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Diiodocarbomethoxycarbonyl(2,2/-bipyridyl)iridium [IrI,(COOCH;)(CO)(CipN:H;)] crystallizes in space group Con®, P2;/n,
with unit cell dimensions ¢ = 8.92 (1) A, b = 17.87 (2) &, ¢ = 10.93 1) A, B = 103.55 (10)°, and Z = 4. The striicture has
been determined from about 1500 independent reflections (measured by counter methods) and refined by full-matrix least
squares to a conventional R factor of 0.043. It consists of a packing of discrete monomeric molecules in which the metal
atom displays a distorted octahedral coordination with the two iodine atoms in frans positions. On the basis of the observed
Ir—C distance (2.05 (2) A), the carbomethoxy group seems to be linked to the metal via a pure o bond. The observed co-
planarity of the -COO group with the metal atom, the carbonyl, and the two nitrogen atoms of bipyridine seems to be due to
an angulated hydrogen bond connecting the “ketonic’” oxygen of the carbomethoxy group with an a-carbon atom of the
bipyridine. The Ir-C bond connecting the metal with the carhonyl ligand is rather short (1.80 (2) &) although the C-O
bond (1.11 (2) A) and the stretching frequency (2050 cm~1) do not indicate a particularly strong metal-carbonyl interaction.
Owing to a steric repulsion of two hydrogen atoms, the 2 2’-b1pyr1dme ligand is not planar, and, consequently, the chelate

ring is also not planar.

The instabilities of certain metal carbonyl cations in
water, which undergo a characteristic reaction to give
neutral hydrides and CO,, support the view that the
electrophilic nature of such complexes i is localized on the
carbon atom of the carbonyl group. The above reac-
tion, in fact, has been shown? to occur via a carboxyhc
intermediate M-COOH.

Although no one metal-carboxylic derivative has
been found stable enough to be isolated and char-
acterized, Kruck and Noak*® have obtained a number
of neutral carboalkoxycarbonyl derivatives of man-
ganese and rhenium, prepared by the nucleophilic
attack of alkoxy ions on the corresponding cationic
complexes. A similar series of Ir(I) and Rh(I) com-
plexes has been described,®” and, more recently, Mala-
testa® has isolated a series of carboalkoxy derivatives of
iridium (I1I), obtained by the reaction

IrL‘;(CO)z“ + 2L + OR~ —> IrI;,(COOR)Ly(CO) + 21~

The present paper deals with the crystal structure
determination of one of the iridium(III) compounds,
namely, of diiodocarbomethoxycarbonyl(2,2’-bipyri-
dyl)iridiumm. The interest for this determination arises
from the lack of structural information on the carboxy
and carboalkoxy groups linked to transition metals.

The electronic interactions between the metal and a
carboxy or a carboalkoxy group could be, in prin-
ciple at least, described in terms of a ¢ bond plus some
contribution of a d,—p, interaction of the same kmd
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as that suggested recently by Treichel,

‘ et al.,® for
metal-acyl bonds
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In this connection it should be noted that the stretch-
ing frequency of the carboxylic C==0 group in a num-
ber of carboalkoxy derivatives*~® falls in the range
1620-1700 em—* (1620 cm~! in this compound) whereas
the corresponding range for ordinary esters is 1680~
1820 em™!, with just a narrow overlap with the pre-
vious one.

Collection of X-Ray Data and Their Corrections for
Systematic Errors

The complex crystallizes from hot 2-propanol into
beautiful yellow-orange prismatic tablets. On the
basis of Weissenberg and precession photographs, the
space group has been determined as monoclinic P2;/n*
with the following cell dimensions: o = 8.92 (1) A
b'=17.87 2) A, c=10.93 (DA, 8 = 103.00 (10)°.
Agreement between observed dnd computed specific
gravities has been obtained for Z = 4 (pealea = 2.65
g/cm?, pmessa = 2.60 (5) g/cm?®). The latter value
was determined by flotation in iodomercurate solution.

The intensities of about 2100 reflections have been
measured at room temperature on a Pailred single-
crystal diffractometer with Mo K radiation mono-
chromatized with a Si [111] single crystal cut.

The crystal was mounted along the a axis to avoid
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systematic double-reflection effects. A set of seven
reciprocal lattice layers, from 0k/ to 6k up to an equi-
inclination angle of 16° and to a maximum T of 54°,
were recorded by the w-scan technique. After the
collection of data had been completed, a number of
reflections of the equatorial layer were reevaluated to
check whether any crystal decay had occurred. Since
no decay was apparent, all of the measured intensities
were given the same scale factor throughout the subse-
quent analysis.

