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Procedures are given for the preparations of fac-[Ir(tacn)(H,0);](CF;S0,),, fac-
[Ir(tacn)(CF;S0;);] and [Ir(tacn),]Cl;-!/2HCI-4H,O (tacn = 1,4,7-triazacyclo-
nonane). The concentration acidity constants of fac-[Ir(tacn)(H,0);]** were de-
termined (25°C, 1.0 M NaClO,), [pK,,=5.912(10), pK,,=7.658(14) and
pK,3=9.319(17)]. The crystal structure of [Ir(tacn),]Cl;-'/2ZHCI-4H,O was de-
termined by single-crystal X-ray diffraction (Trigonal, R32, hexagonal axes,

a=8.043(2), c=31.821(9) A, Z=13).

The past three decades have seen an increasing interest
in compounds of macrocyclic poly-aza ligands such as
1,4,7-triazacyclononane (tacn), which are known to form
thermodynamically stable and kinetically inert com-
plexes. The ligand tacn has been coordinated to most of
the first-row transition metals, several of the second- and
third-row transition metals and main-group metals; their
chemistry has been thoroughly investigated by several au-
thors and notably described by Wieghardt er al. (Ref. 1
and references therein).

In contrast to publications on other metals, the number
of papers concerning macrocyclic amine complexes of iri-
dium(I1I) is rather limited; one reason for this may origi-
nate in problems in preparative chemistry.

The kinetic inertia of iridium(III) compounds is, in ad-
dition to their tendency toward reduction to iridium
metal, a complicating feature in their preparative chem-
istry. The syntheses of a(m)mine complexes®™> of irid-
ium(III) require rather harsh conditions, i.e. high tem-
peratures and prolonged reaction times. However, for
reactions with cyclic amines this causes a problem, since
cyclic amines tend to reduce IrCl;-aq to metal at elevated
temperatures. In the preparation of iridium(III) com-
plexes with the saturated macrocylic amines 1,4,8,11-
tetraazacyclotetradecane® (cyclam) and 1,4,7-triaza-
cyclononane’ (tacn), the use of starting compounds other
than IrCl;-aq and K,IrCl, has been introduced.

* To whom correspondence should be addressed.
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In the present paper, which is a continuation of
the synthesis and crystal structure determination of fac-
[Ir(tacn)Cl,] published earlier,’ we report the prep-
aration, isolation and characterization of fac-
[Ir(tacn)(H,0);(CF;S0,),, fac-[Ir(tacn)(CF;S0;),] and
[Ir(tacn),]Cl;-'/2HCI-4H,0, and the crystal structure of
{Ir(tacn),]Cl;-!/2HCI-4H,0.

Experimental

Materials. The preparation of fac-[Ir(tacn)Cl;] has been
described previously.” 1,4,7-Triazacyclononane trihydro-
chloride (tacn-3HCI) and Ag,CO; were prepared accord-
ing to the literature.>® Stock solution A, containing
1.00 M AgCF;SO; in 3.5 M CF,;SO;H, was made by
dissolving 13.79 g of Ag,CO, (50.0 mmol) in 100 ml of
45 M CF,SO;H, and stock solution B, containing
0.50 M Hg(CF;S0;), in 3.5 M CF;SO;H, was made by
dissolving 10.83 g of HgO (50.0 mmol) in 100 ml of 4.5 M
CF;SO;H. All other chemicals were of analytical or re-
agent grade and were used without further purification.

Instrumentation. Absorption spectra were recorded on a
Perkin-Elmer Lambda 17 spectrophotometer. '"H NMR
and "*C NMR spectre were recorded on a Bruker MSL-
300 spectrometer in D,O or DMSO-d, with TMS as ex-
ternal reference, and chemical shifts, 3, are given in ppm
relative to this standard. Single-crystal data were
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collected with an Enraf-Nonius CAD4 diffractometer.
The [H " ] measurements were carried out using a Radi-
ometer PHM52 digital pH-meter equipped with a G202C
glass electrode and a K401 calomel electrode, also from
Radiometer. In the latter electrode the initial saturated
potassium chloride solution was replaced with 1.0 M so-
dium chloride solution.

