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The ligands are staggered about the metal forming a regular
square-antiprismatic coordination geometry. Views of the
complex cation are shown in Figures 1 and 2. Selected bond
distances and angles are given in Table II. The 12-crown-4
ligand has been found previously to form similar coordination
polyhedra with Na* and Ca®*. The [Na(CsH,s04),1X-5H,0,
X = Cl, OH, species have been examined structurally and
shown to have square-antiprismatic coordination geometries.®*
In one case the metal ion was oriented along a twofold axis.
For this reason space group C2 was given careful consideration
in the present refinement. The calcium complex [Ca(Cg-
H,0,)(H,0)4]Cl»4H,0 has also been found to have a
square-antiprismatic coordination geometry, consisting of one
crown ether ligand and four aquo ligands.!?

Unfortunately, the large standard deviations associated with
the carbon and oxygen atom positions eliminate a detailed
discussion of the specific features of the coordination geometry
of Mn(C3H,404),**. The magnitude of these errors results
from the combined effects of carbon atom disorder and the
large contributions to the diffraction effect made by the heavy
atoms. Nevertheless, the average Mn—~O length of the
structure shows clearly that the crown ether ligands are very
weakly bound to the metal. This value of 2.31 A is greater
than 0.1 A longer than Mn-O lengths in Mn(H,0)2* which
average to 2,18 A.!!

One other 12-crown-4 complex of a transition-metal ion has
been characterized structurally, The Cu(CgH,40,)Cl, mol-
ecule has been shown to have a distorted octahedral coordi-
nation geometry with cis chloro ligands (I).2 In this structure
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the flexibility and the steric constrains of the crown ether
ligand are reflected in the trans O—Cu—O angle of 135.2 (1)°.
The cis O—Cu~-O angle is 84.2 (1)°. It is interesting to note
in this structure the difference in Cu-O lengths at the two
coordination positions. Values at the positions trans to the
chloro ligands reflect relatively strong bonding (2.12 A)
compared with the trans Cu—~O values (2.37 A) and the values
which we find for Mn(C3H,0,),?*. While crown ether co-
ordination in Mn(C3gH0,),?" is relatively weak, this need not
be the case in all transition-metal complexes.

Structural features of the tribromide anions are quite regular
with an average Br—Br length of 2.544 (7) A and a linear bond
angle of 179.2 (1)°.
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The ability of the nitrosyl ligand to bond with transition
metals as either a one- or three-electron donor has been well
established.2 We have recently discussed the tautomeric forms
of the o-quinone chelate ring which enable ligands of this type
to alter charge at the metal center via intramolecular transfer
of one or two electrons between the metal ion and the quinone
w* level (I).> Both ligands have demonstrated the property
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of modulating charge at the metal center, and we have sought
to exploit this feature catalytically by investigating a series
of iridium complexes containing nitrosyl and quinone ligands.*
In addition to regulating charge at the metal center the two
types of ligands are capable of influencing their own modes
of coordination intramolecularly. One can envision a series
with members related by the transfer of electrons between the
quinone and nitrosyl 7* levels (II). Through the series the
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formal charge of the metal remains constant, Structural
studies have played a central role in the characterization of
both quinone and nitrosyl complexes. The structure of Ir-
(NO)(PPh3)(0,CsBr,) has been determined crystallograph-
ically to characterize fully the modes of quinone and nitrosyl
coordination in the Ir(NO)(PPh,),(Cat) complexes.

