (solid lines) square-wave
(SW) voltammograms of trans/cis-[Ir(tropp™),]|* (trans/cis-1-
Ir) with simulated ones (open circles) computed on the basis
of the set of reactions depicted in Scheme 3 by using the
simulation algorithm described in reference [37]. The meas-
urements were taken either in CH,Cl, (A) or CH,CI, con-
taining different amounts of acetonitrile [(B) 0.0375m, (C)
0.17m, (D) 0.73M]. In the absence of acetonitrile, the volt-
ammograms of trans/cis-[Ir(tropp™),|* (transicis-1-Ir) in
CH,CI, solution exhibit two one-electron reduction steps
(Figure 7A). The first one is almost diffusion controlled and
the rate constant of the charge-transfer reaction amounts to
about 0.2 cms™'. The second charge-transfer reaction is not
diffusion controlled at high square frequencies and the
height of the second square-wave peak decreases with in-
creasingly high square-wave frequencies. The dependence of
the peak height on the square-wave frequency is in agree-
ment with the assumption that the first wave originates from
the reduction of trans-[Ir(tropp™),]*, the major component
of the 16-electron complexes trans/cis-1-Ir [Eq.(7) in
Scheme 3], while the second one results from the reduction
of the 17-electron complex cis-[Ir(tropp™),]® (cis-2-Ir)
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Scheme 3. Reaction diagram indicating the equilibria and redox reactions
that connect the four- and five-coordinate iridium complexes in various
formal oxidation states. The major reaction pathways are indicated by
black arrows.

[Eq. (9') in Scheme 3]. The finite speed of the trans—cis con-
version [Eq. (8) in Scheme 3] at the stage of the 17-electron
complexes, that is, from trans-[Ir(tropp™),]° (formed in the
reduction step from trans-[Ir(tropp™),]*) to cis-[Ir-
(tropp®™),]°, causes the second peak to become smaller with
increasing square-wave frequency. This picture is completely
reversed in the presence of acetonitrile. As can be seen in
Figure 7B-D, the first peak becomes increasingly small with
increasing acetonitrile concentration and/or increasing
square-wave frequency. This behavior can be explained by
the formation of the adduct [Ir(acn)(tropp™),]* (6-Ir),
which is not reducible in the potential range shown in
Figure 7 and is only formed by the cationic [Ir(tropp®™),]*
complexes. The reduced, neutral [Ir(tropp™),]° species do
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not form stable adducts (vide infra). At high acetonitrile
concentrations (Figure 7D) the current of the first wave is
mostly governed by the rate of the dissociation reaction
[Eq. (6)] of the acetonitrile adduct and therefore almost in-
dependent of the square-wave frequency.

It is noteworthy that the shoulder that appears in the
square-wave voltammograms at high acetonitrile concentra-
tions (see Figure 7D) and low square-wave frequencies at
about —0.85 V is not related to the formation of an addition-
al species. However, the observation of such a shoulder is in
perfect agreement with the simulated curves if a homoge-
neous electron transfer [Eq. (10)] is assumed to proceed be-
tween the fully reduced 18-electron anionic species 3-Ir dif-
fusing away from the electrode and the cationic 16-electron
species trans/cis-1-Ir diffusing to the electrode surface. The
computed equilibrium and rate constants for the reactions
in Equations (6), (8), and (10) are compiled in Table 5.

Table 5. Simulated thermodynamic and kinetic data from square-wave
voltammograms of trans/cis-[Ir(tropp™),]* (transicis-1-Ir) at T=298 K.
“f” indicates the forward and “b” the backward reaction of the given
equilibria in Equations (6), (8), and (10) in Scheme 3.

Equation K k¢ k;,

6) 620-520 M']  (3.6-2.5)x10° [M's7!]  (5.8-4.8)x10° [s]
8) ~1 ~1x10* [s7] ~1x10* [s7]

(10) ~3.7x10* ~5x10° [m's] ~1.4x10* [m s

For the reaction in Equation (6), K corresponds to the
equilibrium constant for the formation, k; to the rate con-
stant for the formation, and k,=k, to the rate constant for
dissociation of the five-coordinate acetonitrile complex
[Ir(acn)(tropp™),]* (6-Ir). These data agree very satisfacto-
rily with the values independently determined by the UV-
visible and NMR experiments (see Scheme 3). With the
equilibrium constant K;~1 (EPR measurements)!"] for the
trans/cis isomerization [Eq. (8)] of the 17-electron complexes
[Ir(tropp™),]" (2-Ir), the simulation gives the rate constant
ke=k,=k,~1x10*s7". This rather fast process indicates that
the energy difference between the distorted square-planar
and a more tetrahedral transition-state structure is small for
four-coordinate rhodium(o) and iridium(o) complexes.

