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(30) The occurrence of this band In the spectra of Ru(lf) pyrazinlum com-
plexes provides a satisfactory explanation, within the framework of the
trapped-valence model, of the weak shoulder at ~850 nm In the spec-
trum of the mixed valence

— .
[(NH.. )sRuNONRu(NHu)F,jr

lon (see ref 4). It has been pointed out to us by a referee that owing to
the large magnitude of spin—orbit coupling constants for Ru and Os (G.
A. Crosby, K. W. Hipps, and W. H. Elkins, Jr., J. Am. Chem. Soc., 98,
629 (1974)), there is some doubt In our assignment of the weak, long
wavelength transitions. Our assignment does explain why the weak
transitions are observed in Ru(ll) complexes only when the interaction of

w and 7* orbitals Is large and Is supported by the fact that the change In
6 Is the same whether calculated for Ru(ll) or Os(ll). For these reasons
we prefer to retain our Interpretation though admitting »at we may have
to revise It when more Insight Into the electronic spectra of these
specles is galned.

(31) Simllar behavlor Is observed In the protonation of

H H+
[( NH, ), RuN =<-='>==:~'

K. Rleder, U. Hauser, H, Slegenthaler, E. Schmidt, A, Ludl, to be submit-
ted to /norg. Chem.
(32) av = (" [H|7*), am = (tod Htag), B = (m*| H|tag), and & = oq — a.
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Abstract: The crystzl and molecular structure of dinitratobis(acetylacetonato)zirconium(IV), Zr(acac);(NO3),, has been
determined by single-crystal X-ray diffraction and has been refined (anisotropically on Zr, O, N, and C; isotropically on H)
by least-squares methods to R; = 0.036 and R; = 0.032 using 3891 independent diffractometer-recorded reflections having
20Moka < 63.7° and I > 20 (I). The compound crystallizes in the monoclinic space group C2/c with eight molecules in a
unit cell of dimensions: a = 29.247 (3), b = 7.870 (1), ¢ = 14.257 (1) A; B = 93.824 (8)° (popsd = 1.669, peatca = 1.677 g/
cm?). The crystal contains discrete eight-coordinate molecules in which bidentate acetylacetonate and bidentate nitrate li-
gands span the m edges of a (necessarily distorted) D,4-42m dodecahedron; each BAAB trapezoid contains one acetylaceto-
nate and one nitrate ligand. Averaged Zr-O bond distances are: Zr-O(acac) 2.096 A and Zr-O(nitrate) 2.295 A. Within a
particular chelate ring, the Zr-O bond lengths involving dodecahedral A sites exceed those involving B sites by 0.015-0.051
A (50-170) and these differences appear to be propagated in the N-O and C-O bond lengths in the ligands, N-Oy4 being
shorter than N-Og by 0.012-0.019 A (30-50) and C-O4 being shorter than C-Og by 0.017-0.023 A (40-60). The ligands
are planar, and the acetylacetonate methyl groups adopt a conformation in which one methyl hydrogen atom and the -CH=
hydrogen atom are eclipsed. The relative merits of the observed Cy-mmmm stereoisomer and other possible stereoisomers
are discussed in terms of ligand bite, polyhedral edge lengths, and nonbonded contacts. In solution, Zr(acac),(NO3); is a
monomeric nonelectrolyte which is stereochemically nonrigid on the NMR time scale at temperatures above —130°. Below
—144°, stereochemical rearrangement is slow, and 'H NMR spectra are consistent with the Cy-mmmm structure found in
the solid state. Retention of coordination number eight in solution is indicated by the similarity of solid-state and solution-

state infrared spectra.

In 1958 Brainina and coworkers® reported syntheses of
the interesting, mixed-ligand zirconium complexes, Zr-
(dik)2(NO3)> and Zr(dik)3;(NOj3), where dik represents the
anion of acetylacetone or benzoylacetone. More recently
some analogous hafnium complexes have been prepared.*
These compounds have not yet been fully characterized,
and nothing is known about their structures.

Structural points of interest include (1) the denticity of
the nitrate ligands and the coordination number (CN) of
the zirconium atom and (2) the geometry of the coordina-
tion polyhedron, For the dinitrato complexes, possible struc-
tures are Zr(dik)2(ONO,)> (CN 6), Zr(dik)2(0,NO)(O-
NO;) (CN 7), and Zr(dik)2(0O>NO); (CN 8), depending
on the mode of nitrate attachment.® In addition to analo-
gous structures for the mononitrato complexes, viz., Zr-
(dik)3(ONO3) (CN 7) and Zr(dik)3(O2NO) (CN 8), one
must also consider an ionic structure, [Zr(dik);]*[NO;]~,
in which the zirconium atom exhibits CN 6.

Structures of the nitrato complexes are of interest in rela-
tion to previous structural work on halo(acetylaceton-

ato)zirconium complexes and the tetrakisacetylacetonate.
Zr(acac)3Cl is a pentagonal bipyramidal molecule (CN 7),%
while Zr(acac), adopts a square antiprismatic geometry
(CN 8).7 The detailed geometry of Zr(acac),Cl, is not yet
known; however, NMR, infrared, Raman, and dipole mo-
ment studies point to a cis octahedral structure in solution.8

In this paper we report the characterization and the crys-
tal and molecular structure of dinitratobis(acetylaceton-
ato)zirconium(IV), Zr(acac)2(NO3)2. A following paper
will deal with Zr(acac)3;(NO3).