Experimental Section

A sample of Ir(NO)(PPh;)(0,C¢Br,), prepared by methods outlined
previously,* was recrystallized from dichloromethane. Large prismatic
crystals of the complex obtained by this procedure were found to
contain one solvent molecule with the complex. Preliminary photo-
graphs indicated only triclinic symmetry, and space group PI was
assumed. A crystal of dimensions 0.104 X 0,175 X 0.274 mm was
mounted and aligned on a Syntex P1 automated diffractometer.
Lattice constants of @ = 8.846 (1) A, b = 15.848 (2) A, ¢ = 10.307
(2) A, a = 87.68 (2)°, 8 = 93.12 (2)°, v = 106.68 (2)°, and V =
1381.5 A® were obtained from a least-squares refinement of the
centered settings of 15 high-angle reflections. A calculated density
of 2.145 g cm™ agrees with an experimental value of 2.15 g cm™ for
two formula units of composition Ir(NO)(P(C¢Hs);)(0,C4Br,)-CH,Cl,
per unit cell. Intensity data were collected within the angular range
3° < 260 < 50° by the 6-26 scan technique using Mo Ko radiation.

(1) (a) University of Colorado. (b) Universita della Calabria. (c) Present
address: Institute of Chemistry, Universitd di Udine, 33100 Udine,
Italy.

(2) (a) Meyer, C. D,; Eisenberg, R. Acc. Chem. Res. 1975, 8, 26. (b)
Enemark, J. H; Feltham, R. D. Coord. Chem. Rev. 1974, 13, 339. (c)
Frenz, B, A; Ibers, J. A. MTP Int. Rev. Sci.: Phys. Chem., Ser, One
1972, 11, 33.

(3) Buchanan, R. M,; Fitzgerald, B. J.; Pierpont, C. G. Inorg. Chem. 1979,
18, 3439.

(4) Ghedini, M.; Denti, G.; Dolcetti, G. Inorg. Chem. 1978, 17, 2157.