It was then decided that, in order to carry out the
structural determination, a 15-fold excess of observa-
tions, with respect to the number of parameters (see
later) to be determined and refined, would be sufficient.
Therefore, 1498 independent reflections, with a rela-
tive counting esd lower than 0.25, were sorted out of
about 2100 measurements and used in the present
analysis.

After the Lorentz and polarization factors had been
applied, by taking into account the polarization of the
incident beam,!! the resulting F,? set was corrected for
absorption. This effect turned out to be a very im-
portant one, owing to the u value (117 cm™!) and the
specimen used. This was a roughly hexagonal plate-
let with ten well-developed faces, having dimensions
0.028 cm along the rotation axis and 0.015 X 0.018
cm in directions normal to it, the volume being 388 X
10-% cm.®

Very accurate nieasurements of the faces were taken
on an optical-reflection goniometer and the transmis-
sion factors—in the range from 0.19 to 0.40—were
computed with a program based on the Busing and
Levy!?method.

Structure Solution and Refinement

The coordinates of the iridium and iodine atoms were
determined by inspection of a three-dimensional Pat-
terson function and refined isotropically by least
squares. The conventional R factor for this part of
the structure was 0.16. All of the remaining atoms
were subsequently located on a difference Fourier.
The structure was refined by full-matrix least squares.
The variables were three positional and six anisotropical
thermal parameters for each of the three heavy atoms,
three positional and one isotropic thermal parameters
for each of the O, N, and C atoms, and finally an over-
all scale factor giving a total of 100 parameters.

The atomic scattering factors were chosen as follows:
for f1; and f1 the Thomas-Fermi-Dirac statistical model
curves!'® corrected for the real part of the anomalous
dispersion;!* for fo, fn, and fc the curves from the self-
consistent variational field method.

The minimized function was Sw(F, —
the reciprocal variance of F,.

Fo))?, w being
This variance has been
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computed from the variance of the corresponding F,Z
assumed to bel

V(Fo?) = Vos(Fo?) + (A F,2)2

where Vs is the counting statistical variance and 4 is a
parameter. The assignment of the 4 value was made
before refinement, in such a way as to render wA?/n
[with A? = (F, — F.)? and # being the number of re-
flections] approximately constant and unitary over the
entire range of the Fy’s.” A preliminary analysis
showed that 0.04 was a fairly good value. Before the
last two cycles, the evaluation of 4 was repeated and
0.06 was found to be more satisfactory. In both of the
weighting schemes, the five strongest reflections (002,
103, 061, 160, and 204) appeared to be overweighted.
The difficulty of assigning them reasonable weights
on the basis of the statistical model assumed and, more
than that, the possibility of extinction effects led us to
disregard these reflections in the refinement. Their
values (see Table I), computed on the basis of the final
molecular model, appeared to be stronger than the
experimental ones, indicating a moderate extinction
effect. (The maximum observed discrepancy arises for
the lowest angle reflection 002, having F, = 450 and

. = 528 electrons.)

The agreement indices after convergence were R =
Z|Fy — |FJ|/ZF, = 0.043 and R, = {Zw(F, —
|F.))2/ZwF,2}'* = 0.055, with a final value of the
error-fit function of 1.30. The above indices, for a
preliminary refinement done with the heavy atoms
constrained to isotropic vibration, were R = 0.062 and
R, = 0.086.18

Nomne of the 11 hydrogen atoms bonded to the methyl
and to the bipyridyl groups has been taken into account
in this refinement, nor did any show in a difference
Fourier, which was computed on the basis of the final
atomic coordinates. In this map the maximum ob-
served electron density was 0.5 e~/A? partly due to
vibrational anisotropy in the lighter part of the mole-
cule, which has not been taken into account.

In Table I the final list of computed and observed
structure factor moduli is given in electrons. The
positional and thermal coordinates for the heavy,
anisotropically refined part of the molecule are listed
in Table II, and the positional and isotropic thermal
parameters for the light part of the molecule are col-
lected in Table III.