Analyses. C, H, N, Cl and S analyses were performed by
the Micro-analytic Laboratory at the H.C. Orsted Insti-
tute, Copenhagen.

Svnthetic procedures

fac-/IntacnyH,0);J(CF;S0;);. 1.00 g of fac-[Ir(tacn)Cl,]
(2.34 mmol) was added to a solution consisting of 7.0 ml
of stock solution A, 0.5 ml of stock solution B and
17.5 ml water. The suspension was refluxed for 8 h,
during which time silver chloride precipitated and a
golden orange solution was formed. The mixture was then
cooled in ice, and the silver chloride was filtered off and
washed with 2 x5 ml of ice-cold water. To the filtrate
and washings were added 6 ml of 8 M CF;SO;H, and
the solution was placed for evaporation in a desiccator
over P,O,,, whereby long white crystals were formed.
The crystals were filtered off and washed with 2 x4 ml
of 8 M CF;SO;H, then thoroughly with diethyl ether
and dried in air. Yield: 1.3 g (689 ) of white fac-
[Ir(tacn)(H,0);1(CF;S0;),. Further evaporation of the
filtrate and CF;SO;H washings yields a second crop of
Sfac-[Ir(tacn)(H,0);](CF;S80,);. Yield: 0.3 g (15%).
(Found: C 13.03; H 2.63; N 5.07; S 11.8. Calc. for
IrCoH, N3FS;0,,: C 13.14; H 2.57; N 5.11; S 11.69).
'H NMR (DMSO-dy) §=2.73-2.79 (6H, m, —CH,-),
§6=2.88-2.92 (6H, m, -CH,-), 8=7.62 (3H, b, -NH)
and §=8.04 (6H, b, -OH,). *C NMR (DMSO-d,)
86=53.75 (6C, s, -CH,-).

fac-/Intacn)CF;S0;),]. To 200 g of fac-
[Ir(tacn)(H,0);](CF5S05); (3.43 mmol) were added 4 ml
of neat trifluoromethanesulfonic acid, and the suspension
was heated at 120-125°C for 3 h with stirring and under
a gentle stream of nitrogen. During the reaction time a
yellow solution was formed, and pale yellow crystals pre-
cipitated.

The mixture was then cooled in ice, and the crystals
were filtered off, washed with diethyl ether and dried
in air. Yield: 1.7 g (91%) of pale yellow fac-
[Ir(tacn)(CF;S0;),]. (Found: C 13.97; H 1.92; N 5.45;
S 13. Calc. for IrCyHsN;F;S;0,: C 14.04; H 1.97; N
5.47; S 12.51).

[Inttacn),]Cl;- [2HCI-4H,0. 1.00 g of fac-[Ir(tacn)Cl;]
(2.34 mmol) was placed in a teflon container, and a so-
lution of 1.00 g of tacn-3HCI-H,O (3.90 mmol) and
0.49 g of LiOH-H,O (11.7 mmol) in 20 ml of water was
added. The container was closed and placed in an auto-
clave containing water for pressure equilibration. The
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Table 1. Thermodynamic parameters for fac-
[Ir(tacn)(H,0),]°* in 1.0 M NaCIO, at 25.0°C.”