0020-1669/80/1319-1803801.00/0 © 1980 American Chemical Society



1804 Inorganic Chemistry, Vol. 19, No. 6, 1980

Notes

Table I, Positional and Thermal Parameters for the Nongroup Atoms of Ir(NO)(PPh,)(O,C,Br,) CH,Cl,
atom X Yy z B,,° B, By, B, B, B,,
Ir 0.11538 (10) —0.18371 (6) 0.07985 (9) 1.98 4) 1.83 (4) 259 4) -0.03(3) -0.09(3) 0.14 (3)
Brl 0.0432 (3) —-0.46080 (18) 0.33403 (25) 4.56 (13)  3.25(14) 3.73(13) 0.52(11) -0.71(10) 1.18(11)
Br2 -0.2064 (3) 0.37103 (18) 0.18349 (28) 4.56 (14) 2.58(13) 5.50(16) -—0.28(11) 0.43(12) 1.24(12)
Br3 0.3936 (3) —0.40824 (19) 0.07879 (28) 4.72 (14) 3.26 (14) 4.82(15) -1.28(11) -0.59 (11) -0.65(12)
Br4 0.2972 (3) 0.38956 (18) 0.20842 (25) 4.59(13) 3.34(14) 3.75(13) 0.38(11) -1.59(10) -0.42(11)
P —0.2829 (6) 0.1150 (4) —0.2442 (6) 1.93(24) 2.08(28) 3.3(3) -0.01(21) 0.20 (21) 0.03 (23)
Cll  —0.4328 (12) 0.3631 (8) 0.4547 (10)  10.0 (6) 10.0 (8) 7.3 (6) 4.1 (6) 0.1 (5) 0.3 (5)
Cl2 -0.6875(13) 0.3953 (8) 0.5824 (12) 8.8 (7) 9.2 (8) 13.6 (9 3.5 (6) 2.5 (6) 1.7(7)
01 -0.1729 (24) 0.0288 (14) 0.0842 (19) 8.5 (13) 4.6 (11) 5311 0.7 (10) —0.4 (9) 2.7 (10)
N —0.1487 (20) 0.0920 (15) 0.043 (18) 2.6 (9) 5.3 (13) 2.6 (9) 1.1.(9) -1.2(7) 0.5 (9)
02  0.0490(17) 0.2622 (10) 0.0382 (14) 3.7(D) 2.2 (8) 3.2(7) 0.7 (6) —0.4 (6) 0.3 (6)
03 0.0838 (16)  —0.2914 (10) 0.1779 (13) 3.0(7) 3.1(8) 2.1 () —0.8 (6) -1.4 (5) 0.0 (6)
C1 0.0933 (24) 0.3442 (15)  —0.0100 21) 2.4 (10) 2.3(11) 2911 1.0 (8) 0.1(8) 1.2(9)
C2 0.0238 (25) 0.3610 (16)  —0.1250 (20) 3.3(1) 3.1(12) 1.7 (10) 0.8 (9 0.1 (8) 1.1 (9)
C3 0.0574 (26) 0.4450 (16) —0.1761 (20) 3.2(11) 2.9 (12) 2.0 (10) 0.9 9) 0.6 (8) 029
C4 0.1668 (26) 0.5155 (15) -0.1161 (22) 3.3(Q11) 211 3.5(12) 1.5(9) 0.0 (9) 0.0 (10)
Cs 0.2399 (25) 0.4987 (14)  —0.0027 (20) 353D 1.5 (10) 2.1 (10) 0.1 (8) 0.1 (8) 0.6 (8)
Ccé6 0.2054 (24) 0.4153 (17) 0.0539 21) 1.9 (10) 3.9(14) 2.8(11) 0.6 (%) -0.7 (8) -1.3(10)
C7  —0.4950 (36) 0.3876 (22) 0.5967 (30) 6.6 (18) 5.7 20) 6.3 (18) 0.9 (15) 09 (15 -1.715%5
@ The form of the anisotropic thermal ellipsoid is exp[~0.25(B, h%a*? + B,,k*b** + By l*c*? + 2B,,hka*b* + 2B hla*c* +
2B,,kib*c*)]. The quantities given in the table are in units of A%.
Table 11
Derived Parameters for the Rigid-Group Atoms of Ir(NO)(PPh,)(0,C,Br,) CH,Cl,
atom x y z B, A? atom x ¥y z B, A?
RIC1 -0.6728 (18) 0.1895 (11) -0.1659 (14) 4.0(5) R2C4 —-0.2273(12) -—0.0445(10) —0.1965(15) .3.3(5
R1C2 -0.7545 (15) 0.1829 (13) -0.2860 (17) 4.8 (6) R2C5 -0.3429 (17) -—0.0021(7) -0.2263 (14) 2.54)
R1C3 —0.6914 (19) 0.1579 (13) -0.3939(13) 5.6(7) R2C6 —0.5005(15) -0.0510(10) ~—0.2417(15) 3.5(5)
R1C4 —0.5466 (18) 0.1394 (12) -0.3817(12) 3.5(5) R3Cl -0.0913(19) 0.0958 (10) —0.5885 (14) 4.5 (6)
RI1CS —0.4649 (14) 0.1460 (11) -0.2616 (15) 3.0(5) R3C2 —0.0448(18) 0.1831(11) -0.6329 (12) 4.2 (6)
R1C6 —0.5280 (17) 0.1710 (11) -0.1537(11) 3.2(5) R3C3 -0.0725(19) 0.2487 (8) —0.5599 (15) 4.4 (6)
R2C1  —0.5426 (13) —0.1424 (10) -0.2273(16) 4.3(6) R3C4 —0.1466 (19) 0.2270 (9) —0.4424 (14) 3.6 (5)
R2C2 —-0.4270 (19) -—0.1849 (7) -0.1975 (16) 4.4(6) R3C5 -0.1931(17) 0.1931 (17) —0.3980 (12) 3.1(5
R2C3  —-0.2694 (17) -0.1359(10) -0.1822(15) 3.6(5) R3C6 —0.1655(18) 0.0741 (8) —~0.4710 (15) 3.3 (%)
Rigid-Group Parameters
group xca Ye Ze 8o € n
R1 -0.6097 (12) 0.1644 (7) —0.2738 (10) 2.86 (4) 1.810 (11) -0.22 (4)
R2 —0.3849 (12) —-0.0935 (7) -0.2119 (9) -1.813 (9) -2.991 (9) 0.119 (%)
R3 -0.1190 (11) 0.1614 (8) —0.5154 (10) —0.067 (10) -3.022(9) -1.110 (10)