The Crystal and Molecular Structure

A layer of the crystal structure -composed of mole-
cules related by a set of coplanar inversion centers and
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lographic Programs’; 7528, 75631, 7532, 7535 for Fourier and Patterson
analysis and for structure factors and least-squares computation. Counter
data reduction, absorption correction, interatomic distances and angles, and
best-plane determinations were based upon Fortran 4 programs prepared
in the author’s laboratory and were not quoted in the “International World
List.”
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The metal atoms lie near

(see Figure 1).
the screw axes and so do the iodine atoms which pack

The crystal consists dipy. ..

of a packing of discrete monomeric molecules related

by the space group symmetry operators.
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TABLE 1124
POSITIONAL AND THERMAL ANISOTROPIC PARAMETERS OF THE IRIDIUM ANDIODINE ATOMS

Atom x/a ¥/b s/c Bu B2 B1s Baz Bz Bss

Ir 2745 (1) 1341 (0) 2910 (1) 80 (1) —0(0) 39 (1) 22 (0) —2(0) 52 (0)
I(1) 1921 (2) 2780 (1) 2600 (1) 177 (2) 29 (1) 103 (2) 26 (0) 14 (1) 88 (1)
1(2) 3553 (2) —108 (1) 3077 (1) 144 (2) 11 (1) 84 (2) 24 (0) 0() 105 (11)

@ All values X 10~% ? The @;; terms are the coefficients of the atomic thermal ellipsoids in the form: A%y + k26w + 1285 + hkfu +
hiBis + kiB:;. © No significant deviations in the atomic positional coordinates are noticeable when the heavy atoms are refined with
isotropic thermal coefficients. These isotropic coefficients are 2.55, 3.92, and 3.86 A for Ir, I(1), and I(2), respectively. ¢ The num-
bers in parentheses here and in the succeeding tables are the esd’s in the last significant digits.

TABLE III+%
PosITIONAL AND THERMAL ISOTROPIC PARAMETERS OF THE C, O, AND N AToMs

Atom x/a y/b 2/¢ B Atom x/a ¥/b g/c B

C(1) 4690 (23) 1627 (10) 3607 (17) 4.0(3) C(13) —2545(29) 403 (11) 1689 (23) 6.1(5)
C(1) 5894 (16) 1798 (8) 4052 (13) 5.3(3) C(14) —~1689 (29) 543 (11) 785 (23) 6.1(5)
C(2) 3302 (21) 1406 (8) 1195 (14) 3.0(3) C(15) —222 (27) 838 (11) 1083 (20) 5.3 ()
C) 2501 (19) 1245 (8) 211 (14) 6.1(3) N(2) 1962 (19) 1290 (6) 4626 (13) 3.7(3)
C@3) 4666 (16) 1656 (6) 1272 (13) 5.0(3) C(21) 498 (23) 1094 (8) 4475 (16) 3.6(3)
C(@3) 5138 (26) 1829 (10) 95 (20) 5.1(3) C(22) —213 (27) 1068 (11) 5570 (21) 5.2 (5)
N(1) 408 (19) 994 (6) 2307 (13) 3.7(3) C(23) 721 (29) 1298 (11) 6699 (21) 5.9 (5)
C(11) —321 (21) 875 (8) 3242 (16) 3.3(3) C(24) 2161 (26) 1499 (10) 6770 (20) 5.1(3)
C(12) —1823 (22) 589 (10) 2034 (17) 4.1(3) C(25) 2851 (25) 1489 (10) 5785 (19) 4.5(3)

a All values X 1074 ° The atoms are labeled according to Figure 2.
Figure 2 where the key lettering to Tables II-IV is TABLE IV

given,

The coordination around the central iridium is a
rather distorted octahedral one, the distortion resulting
from stereochemical as well as packing effects. The
iodine atoms occupy two frams positions at distances

SELECTED INTERATOMIC DISTANCES AND ANGLES WITHIN A
SINGLE MOLECULAR UNIT OF IrIe(CO)(CyoN2Hg)(CH;0,)