Due to the good agreement between the equilibrium and
rate constants determined by different physical methods, the
data for the symproportionation/disproportionation reaction
[Eq. (10)] can also be regarded with some confidence. A
rate constant k= ky,mo=5x10°M's™! is obtained. With the
equilibrium constant K, =2.7x 1075, the rate constant k, =
Kaisp = (Knomo X Kaisp) =1.4x10*m's™! for the reverse dispro-
portionation reaction is calculated. Although this reaction is
four orders of magnitude slower than ki, it is sufficiently
fast to support the idea that the paramagnetic 17-electron
complexes [Ir(tropp™),]° are not directly involved in the re-
actions with hydrogen or protons, as is shown in Scheme 1.
Instead the closed-shell species participating in the redox
equilibrium in Equation (10) are the truly reactive species.
A similar conclusion, that is, that d>-[ML,]° complexes (M =
Rh, L=Ph,P(CH,),PPh,=dppe) might be quite unreactive,
has indeed been drawn by Eisenberg et al. some time ago.F"!
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Figure 7. Comparison of measured (—) and calculated (0 0 0 0 0)
square-wave (SW) voltammograms of trans/cis-[Ir(tropp™),]* (trans/cis-
1-Ir): A) SW voltammograms in CH,Cl, showing forward and backward
scans at square-wave frequencies of 12, 50, 100, 200, 400, 800, 1500, 3000
and 4800 Hz; B)SW voltammograms in CH,Cl, containing
0.0375 mol L™ acetonitrile; C) SW voltammograms in CH,Cl, containing
0.17 molL ™! acetonitrile; and D) SW voltammograms in CH,Cl, contain-
ing 0.73 molL™" acetonitrile. The square-wave frequencies in B)-D) were
25, 100, 200, 350 and 700 Hz. The curve obtained with the lowest fre-
quency is indicated as (e @ ® ®).

Finally, we refer briefly to the irreversible process (EC
mechanism) given in Equation (11) in Scheme 3. Although
our experiments do not allow the determination of any
exact data, the good fit of the square-wave simulations indi-
cate that any 19-electron neutral complex [Ir(acn)-
(tropp™),]° (9-Ir) eventually formed must be very unstable,
that is, the interaction of the paramagnetic complexes trans/
cis-[Ir(tropp™),]” (2-Ir) with acn is very slow or the dissocia-
tion of 9-Ir is fast (k4>10*s™").

Conclusion

The tropp ligand system is very rigid®? (the only flexible
groups are the P-bonded phenyl rings) and, in particular,
the rotation of the coordinated olefinic units is blocked. The
olefinic NMR resonances can thus be used to readily distin-
guish between organometallic species in which these protons
are related by mirror symmetry and those in which this
mirror symmetry is broken. In this work, we used this prop-
erty to investigate the formation of 18-electron five-coordi-
nate [ML(tropp™),] complexes by reaction of small simple
donors (ClI™ or acetonitrile) with four-coordinate 16-electron
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complexes trans/cis-[M(tropp™),]*. These results were help-
ful in elucidating some important thermodynamic and kinet-
ic relationships between iridium tropp complexes with 16-,
17-, and 18-valence-electron configurations. The following
conclusions can be drawn:

1) Small donors react rapidly with the four-coordinate 16-
electron complexes trans/cis-[M(tropp™),]* (1-M; M=
Rh, Ir) to give five-coordinate 18-electron complexes.
The second-order rate constants for the formation of the
chloro complexes [MCl(tropp™),] (7-M; M=Rh, Ir)
from the trans isomers of the [M(tropp™),]* ions are
slightly faster for rhodium (k;~8x10°mM's™') than for
iridium (1x10°m~'s™)." The formation of the acetoni-
trile complexes [M(acn)(tropp™),]* is even faster and
could only be estimated for 6-Ir (k;~3x10°m~'s™!). The
significantly larger rates for the formation and dissocia-
tion of the corresponding rhodium complexes impeded
their observation by electrochemical methods under our
conditions. The cis-[M(tropp®™),]* complexes react sig-
nificantly slower than the trans isomers; this was demon-
strated for the rhodium-tropp complexes. This finding is
in agreement with our previous assumption that the cis
isomers are sterically more congested, which also causes
stronger structural distortions. As expected, the five-co-
ordinate iridium complexes are considerably more stable
than the rhodium analogues, that is, the first-order disso-
ciation rate constant k, is at least two orders of magni-
tude smaller for the chloro complexes [MCl(tropp™),]
for M=Ir (kg~8s™') than for M=Rh (k;>2x10?s").
The acetonitrile complexes [M(acn)(tropp™),]* are sig-
nificantly more labile; this was specifically shown for
[Ir(acn)(tropp®™),]* (6-Ir), which dissociates three orders
of magnitude faster (ky>3.7x10°s™") than the corre-
sponding chloro complex 7-Ir. The analyses of the
DNMR of the compounds [MCl(tropp™),] hints at the
formation of close ion pairs as first intermediates on the
dissociation pathways. Ion pairs are increasingly recog-
nized as being important intermediates in many organo-
metallic transformations.”!! Although our findings are
very preliminary and certainly must await substantiation,
they indicate that these are more stable for rhodium
than for iridium complexes.”