% x,y, and z are the fractional coordinates of the origin of the rigid group.

b The rigid-group orientation angles §, €, and n (radians) have

been defined previously: La Placa, S. J.; Ibers, J. A. Acta Crystallogr. 1965, 18, 511,

A scan rate of 4.0° /min was used. Data were corrected for Lorentz,
polarization, and absorption effects (x = 111.4 cm™). A total of 4986
reflections were found to have F,2 > 3¢(F,2) and were included in
the refinement. The structure was solved by the heavy-atom method
and refined by using programs and procedures outlined previously.’
Phosphine phenyl rings were refined as rigid groups. In final cycles
of refinement the contributions from phenyl and dichloromethane
hydrogen atoms were included as fixed corrections. Final discrepancy
indices of R = 0.055 and R,, = 0.066 were obtained with the standard
deviation of an observation of unit weight equal to 1.94. Final atomic
positional and thermal parameters are given in Table I. Group atomic
parameters are given in Table IL. A listing of the final observed and
calculated structure factor amplitudes (X10) is avallable as supple-
mentary material.

Description of the Structure

A view of the Ir(NO)(PPh;)(0,C¢Br,) molecule is shown
in Figure 1. Selected bond distances and angles are contained
in Table III. The coordination geometry about the Ir atom
is square planar with the quinone ligand chelated at two co-
ordination sites. Carbon—oxygen lengths of the quinone ligand
which average to 1.34 (2) A are typical of chelated catecholate
ligands.? The nitrosyl ligand has a linear Ir-N-O bond angle
of 178 (2)°. These structural features are in accord with
bonding structure Ila, and the metal is therefore Ir(I).

(5) Pierpont, C. G. Inorg. Chem. 1977, 16, 636.

Figure 1. View of the Ir(NO)(PPh;)(0,C¢Br,) molecule showing the
atom labeling scheme and the bond lengths within the inner coor-
dination sphere.

Previous studies have shown that catecholate ligands are
quite effective donors. The complementarity of the strong
w-acceptor ligands NO* and PPh; with the catecholate results
in relatively short Ir~N and Ir-P lengths and an interesting
pattern for the Ir-O lengths. Linear nitrosyl ligands have been
found to have Ir-N lengths of 1.77 (1), 1.787 (8), and 1.67
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Table III. Bond Distances and Angles for the
Ir(NO)(PPh,)(0,C,Br,) Molecule

Distances (A)

Ir-P 2.281 (6) C3-C4 1.392 30)
Ir-N 1.676 (22) C4-Cs 1.359 (28)
Ir~-02 2.008 (14) C5-Cé6 1.381 (31)
Ir-03- 1.905 (14) C6-C1 1.427 (30)
N-0O1 1.186 (23) C3-Brl 1.855 (22)
02-C1 1.329 (24) C4-Br2 1.845 (22)
03-C2 1.345 (25) C5-Br3 1.885 (21)
C1-C2 1.358 (28) C6~Br4- 1.833 (22)
C2-C3 1.367 (29)
Selected Angles (Deg)
P-Ir-N 93.4 (6) Ir~-02-C1 110.9 (13)
P-Ir-02 168.8 (4) Ir-03-C2 114.9 (12)
P-Ir-03 88.4 4) 02-C1-C2 117.6 (21)
N-Ir-02 97.2 (1) 02~C1-C6 123.8 20)
N-Ir-03 176.0 (8) 03-C2-C1 115.3 (21)
02-1r-03 81.2 (6) 03-C2-C3 124.1 (19)
Ir-N-0O1 177.8 (21)