Experimental Section

Preparation and Physical Data. Dinitratobis(2,4-pentanedion-
ato)zirconium(1V), Zr(acac)y(NO3),, was prepared in 63% yield
according to the procedure of Brainina et al.? by reaction of acetyl-
acetone with ZrO(NO3)2:2H,O in benzene solution. Recrystalliza-
tion from hot benzene-hexane (~40:60 v/v), under a dry nitrogen
atmosphere, gave colorless crystals which were washed with dry
hexane and dried in vacuo for 12 hr at room temperature: mp
149-151°, lit.® 146-148°; mol wt 392 (cryoscopic, 0.0327 m nitro-
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benzene solution), calcd 413; molar conductance 0.63 ohm~! cm?
mol=! (1.00 X 10-3 M nitrobenzene solution, 25.0°); NMR
(CH;Cl; solution, 10.0 g/100 ml, 37°): —2.12 (CH3) and —5.93
ppm (~CH=) relative to an internal reference of tetramethylsilane
(1% by volume); ir (CH,Cl; solution) »5(C—=—0) 1557 cm™! and
vas(C=0) 1353 em™1,

Crystallography. Single crystals of Zr(acac),(NO3),, suitable
for X-ray work, were grown from a dichloromethane-hexane mix-
ture and were sealed under nitrogen in thin-walled glass capillaries
for all subsequent X-ray studies. Weissenberg and precession pho-
tographs used to determine the probable space group and a prelim-
inary set of lattice constants indicated monoclinic, 2/m, symmetry.
The systematically absent reflections were those required by space
group Ce-Cs* (No. 9) or C2/c-Cy® (No. 15). The choice of the
centrosymmetric space group, C2/c¢, was fully supported by the
negative results of sensitive tests for piezoelectricity made with a
Geibe-Schiebe detector and by all stages of the subsequent struc-
ture determination. Use of the accurate lattice constants given
below for a unit cell containing eight Zr(acac)2(INO3); molecules
gave a calculated density of 1.677 g/cm?3, in excellent agreement
with the observed density of 1.669 g/cm? measured by flotation in
a mixture of hexane, carbon tetrachloride, and 1,1,2,2-tetrabro-
moethane.

The simple atomic arrangement in the crystal was determined
by the straightforward application of the heavy-atom technique
using photographically recorded and three-dimensionally correlat-
ed diffraction data whose intensities were visually estimated by
comparison with a “standard” intensity strip. Twenty-four inter-
penetrating layers of equiinclination Weissenberg intensity data, 9
along b and 15 along ¢, were recorded using multiple-film tech-
niques with Zr-filtered Mo K& radiation. The visually estimated
intensities were reduced to relative squared amplitudes, |Fo|2, by
means of standard Lorentz and polarization factors. The 2356 in-
dependent data which resulted from the three-dimensional correla-
tion of the relative | Fo|? values were used to calculate a Patterson
synthesis, from which the Zr atom was located. A single difference
Fourier synthesis at this point was sufficient to locate all remaining
non-hydrogen atoms of the totally general-position asymmetric
unit. Unit-weighted block-diagonal least-squares refinement
employing anisotropic thermal parameters for all non-hydrogen
atoms resulted in a conventional unweighted residual

Ry = Z|Fo| = |Fcll/2|Fy|

of 0.091. Bond lengths and angles calculated from the refined
structural parameters at this point indicated CN 8 for the Zr atom
with each bidendate ligand spanning an m edge of a (necessarily
distorted) D4 dodecahedron.® Although the Zr-O bonds to A-site
oxygen atoms were systematically longer than those to B-site oxy-
gen atoms within the same ligand (see Figure 1), the differences
were not statistically significant since the estimated standard de-
viation in an individual Zr-O bond length averaged 0.010 A. It
was therefore decided to re-collect a set of diffractometer data in
the hope that a more complete and accurate set of diffraction data
might enable us to better characterize these and other subtle dif-
ferences existing among the various bonds.

A nearly cube-shaped specimen, 0.50 mm on an edge, of Zr-
(acac)(NO3), was cut from a larger single crystal in a glove bag
under nitrogen and sealed in a thin-walled glass capillary and then
very carefully aligned optically on a computer-controlled four-cir-
cle Syntex P1 autodiffractometer. A total of 15 high-angle (28poka
> 35°) reflections, chosen to give a good sampling of reciprocal
space and diffractometer settings, were used to align the crystal
and calculate angular settings for each reflection. A least-squares
refinement of the diffraction geometry for these 15 reflections, re-
corded at the ambient laboratory temperature of 20 + 1° with
Nb-filtered Mo K& radiation (A 0.71069 A}, gave the lattice con-
stants @ = 29.247 +£ 0.003 A, b = 7.870 £ 0.001 A, ¢ = 14.257 +
0.001 A, and 8 = 93.824 % 0.008°.

Intensity measurements utilized Nb-filtered Mo K& radiation
and the 6-26 scanning technique with a 3° takeoff angle and a nor-
mal-focus X-ray tube. A scanning rate of 3°/min was employed
for the scan between 28 settings 1.0° above and below the calculat-
ed Ko doublet values (Aka, 0.70926 A and Ak,, 0.71354 A) of
each reflection. Background counts, each lasting for half the total
scan time, were taken at both ends of the scan range. A total of
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5650 reflections having 26moka < 63.7° (1.5 times the number of
data in the limiting Cu K& sphere) were measured in concentric
shells of increasing 26 containing approximately 1900 reflections
each. Six standard reflections, monitored every 300 reflections,
gave no indication of misalignment and/or deterioration of the
crystal. ]

The linear absorption coefficient of the crystal!® for Mo Ké& ra-
diation is 0.72 mm™!, yielding a uR of 0.22 for a spherical crystal
having the same volume as the cube-shaped specimen actually
used. Since the absorption of X-rays by a spherical crystal having
R = 0.22 is virtually independent of scattering angle,!' and de-
viations from this absorption occasioned by the use of the cube-
shaped specimen are practically negligible except for a trivial frac-
tion of the reflections, no absorption corrections were made and
the intensities were reduced to relative squared amplitudes, | Fo|?,
by means of standard Lorentz and polarization corrections.