Constant  Value AH®/KJmol™'  AS°/Jmol” 'K
pK,, 5.912(10) 36.6(17) 10 (6)

K 7.658 (14) 39.1(24) -16(8)

pK,3 9.319(17) 37.2(30) —54(10)

“The standard deviations are given in parentheses; i.e.
36.6 (17)=36.6+1.7.

autoclave was closed and heated at 170°C for 72 h and
subsequently allowed to cool to room temperature with
the oven. The resulting orange solution was filtered and
evaporated to dryness on a rotating vacuum evaporator.
The remanence was extracted with portions of 969, ethan-
ol until the filtrate became colourless (ca. 50 ml). The
light-yellow residue was dissolved in 3 ml of boiling wa-
ter, the solution was filtered and 3 ml of 4 M HCI were
added to the filtrate. The solution was left for crystalli-
zation overnight. The crystals were filtered off, washed
with 2x 2 ml of 4 M HCI, then with 2x 2 ml of 969
ethanol and dried in air. Yield: 0.15 g (10%,) of white
[Ir(tacn),]Cl;-' =HCl-4H,0.* (Found: C 21.80; H 5.99:
N 12.86; Cl 19.45. Calc. for IrC,,H;4sN,Cl; 04 C
22.06; H 6.87; N 12.86; Cl 18.99). '"H NMR (D,0)
§=2.92-2.98 (12H, m, ~CH,-) and 6 =3.11-3.17 (12H,
m, -CH,-). *C NMR (D,0) § = 52.25 (12C, s, —-CH,-).

Determination of acid dissociation constants. The con-
centration acid dissociation constants of fac-
[Ir(tacn)(H,0);]*>* were determined by regression analy-
sis of the titration data as described by Mensted and
Mensted.'® The determinations were made at 25 and
40°C in 1 M NaClO,. The results are given in Table 1.

Crystal  structure  determination  of  [Intacn),]Cl;:
![2HCI-4H,0. Diffraction data were collected for
a tabular colourless crystal with dimensions
0.19%0.22 X 0.19 mm. Three reflections were measured
every 2.8 h to check for crystal decay. A linear decrease
was observed during the data collection period to a total
of 4.5%,. 4925 individual reflections were measured. The
diffraction symmetry was 3 m and from the observed sys-
tematic absences the space group was determined to be
R32. Crystal data and details about the structure deter-
mination are listed in Table 2. The data reduction per-
formed with the DREADD'' programs included correc-
tions for decay, Lorentz effects, polarization effects and
absorption. The Gaussian integration method was em-
ployed for the latter correction using the program AB-
SORB.!"? Symmetry-related reflections were averaged,
giving 829 unique reflections (R;,, = 0.069). The structure
was solved using SHELXS-86'° and refined with
SHELXL-93.'* Atomic scattering factors were taken
from Refs. 15 and 16. The least-squares refinement in-

* The content of HCI of crystallization found by titration analy-
ses varied between 0.4 and 0.7 per Ir.



Table 2. Crystallographic data for [Ir(tacn),]Cl,"3HCI-4H,0.

Table 4. Interatomic distances (in A).?

tacn COMPLEXES OF Ir(lll)

Formula
Formula weight/g mol™"
Space group
Temperature/K
Hexagonal axes:

a/A

c/A
V/A®
V4
D./g cm™3 .
Radiation A (CuK,)/A
Abs. coeff. p/cm "
Absorption: numerical
Max 20/°

C2H35 sNgCl3 5O,lr
647.26

Trigonal, R32 (No. 155)
122 (1)

8.043 (2)

31.821 (9)

1783 (1)

3

1.809

1.54180

146.5

T,..=0.086, T, =0.246
149

Total no. of reflections 4925
No. of unique data (/> 2c(/) 829

R 0.017
R, 0.046

cluded atomic coordinates and anisotropic thermal pa-
rameters for all non-hydrogen atoms, and an extinction
parameter, to a total of 60 parameters. Zw(F,* - F.>)* was
minimized, w~'=c*F,?)+(0.0326P)*+4.198P and
P=(F?+2FJ?)/3. The sites of CI2 and O2 were only
partly occupied, 75 and 509, respectively. After the final
refinement cycle the agreement factors were R=0.017
(R=Z|F, - F.|/ZF,) for 829 F,>4c(F.), R,,=0.046
Ry, = [E{WF >~ F2))?/Z{wF >}*]"*) and S = 1.164, and
the maximum shift was 0.001c. The absolute structure
parameter,'” n, was —0.04(3). The final difference syn-
thesis had the highest and lowest values of 0.82 and
-0.49 ¢ A3, respectively; as expected located around
Ir. Atomic coordinates and thermal parameters are listed
in Table 3, and bond lengths and angles are listed in
Tables 4 and 5. Figures 1 and 2 are ORTEP'® drawings
of the complex and the unit cell. Tables of anisotropic
thermal parameters and a listing of observed and calcu-
lated structure factors are available from the authors on
request.