Atoms

Distances, A

Atoms

Angles, deg

(i) Bond Distances and Angles around the Iridium Atom

of 2672 (2) and 2.684 (2) A from iridium. The I~  Ti13)  sems  tormon  eio6
Ir-1(2) angle, 176.7° (1°), seems to be distorted from Ir-C(1) 1.80 (2) 1(1)-Ir-C(2) 87.0(0.4)
the ideal value of 180° as a consequence of the short Ir-O(1) 2.91 (1) I(1)-Ir-N(1) 91.2(0.3)
intermolecular contacts separating the halogen atoms. Ir-C(2) 2.05(2)  I(1)-Ir-N(2) 90.9 (0.3)
The remaining corners of the octahedron are occupied i::gg;; gig g; ;g;zg:gg; 2;8 Egi;
by two nitrogen and two carbon atoms. This part ’ 1(2)-Tr-N(1) 88.2(0.3)
of the molecule (Ir, N(1), N(2), C(1), and C(2)) is 1(2)-Ir-N(2) 92.0(0.3)
planar within one or two esd’s of each of the five atoms C(1)-Ir-N(1) 173.2(0.8)
(in monoclinic coordinates the ‘‘best plane”® through C(1)-Ir-N(2) 96.9 (0.8)
these atoms has the equation: (—2.421x 4 17.107y — C(1)-1r-C(2) 87.5(0.8)
. . C(2)-Ir-N(2) 175.2 (0.6)
0.3592 — 1.540 = 0.0). The deviations from pla-
narity for all of the atoms excluding the two halogens
are shown in Figure 3. (ii) Bond Distances and Angles within the
The two iridium-carbon distances are quite dif- Carbonyl and Carbomethoxy Groups
ferent as expected. The longer, 2.05 A, connects the C(1)~-0(1) 1.11(2) Ir-C(2)-0(2) 126.6 (1.6)
metal with the sp?-hybridized carbon of the carbo- C(2)-0(2) 1.18(2) Ir-C(2)-0(3) 112.8(1.1)
methoxy group. The presence of a purely covalent C(2)-0@)  1.28(2) 0(2)-C(2)-C(3)  120.6(1.9)
¢ Ir-1 bond offers the opportunity to use the covalent CE-0@) 1.48(3) C@-0@)-CE  118.3(1.4)
radius of Ir in this compound to assess the character of
the metal-carbomethoxy interaction. The iodine co- (i) Bond Distances and Angles within the
valent radius being 1.33 A, a value of ri; = 1.35 A 2,2’-Bipyridine and the Chelate Ring
results and the predicted value for a ¢ bond between N1)-C(11) 1.85(3) Ir-N(1)-C(11) 115.0(1.1)
the metal and an sp*hybridized carbon (r¢ = 0.74 A) N(1)-C(15) 1.36(3)  Ir-N(1)-C(15)  121.2(1.5)
is 2.09 A. The observed Ir-C distance of 2.05 (2) A N(2)-C(21) 1.33(3) Ir-N(2)-C(21) 114.4(1.2)
is shorter by two esd’s so that there is scarce, if any, N(2)-C(25) 1.38(2) Ir-N(2)-C(25) 123.9(1.4)
. ; . C11)-C(12) 1.40(3)  N(1)-C(11)-C(21) 116.0(1.7)
evidence of d,—p, interaction. Moreover, a number C(12)-C(13) 1.40 (3) N(@)-C(21)-C(11) 1175 (1.9)
of Pt-CH; bonds with the metal atom in various oxida- C(18)-C(14) 1.40 (4) C(11)-N(1)-C(15) 123.5(1.7)
tion states?—2% are 2.05 A long. This distance is not C(14)-C(15) 1.38(3) C(21)-N(2)~-C(25) 121.5(1.8)
(20) W. C. Hamilton, Acta Cryst., 14, 185 (1961). C(21)-C(22) 1.40(3) C(11)-C(21)-C(24) 177.5(1.7)
(21) A. G. Swallow and M. R, Truter, Proc. Roy. Soc. {London), A286, 527 C(22)_C(23) 1.38 (3) C(14)__C(11)_C(21) 174.2 (1 X 5)
(lg(gglj E Lyn::lon and M R. Truter lJ Chem. Soc., 6899 (1965) C(23)-C(24) 1.38 “)
23) N A Bayley, R. D..Gi.llard, NI’ I-Ceeton: R. .L’/Iason, and D R. Rus- C(24)_C(25) 1.36 (3)
sel, Chem. Commun., 396 (1966). C(11)-C(21) 1.43(2)
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Figure 1.—Packing of molecules related by inversion centers (1) and screw axes (2;).

O

Figtire 2.—A perspective view of IrI:{CO)(CioN:05)(CH;0:).

strictly comparable to the present one, because of the
different hybridization character of the carbon, but it
may be assumed that—within a range of one or two
esd’s—the atomic contraction in going from Ir to Pt
is offset by the increment of the carbon radius in going
from an sp? to an sp® hybridization state. Still an
independent indication of a possible d,~p, interaction
arises from the coplanarity of the ketonic CO iu the
carbomethoxy group with the square of ligands rep-
resented in Figure 3. In fact, if the -COO group is
bonded to the metal via a o bond, it should be ex-
pected to rotate around the junction. There is how-
ever an indication that the —COO could be constrained
into the plane of Ir, N(1), N(2), C(1), and C(2) by an
angulated hydrogen bond connecting O(2) and the
carbon atom C(15) of the bipyridine (see later).