Of the 5650 reflections examined, 1759 were rejected as object-
ively unobserved by applying the rejection criterion, / < 2.00(/),
where o(/) is the standard deviation in the intensity computed
from

a(I) = (Cy + k?B)

C, being the total count from scanning, k the ratio of scanning
time to total background time (in this case, k = 1), and B the total
background count. The remaining 3891 observed intensities were
used to locate the hydrogen atoms and refine the structure.

Unit-weighted anisotropic full-matrix least-squares refinement
to convergence of the structural parameters for the 23 non-hydro-
gen atoms followed by a difference Fourier synthesis permitted the
location of all 14 hydrogen atoms in the asymmetric unit. Further
cycles of unit-weighted full-matrix least-squares minimization of
the function Ew(|F,| — K|F¢|)? (where K is the scale factor),
which employed isotropic thermal parameters for hydrogen atoms
and anisotropic thermal parameters for all other atoms, led to Ry
= 0.036 and a conventional weighted residual

Ry = {Zw(|Fo| — K|F|)?/ Zw|F,|3!/2

of 0.038 for 3891 reflections. These and all subsequent refinement
cycles employed anomalous dispersion corrections for the Zr
atom!? and a least-squares refineable extinction correction of the
form 1/(1 + gi;)'/? (where the extinction coefficient, g, refined to
a final value of 3.24 X 10~7). Empirical weights (w = 1/42) were
then calculated from

3
0 =3 a,|Fo|"=1.82—0.154 X 107 | Fo| +
0

0.440 X 1074 F,|2 4+ 0.261 X 1076|F,|?

the a, being coefficients derived from the least-squares fitting of
the curve

VFo| = K|Fell = %aanol"

where the F values were calculated from the fully refined model
using unit weighting. The final cycles of least-squares refinement
utilized these weights to refine hydrogen atoms isotropically and
all other atoms anisotropically together with the scale factor and
extinction coefficient to give final values of 0.036 and 0.032 for R,
and Rj, respectively, for 3891 independent reflections. During the
final cycle of refinement, no parameter shifted by more than 0.400,
with the average shift (including shifts for hydrogen atoms) being
0.030. The final parameters from least-squares cycles utilizing the
empirical weights did not differ significantly from the final param-
eters from cycles utilizing unit weights. The atomic form factors
compiled by Cromer and Mann'3 were used in all structure factor
calculations.

The following programs were used on an 1BM 360/65 computer
for this work: MAGTAPE, SCALEUP, and SCTFT2, data reduction
programs written by V. W. Day; FORDAP, Fourier and Patterson
synthesis program, a modified version of A. Zalkin's original pro-
gram; ORFLSE, full-matrix lease-squares structure refinement pro-
gram, a highly modified version of Busing, Martin, and Levy's
original ORFLS; ORFFE, bond lengths and angles with standard de-
viations by Busing, Martin, and Levy; ORTEP2, thermal ellipsoid
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Table I. Atomic Fractional Coordinates in Crystalline
Zr(acac),(NO,) 4

Atomb 10%x 10% 104
Zr 1248.9 (1) 1775.2 (3) 2794.7 (2)
Oa, 1581 (1) 4138 (2) 3103 (1)
Oa, 1901 (1) 991 (2) 3280 (1)
Ob, 1044 (1) -626 (2) 3267 (1)
Op, 977 (1) 2385 (2) 4054 (1)
O, 763 (1) 3885 (3) 2244 (2)
O, 574 (1) 1326 (3) 1943 (2)
Ocs 130 (1) 3384 (4) 1399 (2)
04, 1445 (1) -128 (3) 1645 (1)
Od, 1511 (1) 2520(3) 1370 (2)
04, 1739 (1) 677 (4) 354 (D)
N¢ 469 (1) 2903 (4) 1837 2)
Ng 1574 (1) 1002 (4) 1086 (2)
Ca, 2049 (1) 6462 (4) 3558 (3)
Ca, 1974 (1) 4585 (3) 3434 (2)
Ca, 2322 (1) 3447 (4) 3667 (2)
Ca, 2275 (1) 1699 (4) 3590 (2)
Cas 2662 (1) 539 (5) 3872 (3)
Cb, 702 (2) -3023 (5) 3907 (4)
Cb, 802 (1) -1157 4) 2917 (2)
Ch, 651 (1) -107 (4) 4612 (2)
Cp, 754 (1) 1588 (4) 4678 (2)
Chs 623 (1) 2632 (5) 5492 (2)

aFigures in parentheses are estimated standard deviations in the
last significant figure. » Each symbol for an atom of a ligand carries
a litera] subscript to identify the particular ligand (a, b, ¢, or d) and
a numerical subscript to distinguish between atoms of the same ele-
ment within that ligand. Atoms are labeled in agreement with Fig-
ure 2.

plotting program by C. K. Johnson; and MPLANE, least-squares
mean plane calculation program from L. F. Dahl’s group.

Results and Discussion

Structure in the Solid State. Final atomic coordinates and
thermal parameters for crystalline Zr(acac);(NO3), are
presented in Tables I-II1.'"* A model seen in perspective of
the contents of the asymmetric unit specified by the atomic

coordinates of Tables I and III is illustrated in Figure 2;
each non-hydrogen atom is represented by an ellipsoid hav-
ing the shape, orientation, and relative size concomitant
with the thermal parameters listed in Table II (hydrogen
atoms are represented by small spheres not representative
of their true thermal motion).

The crystal contains discrete eight-coordinate molecules
in which bidentate acetylacetonate and bidentate nitrate
ligands span the m edges (see Figure 1) of a (necessarily
distorted) D»4-42m dodecahedron. Each BAAB trapezoid
contains one acetylacetonate and one nitrate ligand; thus
the approximate molecular point group symmetry is C>-2,
the quasi-twofold axis passing through the midpoints of the
opposite b edges (Figure 1) which connect atoms O.» and
Oy and atoms O, and Oy, (Figure 2). Note that the atom
numbering system reflects the quasi-twofold symmetry; for
example, oxygen atoms which occupy dodecahedral A sites
of Figure 1 have the numerical subscript 1 in Figure 2 while
those which occupy B sites have the numerical subscript 2.
Bond distances, polyhedral edge lengths, and bond angles in
the ZrQOg coordination group are presented in Tables IV
and V. A perspective view (adapted from a computer-drawn
diagram) of the coordination polyhedron is shown in Figure
3. Average polyhedron-shape parameters are compared
with theoretical values in Table VI. The packing of Zr-
(acac)2(NO3), molecules in the crystal is depicted in Figure
4. There are no unusually short intermolecular contacts.