2) The 16-electron complexes trans/cis-[M(tropp™),]" (1-
M) do not isomerize in a weakly coordinating solvent.
The isomerization of the 17-electron species
[M(tropp™),]° (2-M), however, turns out to be quite fast
(=~ 1x10*s™"), as was demonstrated for M=Ir. This be-
havior is expected for four-coordinate d’-configured
complexes;[43] however, to our knowledge has been genu-
inely demonstrated here for the first time. Interestingly,
the four-coordinate anionic 18-electron complexes
[M(tropp™),]~, with a d'° configuration at the metal
center, are rigid on the NMR timescale and, in solution,
adopt a distorted tetrahedral structure, which is observed
in the solid state (see the formula for 3-Ir in
Scheme 3).[11%1]

3) Most importantly with respect to the reactivity of 17-
electron [ML,] complexes, the homogeneous electron

www.chemeurj.org Chem. Eur. J. 2004, 10, 641 -653


www.chemeurj.org

Thermodynamic and kinetic studies of reactions of ML, complexes

641-653

transfer between the 16-electron complexes trans/cis-[Ir-
(tropp™),]* (1-Ir) and 18-electron complexes [Ir-
(tropp™),]” (3-Ir) is fast (=5x10°m~'s™!). It is likely that
the close structural resemblance between the [Ir-
(tropp®™),]" complexes in their various oxidation states is
the reason for this. Furthermore, the first and second
redox potential is only separated by about 270 mV in
CH,(l, as solvent. Consequently the disproportionation
of the paramagnetic species [M(tropp™),]° (2-M) into
the diamagnetic complexes 1-M and 3-M (M =Rh, Ir)
proceeds rapidly; this supports the idea that the last are
actually involved in the reactions investigated so far. Al-
though this could only be demonstrated for M=Ir
(kgip~1x10"M""'s™"), we assume that the properties of
the rhodium complexes are not much different. As a
consequence of these findings, one must either search
for systems where the two redox potentials are widely
separated (i.e., E°>—E°'>-500mV) or the homoge-
neous electron-transfer rate constant kg, is small, in
order to unambiguously investigate the reactivity of para-
magnetic 17-electron [ML,]° complexes. Not unexpected-
ly, simple donors like acetonitrile are reluctant to inter-
act with [M(tropp™),]°, that is, the resulting 19-electron
complexes are unstable.

4) Except for the cis/trans equilibrium constant for the par-
amagnetic iridium(o) complexes, which could not be ob-
tained with sufficient accuracy by the simulations and
was determined by EPR spectroscopy, the given equilib-
rium and rate constants reported in this paper have
been found by fitting the experimental square-wave volt-
ammograms. The independently determined data from
NMR and UV-visible techniques were obtained in order
to attach further confidence to the values found by the
electrochemical methods. As such, the results presented
here give another example of how electrochemical tech-
niques may be applied as a very valuable tool for study-
ing fundamental problems in the reactivity of organome-
tallic complexes.*"

Experimental Section

Materials and solutions: All complexes reported in this work were pre-
pared according to already published procedures."*?" Temperature-de-
pendent NMR spectroscopic investigations on the five-coordinate com-
plex [RhCl(tropp™),] (7-Rh) were performed with a 0.1m solution of 7-
Rh (57.0 mg, 0.051 mmol) in CD,Cl, (0.5 mL, microsyringe). Three inde-
pendent datasets A-C (temperature range: 313-203 K; 7 increment:
10 K) were recorded, each with a different amount of (nBu,N)PF, elec-
trolyte (A: 6.0mg, 0.031m; B: 13.0 mg, 0.067m; C: 20.0 mg, 0.103m),
which was added in solid form to the solution of 7-Rh in CD,Cl,. For the
NMR spectroscopic investigations of the corresponding iridium system
(7-Ir/6-Ir) a 0.026M solution of 7-Ir (16.0 mg, 0.013 mmol) in CD,Cl,/
CD;CN (0.25 mL each, microsyringe) was prepared. NMR spectra were
recorded in a temperature range of 323-255 K (7 increment: 5 K)