Table 3. Final positional and thermal parameters (in A?).?

Ir N 2.087 (2)
N C1 1.496 (10)
N Cc2 1.506 (8)
N HT 0.84 (4)
C1 c2" 1.508 (5)
C1 H2 0.82(9)
C1 H3 0.90 (6)
Cc2 H4 1.04 (7)
Cc2 H5 0.87 (5)
aSymmetry operation: ' —x+y, —x, z.

Table 5. Bond angles (in °).?

N I N’ 81.64 (10)
N Ir N' 97.7 (3)

N Ir N 99.0 (4)

N Ir N" 179.0 (5)
C1 N C2 113.2 (4)
C1 N Ir 106.6 (4)
) N Ir 111.4 (4)

N C1 c2" 108.7 (4)

N c2 c1v 111.2 (4)

?Symmetry operations: f—x, —x+ Yy, —z T — x+ v, =x, z. "y,

x, =z; Y=y, x=y, z; "x=y, =y, —z

Results and discussion

Syntheses. The complex fac-[Ir(tacn)(H,0);]*>* has been
prepared by aquation of fac-[Ir(tacn)Cl;] in the presence
of silver ions assisted by mercury(Il) in 1 M CF;SO;H.
Omission of Hg(II) leads to substitution of less than three
of the chloride ions. A similar observation was made in
the reaction of fac-[Ir(tacn)Cl;] with neat trifluoro-
methanesulfonic acid, triflic acid, which only lead to re-
placement of two of the chloride ligands by triflate ions.
This was in contrast to earlier experimental observations
in which all the chloride ions in cis- or fac-isomers could
be substituted with triflate ions.!® The reason for this is
unknown, however. Steric hindrance between three fa-

Atom x/a y/b z/c U,o/ Ueo

Ir 0.0000 0.0000 0.0000 0.01494 (13)
N —0.1108 (13) 0.1154 (12) —0.04303(7) 0.0209 (5)
c1 0.0573 (8) 0.2885 (7) -0.0617 (2) 0.0247 (10)
c2 —0.2348 (7) —0.0310(7) —0.0754 (2) 0.0237 (10)
ci —0.3333 0.3333 —0.01844 (4) 0.0285 (2)
Ci2 0.3333 0.6667 —0.14396 (7) 0.0434 (4)
01 —0.0394 (10) 0.3333 —-0.1667 0.079 (2)
02 —-0.3333 0.3333 —0.2015 (5) 0.067 (3)
H1 -0.17(2) 0.17(2) —0.0338(11) 0.027*

H2 0.025 (12) 0.330(13) —0.082 (3) 0.032*

H3 0.104 (8) 0.378(8) —0.041(2) 0.032*

H4 —0.349 (11) -0.005 (11) —0.078 (2) 0.031*

H5 —0.156 (8) 0.005 (7) -0.097 (2) 0.031*

? Anisotropically refined atoms are given in the form of the isotropic equivalent displacement parameter, defined as:

U,, = 1/3XU;3/a/a a,
U,

<o fOr the starred atoms were calculated as %Ueq for the corresponding heavy atom.
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Fig. 1. ORTEP drawing of [Ir{tacn),]**.

cially coordinated CF,SO;~ ions is not the cause, since
reaction of fac-[Ir(tacn)(H,0);](CF;S0,;); with neat tri-
flic acid easily and in high vield forms fac-
[Ir(tacn)(CF;S0O;),].