(2) A for the Ir complexes Ir(NO),(PPh,),*, Ir(NO)-
CO)(PPh,),, and Ir(NO)(PPh;);.5* A length of 1.76 (2)
was found for the Ir(0) complex [Ir,(NO),(PPh;),]O,? and
a length of 1.68 (3) A has been reported for the five-coordinate
Ir(I) cation Ir(H)(NO)(PPh,);*.!® The value of 1.676 (22)
A which we find for Ir(NO)(PPh;)(0,C¢Br,) is among the
shortest lengths of this series. The Ir-P length of 2.281 (6)
A is also relatively short. Values found in the nitrosyl com-
lexes above all exceed 2.31 A and average to a length of 2.33
%. Square-planar Ir(I) complexes with trans phosphine ligands
also have values in this range.!! The closely related palla-
dium(II)—catecholate complex Pd(PPh;)(0O,C4Cl,) (III) has
cl
PP PO cl
Pd
F,h3F,/ ~o cl
cl
III

Pd-P lengths which average to 2.286 (2) A, a value which is
nearly identical with the present length.’> The Pd-O lengths
of this structure are also closely related to the Ir-O length trans
to the phosphine ligand. Palladium—-oxygen lengths in this
structure average to 2.033 (5) A while the Ir~O2 length in
the present case is 2.008 (14) A. At the site trans to the
nitrosyl ligand of Ir(NO)(PPh,)(0,C¢Br,) we find the Ir-O3
length to be 1,905 (14) A, 0.10 A shorter than the value for
0O2. This value is shorter than the Ir-O length of 1.941 (10)
A to the bridging oxo ligand of [Ir,(NO),(PPhs),]O which
is also located trans to a linear nitrosyl.®

The trend in Ir-O lengths found in this structure is contrary
to what might be expected from the relative trans influences
of the NO* and PPh; ligands. It can be understood if the
catecholate ligand is viewed to be a strong = donor. Both the
NOt and catecholate oxygens are strong ¢ donors, and the
strong Ir—N bond would destabilize the trans Ir-O bond. The
Ir-O3 length, however, appears anomalously short. As a
strong = donor trans to the nitrosyl ligand, the synergistic
bonding effect would serve to strengthen both the Ir-N and
Ir-O3 bonds. There is indirect evidence for the w-donor

strength of catecholate ligands in their molybdenum chemistry.
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They effectively replace oxo ligands from molybdenum, giving
a series of oxygen deficient Mo(VI) complexes which are
surprisingly inert to hydrolysis.!*> The oxo ligand is an effective
« donor in its bonding with d° metals, and this property seems
to also be true of the catecholates.
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. Chromium hexacarbonyl has been extensively studied, both
experimentally and theoretically, as a model system for
transition-metal-carbon monoxide bonding. The near-zero-
valent carbonyl complexes known suggest a synergistic effect,
i.e.,, L > M o donation balanced by M — L 7 acceptance.
Values for these parameters are not readily accessible ex-
perimentally, and their magnitudes and relative importance
are still being argued in the literature today.

Klemperer and Johnson have recently reported the results
of scattered-wave Xa calculations (SW-Xa) for Cr(CO),.!
Their results indicate that ¢ donation is the only important
interaction for the metal—carbon bond and that the Cr 3d«
— CO 27 back-bonding strongly affects only the carbon-
oxygen bonds. This is in direct conflict with earlier molecular
orbital (MO) studies such as self-consistent charge and con-

" figuration (SCCC),? Hartree-Fock-Roothaan (HFR),? dis-

creet variational Xa (DV~Xa),* and Fenske—Hall* MO cal-
culations, which have been successfully used to interpret the
ultraviolet adsorption spectrum? and low-energy photoelectron
spectrum®=* of Cr(CO)s, as has the more recent SW—Xa re-
sults, Unique to the SW—-Xa study was its ability to rationalize
the interaction coordinate analysis of the vibrational spectrum
of Cr(CO), by Jones et al., where it was shown that stretching
a single metal-carbon bond (Cr-C,, Figure 1) significantly
affects only the trans metal-carbon bond (Cr-C,). The cis
metal-carbon bonds (Cr~C.) are essentially unchanged.
Although no attempt was made to calculate the interaction
coordinates, this trans effect was used as confirmation of the
SW-Xa c¢-only bonding scheme. However, stretching the
Cy—O, bond also causes changes in chromium—carbon bonding,
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