NMR measurements: NMR spectra were recorded using Bruker Avance
instruments operating at '"H Larmor frequencies of 500, 400, 300, and
250 MHz, and are referenced to £=3.16 MHz, 85% H;PO,, and TMS
for '®Rh, *'P and "C and 'H, respectively. The temperature was control-
led by a Bruker BVT 3000 digital unit and temperatures read from the
unit were corrected by substituting the sample tube for one containing a
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platinum Pt-100 resistor. Magnetization transfer experiments were per-
formed by using the selective inversion-exchange/recovery monitoring
scheme according to the literature.*”! Selective inversion of one reso-
nance in the *'P {'"H} NMR spectrum was achieved using Gaussian-
shaped pulses of 10 ms duration.

Simulation programs: Line-shape simulations were performed with the
MEXICO program package,*” while the CIFIT program package® was
used for fitting the monitored data of the magnetization transfer experi-
ments. Within experimental error, a constant value was found for the dis-
sociation rate constant, k4, independent of the concentration of the five-
coordinate complexes. This shows that the dissociation was a first-order
kinetic process. The second-order formation rate constants, k;, were cal-
culated using the appropriate equilibrium constants. Eyring plots were
analyzed using the Microsoft Excel program. The different kinds of infor-
mation which are discussed in the main body of the text above were de-
duced from activation parameters, in particular from the activation ener-
gies AG*(T). In order to allow a meaningful mechanistic discussion it was
necessary to make correct assessments of the error limits of the respec-
tive parameters. These limits depended on the errors in the primary data,
that is, the rate constants and temperatures. We obtained the variance
and relative error in AG" as a function of the errors in k and T by apply-
ing the following equation [Eq. (12)]** to our data:

1

2 A
ks 2
AAG (12)
AG

kg T
In{ 3¢

Insertion of reasonable values for AT and Ak show that AG* was not ex-
cessively sensitive to errors in the primary variables. Assuming the maxi-
mum error in the temperature measurement to be about A7=~1 K and an
error in the simulations to determine the individual rate constants to be
approximately Ak2210 to 20 %, the AG” values for a given dataset were
more or less invariant and a significant change occured only in the
second fractional part. Therefore all AG* values are given with the first
decimal place.

Electrochemical measurements: Square-wave voltammetric measure-
ments were conducted by a three-electrode technique by means of a
home-built computer-controlled instrument based on the PCI MIO-16E1
data acquisition board (National Instruments). The experiments were
performed in methylene chloride containing 0.5M tetra-n-butylammoni-
um perchlorate under a blanket of solvent-saturated argon. The ohmic
resistance, which had to be compensated for, was determined by measur-
ing the impedance of the system at potentials where the faradaic current
was negligibly small. A square-wave signal with an amplitude of 25 mV
and potential steps of 5mV were used in all experiments. The square-
wave frequency was varied between 10 and 5000 Hz. Because of the high
immunity of the square-wave method towards charging currents, a cor-
rection for background currents was not necessary for the frequency
range mentioned above.

The reference electrode was an aqueous Ag/AgCl electrode connected to
the cell through a Luggin-capillary filled with acetone containing 0.5M
tetra-n-butylammonium perchlorate. The potential of this reference
system was calibrated by measuring the potential of the ferrocenium/fer-
rocene couple at the end of each experiment. The working electrode was
a hanging mercury drop (myg.q0p~3.9 mg) produced by the CGME in-
strument (Bioanalytical Systems, West Lafayette, USA) and a platinum
wire served as auxiliary electrode.

The evaluation of thermodynamic and kinetic parameters was done by
fitting square-wave voltammograms simulated on the basis of the reac-
tions depicted in Scheme 3 to the experimental ones, assuming that the
charge-transfer coefficients a were equal to 0.5 for each charge-transfer
reaction. The details of the square-wave simulations have been described
in reference [36]. The algorithm was implemented in a particular version
of the DigiSim simulation program.®’!

Crystal structure determination: CCDC-215523 (6-Rh) and CCDC-
154346 (7-Ir) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
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