In terms of the geometric criteria discussed by Lippard
and Russ,'> the choice of coordination polyhedron for Zr-
(acac)2(NO3)5 (D24-42m dodecahedron or Dyy-82m square
antiprism) is unambiguous. The angle between the two in-
tersecting trapezoidal best planes defined by atoms Zr, O,;,
0.2, Oci, and O¢; and by atoms Zr, Oy, Opz, Od1, and Oyz
(Table IX) is 90.7° vs. 90.0° for a perfect dodecahedron
and 77.4° for a perfect antiprism. Values of d, the average
displacement of ligand atoms from the trapezoidal best
planes, are 0.04 and 0.05 A, respectively (0.0 A for a per-
fect dodecahedron), while values of ds, the average dis-
placement of ligand atoms from the best planes through the

Table 1I, Thermal Parameters in Crystalline Zr(acac),(NO,),2
Anisotropic Parameters, A? Equiv isotropic
Atomb B, B,, B., B, B,, B,, B.c A?
Zr 3.04 (1) 259 (D 3.39 (1) -0.34 (1) 0.48 (1) -0.24 (1) 2.95
Oa, 3.7(D 2.8 (L) 5.5(1) -0.3 () 0.7 (1) -0.2(D) 38
O,, 3.6 () 3.0 4.2 (1) -0.3 (1) 0.0 (1) -0.2 (1) 3.5
Op, 4.8 (1) 28 () 4.6 (1) -0.7 (1) 1.7 (D -0.4 (1) 3.8
Obp, 4.7 (D) 3.1(D) 3.7 (D 0.1 (L) 0.8 (1) -0.3 () 3.7
O, 4.3(1) 39 5.8 (1) 0.0 (1) -0.7 (1) 0.1 (D 4.6
Oc, 4.1 (1) 4.3(1) 6.0 (1) -0.2(1) -0.5 (1) -0.9 (1) 4.7
Oc, 4.5 (D) 7.9 (2) 6.7 (1) 0.9 (1) -5 0.3 (D 6.0
Og, 4.9 (1) 4.0 (1) 39D -0.1(1) 0.9 (1) -0.4 (1) 4.2
Od, 59 (D) 4.3 () 5.1(D) -0.6 (1) 1.7 (D) 0.2 (D) 49
Od, 4.8 (1) 8.4 (2) 39D L0 (1) 1.5 (1) -0.2 (1) 5.1
N¢ 3.7 () 5.4 (1) 4.1(1) 0.2 (1) 0.4 (1) -0.1(1) 4.3
Ng 3.0 (D) 5.4 (1) 3.8(1) 0.2 () 0.5 (1) 0.0 (1) 3.9
Ca, 5.2(2) 2.9 (1) 7.2 (2) -0.7 (1) 0.2 (1) -1.0 (D) 4.6
Ca, 4.1 (D) 3.0 3.6 (1) -0.7 (1) 0.7 (1) -0.5 () 3.4
Ca, 3.6 (1) 3.8 (1) 5.3 -0.8 (1) -0.3(D -0.9 (1) 4.0
Ca, 3.6(1) 3.6 3.0 -0.1 (1) 0.4 (1) -0.2 () 3.4
Ca, 4.1 (D) 4.6 (2) 5.1(2) 0.6 (1) -0.5 (1) -0.5 () 4.5
Cp, 7.2() 3.3 9.1(3) -L.1(1) 3.8 () -0.1 (2) 5.4
Ch, 35 () 321 4.6 (1) -0.2() 0.7 (D 0.3(1) 3.7
Ch, 4.3 (1) 3.7() 39D 0.2(1) L1 0.6 (1) 3.9
Cb, 3.9(D 4.0 (1) 34D 0.9 (1) 0.3(1) -0.1(1) 3.7
Chs 7.0 (2) 4.9 (2) 4.1 (D) 1.3(2) 1.4 (2) -0.5 (1) 49

aNumbers in parentheses are estimated standard deviations in the last significant figure. Anisotropic temperature factors are of the form
exp[— (B, 1 + B A" + Baf® + 28,1k + 28,1l + 28,41 ; the By in A? are related to the dimensionless g;; employed during refinement as B;;
= 4Bjjlai*aj*. bEach symbol for an atom of a ligand carries a literal subscript to identify the particular ligand (a, b, ¢, or d) and a numerical
subscript to distinguish between atoms of the same element within that ligand. Atoms are labeled in agreement with Figure 2. ¢lsotropic

thermal parameter calculated from B = 4{ P2det ()] '?.
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Table 11I. Refined Parameters for Hydrogen Atoms
in Crystalline Zr(acac),(NO,),4

Fractional coordinates

1sotopic thermal

Atomb 103x. 103y 10%z  parameter B, A?
Ha,, 188 (1) 706 (5) 313 (3) 3.8(8)
Ha., 235 (1) 674 (5) 366 (3) 5.109)
Ha,s 191 (1) 675 (5) 410 (3) 4.1 (8)
Ha, 261 (1) 389 (4) 389 (2) 3.4 (7
Ha., 273 (1) ~13(5) 339 (3) 3.4 (8)
Hy., 259 (1) -21 (5) 441 (3) 5.0 (9)
Ha., 295 (1) 111 (5) 406 (3) 4.6 (9)
Hp,, 46 (2) -318 (8) 338 4) 9.7 (14)
Hp., 54 (2) -332(6) 440 (4) 7.2 (11)
Hp,; 94 (2) -376 (6) 375 (3) 6.0 (11)
Hp, 48 (1) -60 (4) 507 (2) 2.2 (6)
Hps, 86 (1) 314 (5) 571 2) 3.9 (8)
Hps; 45 (1) 204 (5) 595 (3) 5.9 (10)
Hpss 42 (1) 358 (5) 525 (3) 599

a Figures in parentheses are estimated standard deviations in the
last significant figure. » Each symbol for a hydrogen atom carries
the same (two) subscripts as the carbon atom to which it is bonded.
In addition, methyl hydrogens carry a third subscript to distinguish
between hydrogens on the same carbon atom. Atoms are labeled
in agreement with Figure 2.