The complex fac-[Ir(tacn)(CF;S0,);] was believed to
be useful for further syntheses; however, owing to insolu-
bility in common solvents and even in boiling acidic so-
lution, reactions with this compound have so far been
unsuccessful.

The bis(tacn)iridium(III) compound was prepared
from reaction of fac-[Ir(tacn)Cl;] and an excess of
tacn-3HCI in aqueous LiOH solution at elevated tem-
perature. No sign of desposited metal was observed;
however, the yield of [Ir(tacn),]** was rather low. On

crystallization from HCI solution spontaneous resolution
of the racemate occurs, as a crystal contains only one
enantiomer. An aqueous solution of these crystals was
acidic, and titration analyses found between 0.4 and
0.7 mol strong acid per mol of complex.

Structure. For both fac-[Ir(tacn)(H,0),](CF;S0O;), and
[Ir(tacn),]Cl;-!/2HCI-4H,O crystals suitable for single-
crystal X-ray diffraction could be obtained, while this was
not the case for fac-[Ir(tacn)(CF;S0,);]. Unfortunately,
we have not been able to interpret the diffraction pattern
of fac-[Ir(tacn)(H,0);}(CF;S0;), in a way that is con-
sistent with the presumed molecular symmetry.” For
[Ir(tacn),]Cl;-'/2HCI-4H,0 the crystal structure determi-
nation established the identity of this complex. It crys-
tallizes with iridium at the special position (0,0,0) with the
site symmetry 32. The structure is depicted in Fig. I,
showing the iridium complex and the labelling of the at-
oms, and in Fig. 2 illustrating the crystal packing. In
Fig. 3 the hydrogen bonding between the amine protons
and chloride ions is shown [N---CI1 = 3.166(3) A]. Bond
lengths and angles of the complex are given in Tables 4
and 5. The overall structure is very similar to those of
[Co{(R)-Metacn},]I,-53H,0,”"  [Fe(tacn),]Cl;-5H,0"
and probably also [Co(tacn),]Cl;-5H,0.? In contrast to
these structures, we find an excess of chloride ions and
less oxygen corresponding to water molecules. To main-
tain electroneutrality H;O* must be found on some wa-
ter sites. The structure (Fig. 2) consists of alternating lay-
ers of (a) [Ir(tacn),]** ions and chloride ions (Cl1) and
(b) water molecules (O1 and O2) and chloride ions (CI2).
In the latter layer some of the positions are only partially
occupied (CI2 759 and O2 509%,). There is extensive hy-
drogen bonding within the layers, but only van der Waals

Fig. 2. Stereoscopic ORTEP drawing of the unit cell of [Ir(tacn),]Cl;-'/2HCI-4H,0. The shaded ellipsoids represent chloride ions.
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Fig. 3. View down the three-fold axis of the layer of the complex cations illustrating the hydrogen-bonding pattern between

amine protons and chloride ions [N---Cl1 3.166(3) A].

interactions between the layers. The Ir-Ir distance of
neighbouring complex ions is 8.04 A, while the Ir-Ir dis-
tance between complexes in adjacent layers is 11.6 A.
The bond lengths and angles of the tacn ligands in this
complex are very similar to those of other transition-
metal tacn complexes.! The conformation of each five-
membered Ir-N-C-C-N-Ir ring is A, and hence the
complex is optically active (the space group R32 is op-
tically active). The Ir—=N bond lengths [2.087(2) A] are
slightly longer than found in [Ir(tacn)Cl;] (average
2.06 A).” The coordination geometry around the iridium
atom is trigonal-distorted octahedral, with small cis
N-Ir-N (within one tacn ligand) angles at 81.7° and
large cis N-Ir-N (between two tacn ligands) angles at
97.7 and 99.0°, while the rrans N-Ir-N angle is 179.0°.
This rather large deviation is probably caused by steric
constraints of the nine-membered macrocylic ring.