The carbonyl group is linearly bonded to the metal
atom, the Ir-C-O angle being 179 (2°). The distance
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Figure 3.—A projection of the molecule on the ‘‘best” plane
passing through Ir, N(1), N(2), C(1), and C(2) atoras (the iodine
atoms are not shown). (The decimal numbers near the key letters
represent the distances of each atom from the best plane.)

of 1.80 (2) A from metal to carbon falls among the
shortest third transition metal-carbonyl ifitgractions
reported in the literature for mneutral carbonyls.?
This distance however should not be taken as an in-
dication of a particularly strong metal-carbonyl inter-
action, which should be accompanied by a longer
C-O distance (the observed value is 1.11 (3) A) and a
lower carbonylic stretching frequency (observed fre-
quency is 2050 cm ™).

The iridium-nitrogen bond lengths, 2.13 (2) and
2.15 (2) A, are strictly comparable. There is also
good agreement between the metal-nitrogen bonds in
this determination and in a number of structural in-
vestigations on species containing platinum bonded to
pyridic nitrogen.?'=2% A relevant deformation of the
ideal octahedral coordination around the metal is due
to the presence of the chelate ring. The N(1)~Ir-N(2)
angle of about 76° is the same as in trlmethylacetyl-
acetonyl(2,2’-bipyridyl) platinum.?!

The 2,2’'-Bipyridine and the Carbomethoxy Ligands

The 2,2’-bipyridine configuration does not show
relevant difféerences with respect to the free molecule,
apart from the obvious fact that here the molecule is
constrained into the c¢us form, while the crystal struc-
ture of bipyridine displays the frans conformation.?
The two rings are rotated around their junction C(11)-
C(21) by 7.5°, in agreement with previous results,?!
This rotation comes from a repulsive interaction of the
hydrogen atoms bonded to C(12) and C(22); these

(24) F. Calderazzo, ‘““Organic Syntheses zia Metal Ca%bonyls,” Vol. 1,

Interscience Publishers Ltd., London, 1967.
(25) L. L. Merritt and E. D. Schroeder, Acte Cryst., 9, 801 (1965).
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hydrogens, when placed in postulated positions at
1.08 A from the appropriate carbon atoms in directions
bisecting the angles C(11)-C(12)— C(13) and C(21)-

C(22)-C(23), are separated by 2.2 A. Owing to the
relative rotation of one pyridic ring with respect to the
other, the chelate ring is not planar, the distortion
being such that the two carbon atoms of the junction
lie 0.05 and 0.07 A, respectively, aboveiand below the
“best” plane defined by Ir and the metal-bonded N
and C atoms.

The two rings are planar well within the esd’s of
each single atom? and the C-N and C-C distances
listed in Table IV agree with previous results.2!:2

Distances and angles within the carbomethoxy group
have been compared with those found in a recent
statistical examination carried out on carboxylic acids
and esters.” The “ketonic’ C(2)-0(2) distance of 1.18
(2) A compares well with the statistical mean value of
1.223 (4) A. The C(2)-0(3) bond of 1.28 (2) A sim-
ilarly compares with the statistical one of 1.302 (6) A.

A relevant distortion is apparent in the bond angles
around the sp®-hyhridized carbon C(2). The O(2)-
C(2)~-0(3) ~angle is 120.6° whereas the statistics in-
dicate 124° as the most probable value and a large
difference 1s found among the two adjacent angles
Ir—C(2) -0(2) and Ir-C(2)-0(3) (see Figure 3). This
deformatijon is certainly due to the short  distance.
(2.90 (2) A) separating the atoms O(2) and C(15)
In Flgur% 3 the van der Waals radii-for O(2), C(15),
and H(15) (the last in its “postulated’} position) are
given. The values reported are -well-checked data®
and the possibility arises of the presence of an angulated
hydrogen bond O(2)- H(15)—C(15) which makes the
distances O(2)~C(15) (2.90 A) and O(2)-H(15) (2.0 &)
much shorter than in the p,r’é\icted van der Waals
interactionis (3.15 and 2.45 A, respectively). The well-
known ‘reactivity of the « position in pyridic rings, as
well as charge-distribution analyses in pyridine and in
similar aromatic systemis,?® supports the view that
a fractional positive charge—a condition for hydrogen
bonding—is associated with the a-bonded hydrogen.
This effect and possibly only a limited Ir-C d.-p,
interaction seem to be responsible of the observed co-
planarity of the —COO system with the metal and the
metal-bonded C and N atorms.
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