Table IV. Bond Distances in the Coordination Group
of Zr(acac),(NO,),2

Bondb Length, A (Zr-04)-(Zr-0p), A
Zr-0y 2.130 2)
Z1-0q, 2.079 2) 0.051 (3)
Zr-0Oy 2.106 (2)
Z:1-Oy, 2.068 (2) 0.038 (3)
Zr-0Oc 2.290 (2)
20, 2275 (2) 0.015 (3)
Zr-0Og 2.321(2)
Zr—Od; 2.294 (2) 0.027 (3)
Av valuesc
Zr-Ofacac) 2.096 (2, 22, 34)
Zr-O(NO;") 2.295 (2, 13, 26)

a Figures in parentheses are estimated standard deviations in the
last significant figure.  Oxygen atoms carry a literal subscript to
identify the particular ligand (a, b, ¢, or d) and a numerical sub-
script to distinguish between atoms of the same ligand. Oxygen
atoms occupying dodecahedral A sites of Figure 1 have the numeri-
cal subscript 1 while those occupying B sites have the numerical
subscript 2. Atoms are labeled in agreement with Figure 2 and
Tables I and I1. ¢ The numbers in parentheses following each
averaged value are the root mean square estimated standard devia-
tion for an individual datum and the mean and maximum deviation
from the average value.

two ‘“‘square faces’ of the “‘antiprism”, are 0.27 and 0.23
A'6(0.0 A for a perfect antiprism). ~
Distortion of the ZrOg dodecahedron from full D,4-42m
symmetry is necessitated by the chemical nonequivalence of
the ligands and is most evident in the Zr-O bond distances
and in the lengths of the m edges. The Zr-O(acac) bonds
are ~0.20 A shorter (and are presumably stronger and
more covalent) than the Zr-O(NO;~) bonds (cf. Table
IV), and the m edges spanned by the acetylacetonate lig-
ands are ~0.52 A longer than those spanned by the nitrate
ligands (cf. Table V and Figure 3). The length of an m edge
corresponds to the “bite” of the ligand and is determined
primarily by the ligand geometry and the number of atoms
in the metal-chelate ring. Other polyhedral edges of the
same class (a, b, or g) have rather similar lengths (cf. Table
V). Mean plane calculations on the trapezoidal planes de-
fined by the ligand oxygen atoms (i.e. Zr atom excluded; cf.
Table IX) indicate that the inequality between the Zr-
O(acac) and Zr-O(NO;™) bonds is associated with small
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Figure 1, The D;4-42m dodecahedron, with vertices and edges labeled
according to Hoard and Silverton.® Equivalent trapezoids, BAAB, lie
in the mutually perpendicular mirror planes and interlock in agreement
with 4. The ligand A sites and B sites are located, respectively, at the
corners of two nonequivalent, interpenetrating Djg-42m tetrahedra,
the A-site tetrahedron being elongated along the 4 axis and the B-site
tetrahedron being compressed along the 4 axis. The 18 dodecahedral
edges are distributed among four classes: a (2), b (4), m (4), and g (8).
Each of the two mutually perpendicular twofold axes passes through
the midpoints of a pair of opposite b edges.

Figure 2, Model in perspective of the Zr(acac)»(NO3), molecule. The
quasi-twofold axis passes midway between atoms O, and Op2 and
atoms O and Oqgs.

displacements of the Zr atom from these trapezoidal planes
in the direction of the acetylacetonate ligands; thus the Zr
atom is displaced 0.19 A from the mean plane defined by
atoms Oy, Oz, O, and O, (displacement toward acac
ligand b) and 0.09 A from the mean plane defined by atoms
Obi, Ob2, Odi, and Og, (displacement toward acac ligand
a). The averaged Zr-O(acac) bond length (2.096 /%) is
shorter than the averaged Zr-O bond lengths in the eight-°
coordinate Zr(acac)s (2.198 A),7 seven-coordinate Zr-
(acac);Cl (2.129 A)% and pseudo-six-coordinate (-
CsHs)Zr(acac),Cl (2.15 A).!7 This suggests that Zr-
(acac)2(NO3), could be regarded as a pseudo-octahedral,
six-coordinate complex with each nitrate ligand being con-
sidered to occupy only one coordination site.'® Alternative-
ly, the Zr-O(acac) bonds may simply be shortened at the
expense of the Zr-O(NO;~) bonds since the averaged
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Figure 3, Perspective view (adapted from a computer-drawn diagram)
of the dodecahedral coordination polyhedron as observed in the Zr-
(acac)2(NOi); molecule. The four short edges of length 2.124, 2.132,
2.635, and 2.653 A are the dodecahedral m edges spanned by the four
bidentate ligands.

Figure 4. Model in perspective to illustrate the packing of Zr-
(acac)3(NO3)2 molecules in the crystalline arrangement. The contents
of one unit cell are viewed normal to the (010) plane.

length of all eight Zr-O bonds in the Zr(acac)>(NOs),
(2.195 A) is nearly identical with the averaged Zr-O bond
length in Zr(acac)s,.