NMR spectra. The "H spectra of [Ir(tacn),]** as well as
fac-[Ir(tacn)(H,0),]** show two groups of multiplet
resonances in the region of methylene protons. The ob-
served magnetic inequivalence of the methylene protons
arises from the different positions of the two groups of
protons in the coordinated tacn ligand, i.e. equatorial and
axial positions with respect to the nitrogen plane, which
cause different orientations toward the iridium(III) cen-
tre. The two different kinds of methylene protons (H2,H5
and H3,H4) are seen in Fig. 1. A similar spectrum has
also been observed for the corresponding [Co(tacn),]**
complex.?*

Spectral  properties. The absorption spectra of
[Ir(tacn),)** and fac-[Ir(tacn)(H,0),]** are shown in
Figs. 4 and 5. The spectrum of [Ir(tacn),]** shows two
transition at 242 and 222 nm, which are assigned as two
singlet transitions corresponding to 'A,—'T,, and
'A ;> 'T,,, respectively, in strict octahedral symmetry.
The position of the second observed d-d band seems to
support the assignment® of the shoulder at 226 nm in the
spectrum of [Ir(NH,),]’" as the transition 'A ,—'T,,.

The spectrum of fac-[Ir(tacn)(H,0);]** shows three
transitions at 275, 238 and 204 nm. The band at 275 nm
and the shoulder at 238 nm are assigned as the two spin-
allowed transitions 'A,—'A,,'E and 'A,-'A,'E, re-
spectively. The lack of splitting is explainable by the holo-
hedric symmetry being approximately O,. It is to be
noticed that the energy of the first d-d band at 275 nm
(3.64 um ") is close to the average value of the energies
of the first d-d bands in [Ir(tacn),]’* (242 nm;
4.13 yum~") and in [Ir(H,0),]*" (314 nm; 3.18 um ")’
As pointed out by Yamatera® and Schiffer and Jer-
gensen,”® this is the expected result if angular overlap
model parameter transferability is assumed. The origin of
the shoulder at 204 nm is unknown; a similar ‘third band’
has also been observed® in the spectra of [Ir(NH;)]**
and [Ir(NH,);(H,0)]** and is believed not to be of d-d
nature.

Acid properties. The concentration acid dissociation con-
stants of fuc-[Ir(tacn)(H,0);]** (Table 1) show a differ-
ence between the consecutive pK-values at ca. 1.7 units.
This order of separation has also been observed for cis-

ZUU T T T T I T T T T T T T T T l T T T T
[Irltacn)l**
€(2462) =144
150 | |
TE T
E €(208) =101
@
50— —]
oL v v v by BT R
200 250 300 350 Mpam

Fig. 4. Absorption spectrum of [Ir(tacn),]** in H,0.
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3[]0 T T T T l T T T T | T T T T | T T T T
fac-[Ir(tacn) (H0),1**
€(275)=207
|
TE 200 —
g
* 100 i

l L L

l S

200 20 00 30

AN nm

Fig. 5. Absorption spectrum of fac-[Ir(tacn)(H,0),]** in
1.0 M HCIO,.

diaquairidium(III) complexes containing ammonia®’ or
ethylendiamine™® and indicates a cis-configuration of the
coordinated water, since a rrans-configuration has a much
larger separation of ca. 3 units.”’** The pK -values of
Jue-[Cr(tacn)(H,0);]" " are reported™’ to be 4.44(2), 6.60
(1) and 8.72(1), respectively, showing the higher acidity of
chromium(IIT) complexes compared to analogous irid-
ium(IIT) complexes.?”*

Conclusions

The compounds described in this paper were all prepared
from fac-[Ir(tacn)Cl;]. Coordinated chloride in fac-
[Ir(tacn)Cl;] could be substituted with water by reaction
of silver ions in a synthesis that seems to be catalyzed
by mercury(II). The structural assignments were made
from their NMR spectra, electronic spectra and acid
dissociation constants. [Ir(tacn),]** was found to
resolve spontaneously when crystallized as
[Ir(tacn),]Cl,-1/2HCI-4H,0.
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