It will be noted from Table IV that the Zr-O bonds di-
rected toward the dodecahedral A sites (Figure 1), Zr-Oa,
are significantly longer than the bonds directed toward the
B sites, Zr-Og. This is the case for all four ligands, the dif-
ference between Zr-Ox and Zr-Op ranging from 0.015 A
(50) 10 0.051 A (17¢). Similar differences in the M-L4 and
M-Lg bond distances have been observed for Zr(C;04)4*~
(~0.06 A)!® and Ti(S,CNEt;y)s (~0.08 A),20 which also
have an mmmm dodecahedral structure. The ratio of the
averaged bond distances, Zr-Oa/Zr-Og, in Zr-
(acac)2(NO3), is 1.015, compared with 1.00 for the hard
sphere model and 1.03 for the Dy4-42m dodecahedron
which minimizes closed-shell ligand repulsions.® Relative
lengthening of the Zr-Ox bonds reduces O++O4 ligand re-
pulsions along the a edges, the shortest of the polyhedral
edges not spanned by a bidentate ligand (Table V). It is
possible, as suggested by Colapietro et al. for Ti(S,C-
NEt»)4,% that = bonding (Ogpr — Zr d,2—,2) may also
contribute to the difference between the Zr-Oa and the
Zr-Og bond lengths. In this connection it is interesting to
note (Table IV) that the difference in bond lengths is great-
er for the Zr-O(acac) bonds than for the Zr-O(NO;3™)
bonds.

Table V. Polyhedral Edge Lengths and Bond Angles Subtended
at the Zr(IV) Atom in the Coordination Group of Zr(acac),(NO,),4

Edge type?  Atoms¢  Length, A Atomse Angle, deg
a 0a,-0¢, 2.623(3) 0,,-Zr-O¢,  72.68 (8)
a Op,—Od;, 2.690(3) Op,—Zr-0O4, 74.68(7)
b 0a;-Ob,  3.182(3) 0a,—-Zr-Op, 100.21 (8)
b 2,—0d, 3.122(3)  0,,-Zr-0y, 90.98 (8)
b Ob,~Oc, 3.267(3) Op,—Zr-0,, 97.41(8)
b 0c,-O4d;  3.060 3)  O¢,—Zr-Oq,  84.07 (8)
m 21—0a,9 2653 (3) 0,,-Zr-0,, 78.14(7)
m Op,—Op,d 2.635(3) Op,-Zr-Op,  78.26 (7)
m 0c—-O¢,4 2124 (3) O, -Zr-O;,  55.46 (7)
m 04,-04d,4 2.132(3) 04,-Zr-Og,  55.01 (8)
g 02,-Op,  2.681(3) 0,,-Zr-Op,  79.33 ()
g 03,-Op, 2809 (3) 0,,-Zr-Op,  84.33 (1)
g 2:-0d;  2775(3) 0,,-Zr-04, 77.58 (8)
g Op,-0., 2.733(3) Op,—Zr-O,, 77.08 (8)
g 0a;-0d, 2753(3) 0,,-Zr-Oq, 77.24(7)
g Ob,-O¢, 2.869(3) Op,—-Zr-0Oc, 82.15 (8)
z O¢,-0d,  2.803(3) O¢,-Zr-Og,  75.40(8)
g 0¢,-Od; 2851 (3)  Og,-Zr-0Og4,  76.66 (7)

Av values?

a’ 0---0 2.66 (0.3, 0-Zr-O 73.7 (0.8,
3,3 10, 10)
b 0---0 3.16 (0.3, O-Zr-O 93.2 (0.8,
7,11) 56,91)
m 0.0 2.39 (0.3, 0-Zr-0O 66.7 (0.7,
26,27) 115,
117)
g 0.0 2.78 (0.3, 0O-Zr-0O 78.7 (0.8,
5,10) 24,56)

@ Figures in parentheses are estimated standard deviations in the
last significant figure. & Edge nomenclature is defined in Figure 1.
¢Oxygen atoms carry a literal subscript to identify the particular
ligand (a, b, ¢, or d) and a numerical subscript to distinguish between
atoms of the same ligand. Oxygen atoms occupying dodecahedral
A sites of Figure 1 have the numerical subscript 1 while those oc-
cupying B sites have the numerical subscript 2. Atoms are labeled
in agreement with Figure 2 and Tables I and II. & The “bite” of
the ligand. € The numbers in parentheses following each averaged
value are the root mean square estimated standard deviation for an
individual datum and the mean and maximum deviation from
the average value.

Table VI. Average Polyhedron-Shape Parameters®
for Zr(acac),(NO,),

Parameterd Zr(acac),(NO,),  MFPb HSMe
a 1.21 1.17 1.20
b 1.44 1.49 1.50
m 1.09 1.17 1.20
g 1.27 1.24 1.20
64, deg 36.8 35.2 36.9
op, deg 75.7 73.5 69.5
Zr-Oa/Zr-Op 1.015 1.03 1.00

ag,b, m,and g are averaged lengths of the dodecahedral edges
(Figure 1) in units of the averaged Zr—O bond distance (2.195 A).
04 and 6 are the averaged angles which the Zr—-0O4 and Zr-Op
bonds, respectively, make with the 4 axis (Figure 1). b Most
favorable coordination polyhedron, calculated® to minimize the
closed-shell ligand repulsive energy. ¢ Hard sphere model.

Mixed-ligand chelates of the type M(XX)2(YY), which
adopt dodecahedral stereochemistry with an mmmm wrap-
ping pattern may exist as two geometric isomers: (1) a Ca
isomer in which the m edges of each BAAB trapezoid (Fig-
ure 1) are spanned by ligands of the same type; i.e., both
XX ligands are on one trapezoid, and both YY ligands are
on the other, or (2) a C, isomer in which the m edges of
each trapezoid contain one XX ligand and one YY ligand.
The latter stereoisomer is observed in crystalline Zr-
(acac)2(NO3); and is expected to be the more stable isomer
whenever there is an appreciable difference between the
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Table VII. Bond Lengths (A) and Bond Angles (deg) in the Acetylacetonate Ligands®

Bond? Ligand a Ligand b Avb Angle Ligand a Ligand b Avb
0, 0,° 2653 (3)  2.635(3) 2,644 (3,9,9) 21-0,-C, 135.3 (2) 135.3(2) 135.3 (2,0, 0)
2r-0,-C, 136.9 (2) 136.2 (2) 136.6 (2, 4, 4)
0,-C, 12633)  1275(3) 1,269 (3, 6, 6) 0,-C,-C, 116.1 (3) 115.6 (3)} 15933 4)
0,-C, 1280(3)  1.298(3) 1.289 (3.9,9) 0.-C.-C, i;g; g)) 1157 8; 93,3,
C.-C 1379 (4)  1.384 (4) 0.-C.-C, . .
C.-C. 1.386 (4) 1370 (4)} 1.380(4,5,10) 0.-C.-C, 1224 (é)) 1228 g; 1229 G3,3,5)
C,-C 1.503 (4)  1.498 (5) —C,-C, . .
C.—C. 1.489 (4)  1.493 (4)} 1496 4,3, 7) c,-C.-C, 1212 (3) 121.5 (3) 121.23,2,5)
C.-H, 0.94 (3) 0.93 (3) 0.94 (3,1, 1) C,-C,—C, 124.0 3) 123.4 (3) 1237 3,3, 3)
C,-C,-H, 118 ) 118 (2)} 118 2.0, 1)
C.-C.-H, 118 (2) 119 ) -0,
C,-H,, 0.90 (4) 0.99 (6) C.-C,-H,, 112 (3) 105 (4)
C.-H,, 0.92 (4) 0.90 (5) C,-C,-H,, 113 3) 111 (3)
C.-H,. 0.92 (4) 0.94 (5) 0.94 (4,4,9) C.-C.-H,, 106 (2) 118 (3) 1113,3,7)
C.-H., 0.89 (4) 0.85 (4) C,—C.-H,, 110 ) 107 2)
Ci-H,, 1.01 (4) 0.96 (4) C.-C.-H., 112 ) 115 (3)
C.-H., 0.97 (4) 0.99 (4) C.—C.-H., 115 @) 109 (2)
H,-C,-H, 11803 100 (4)
H,-C,-H,, 101 3) 103 (4)
H,-C,-H.  107(3) 117 (4)
H,,-C,-H,, 108 (3) 116 (3) { 108 3,5,10)
H,-C.~H.,  105(3) 103 (3)
H,-C.-H.. 106 (3) 106 (3)

a Numbers in parentheses are estimated standard deviations in the last significant figure. ® The numbers in parentheses following each ave-
raged value are the root mean square estimated standard deviation for an individual datum and the mean and the maximum deviation from

the average value. ¢ The bite of the ligand.

Table VIII. Distances (A) and Angles (deg) in the Nitrate Ligandse

Distance Ligand ¢ Ligand d Avb Angle Ligand ¢ Ligand d Avb
N-0, 1.266 (3) 1.267 (3) 1267 (3,1, 1) 0,-N-0, 123.3(3) 123.1 (3) 123.4(3,3,5)
N-0, 1.285 (3) 1.279 (3) 1.282(3,3,3) 0,-N-0, 1239 (3) 1232 (3) : »
N-0, 1.198 (3) 1.206 (3) 1.202 (3,4,4) 0,-N-0, 112.8 (2) 113.7 (2) 113.3(2,5,5)
0,-:0,c 2.124 (3) 2.132 (3) 2.128 (3,4, 4)

0, -0, 2.175(3) 2.176 (3) 2,176 3,1, 1) Zr-0,-N 95.8 (2) 95.1 (2)} 95.7 (2. 3.6)
0, -0, 2.185(3) 2.185 (3) 2.185(3,0,0) Zr-0,-N 96.0 (2) 96.0 (2) : »

a Numbers in parentheses are estimated standard deviations in the last significant figure. » The numbers in parentheses following each
averaged value are the root mean square estimated standard deviation for an individual datum and the mean and maximum deviation from

the average value. ¢ The bite of the ligand.

bites of XX and YY.2! A (C,, structure for Zr-
(acac)2(NO;); would require that nonbonded contacts
along the g edges decrease from the observed values (Table
V) of 2.68-2.87 A (av 2.78 A) to a value of ~2.67 A.22 It
appears that the relatively large bite of the acetylacetonate
ligand does not permit two acac ligands to be located on the
same trapezoid of a ZrOg dodecahedron; this view is sup-
ported by the fact that Zr(acac)3;(NOs) shuns the mmmm
wrapping pattern in favor of the previously unobserved do-
decahedral abmg arrangement?? and Zr(acac)4 deserts the
dodecahedron (almost entirely) in favor of a square anti-
prism.” Among the dodecahedral stereoisomers enumerated
by Hoard and Silverton® are two (aabb and mmgg) which
may allow optimum matching of ligand bites and poly-
hedral edge lengths for complexes of the type
M(XX)2(YY)>. In the case of Zr(acac),(NO;3),, the mmgg
isomer, with acac ligands on the g edges, is not obviously in-
ferior to the observed mmmm isomer; however, the aabb
isomer, with NO;™ ligands on the a edges,?* is disfavored
because the bite of the acac ligand (generally 2.6-2.9 A25)
is too short to properly span the b edges (~3.16 A).

Bond lengths and angles within the acetylacetonate and
nitrate ligands are presented in Tables VII and VIII, re-
spectively, and the results of mean plane calculations on the
ligands are included in Table IX. It is noteworthy that the
differences between the Zr-O, and Zr-Og bond lengths
(Table IV) appear to be propagated in the: C-O and N-O
bond lengths in the ligands, C-Oa being shorter than C-Og
by 0.017-0.023 A (46-60) and N-Op being shorter than

N-Og by 0.012-0.019 A (30-50). As expected, the shorter
C-O and N-O bonds are adjacent to the longer Zr-O
bonds, and vice versa, thus preserving the quasi-twofold
symmetry. Ligand bond distances and angles are in good
agreement with the values found in other acetylacetonate?’
and nitrate!® structures. As is always the case in structures
which contain “symmetrically” bidentate nitrate groups,2¢
the terminal N-O bonds (1.202 A) are shorter and the
N-O bonds involving the coordinated oxygen atoms (1.267
and 1.282 A) are longer than the N-O bonds in the nitrate
ion (1,245 A18); also the O-N-O bond angles involving the
coordinated oxygen atoms (113.3°) are appreciably less
than 120°. The NO;~ ligands are almost exactly planar
(Table IX), while the seven atoms of each CsO, acetylace-
tonate skeleton exhibit only minor departures from planar-
ity; displacements from the CsO; mean planes are <0.06 A
(average displacement 0.022 A). The Zr atom is slightly
displaced from the mean plane of each ligand (Table 1X),
which implies that the chelate rings are slightly folded
atong the m edges (O---O) of the dodecahedron. The dihe-
dral angles between the ligand planes and the planes de-
fined by the appropriate O-Zr-O group are 0.9, 5.6, 1.7,
and 4.5° for rings a, b, ¢, and d, respectively. The direction
of the fold in all four rings is clockwise as viewed down the
pseudo-4 axis of Figure 2; i.e. the uncoordinated parts of
ligand a are folded toward ligand b, ligand b is folded
toward ligand c, etc.

Although hydrogen atoms have been located in several
metal acetylacetonate structures.?’ no attention seems to
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Table IX. Least-Squares Mean Planes
of the Form AX + BY + CZ = Da

Plane
no. Atoms A B C D

Trapezoidal Planes

1 Zr,04;, 0a; Ocys 0.4585 0.0584 -0.8868 —1.7500
Oc;,

2 Zr,0p,,0p,,04,, —0.8931 0.0744 -0.4437 -4.6177
Od,

3 03,,04;,0¢;,Oc, 0.4566 0.0755 -0.8865 —1.6846

4 Op;,0p,, 04d,,04, —0.8929 0.0666 -0.4452 -4.6124

Ligand Planes

5 0a,,04,;.Ca;, Ca,,s 0.3696 0.0494 -0.9279 -2.3421
Casv Cav Cas

6  Ob;, Ob;. Cbys Ch,, —0.8233 0.1905 -0.5347 -4.7911
Cbas Cbu Cbs

7 Ne, O¢;s Oc¢zs Ocs 0.5569 0.0317 -0.8300 -1.4291

8 Nd,0d,,0d,;, Od, -0.8825 0.0047 -0.4702 -4.6928

Atoms and Their Displacements from Planes, A
1 Zr,0.141;04,, —0.010; Oy,, —0.064; O¢,, —0.023; O,

~0.045
2 Zr,0.067; Op,, —0.069; Op,, 0.009; Og,, 0.063; Oq,
-0.070
3 0,,,0.006; 0y, —0.003; Oc,, —0.007; Oc,, 0.005; Zr, 0.188
4 Oy, —0.060; Op,, 0.037; Og,, 0.070; Og,, —0.047; Zr, 0.089

5 0a,.—0.007; Oy, 0.009; Ca,, 0.013; Cy,, —0.001; Cas,
-0.017; Ca,, —0.003; ., 0.006; Zr, 0.026; Ha, ,, —0.408;
Ha,; —0.192; Hy,,, 0.884; Hy,, —0.049; Hy,,, —0.687; Hyy,,
0.848; Hy,s, —0.074

6 Op,, 0.047; Op,, —0.030; Cp,, 0.018; Cp,, —0.014; Cy,,
~0.061; Cp,, —0.021; Cy,, 0.062; Zr, —0.143; Hp,,,
~0.887; Hp,,, 0.011; Hy,,, 0.581; Hp,, —0.077; Hyy,,
0.717; Hps,, 0.052; Hy 5, —0.720

7 Ng, 0.000; Og,, 0.000; Oc,, 0.000; O, 0.000; Zr, —0.060

8 Ng,0.001; Og,, 0.000; Og,, 0.000; Og, 0.000; Zr, 0.159

aX,Y,and Z are orthogonal coordinates measured in A along a,
b, and c*, respectively, of the crystallographic coordinate system.

have been paid to the orientation of the methyl groups. In
Zr(acac),(NO3); one hydrogen atom of each of the four
crystallographically independent methyl groups lies in (or
near) the plane (Table 1X) of the appropriate CsO> group,
and this hydrogen atom is eclipsed with Hy3 or Hps, the hy-
drogen atom on the middle carbon atom (cf. Figures 2 and
4). This conformation is less favorable sterically than the
staggered conformation accessible by a 60° rotation about
the C-CH3; bond; however, the contacts between H,3 or Hp;
and the nearest neighbor methyl hydrogen atoms (2.35-
2.43 A) are not excessively short compared with the van der
Waals diameter of 2.4 A28 for hydrogen.?® These contacts
may be attractive, The methyl groups adopt the same ec-
lipsed conformation in Pt(acac):l>.272 However, the
staggered conformation is found in Co(salen)(acac),?’° and
both staggered and eclipsed conformations are observed in
Sc(acac)s.2’¢ Thus, the optimum conformation is probably
determined by the interplay of several competing factors,
including both intra- and intermolecular van der Waals in-
teractions.

Structure in Solution, Zr(acac)2(NOs3); is a monomeric
nonelectrolyte in nitrobenzene, and infrared spectra of di-
chloromethane solutions indicate that all carbonyl groups
are coordinated to the metal. Moreover, similarity of solid
state and solution infrared spectra make it seem unlikely
that there is a change in the mode of nitrate coordination,
with a consequent change in coordination number, on going
from the solid state to solution; a detailed infrared and
Raman study is in progress.

Proton NMR spectra of dichloromethane solutions at
ambient temperature and CHCIF; solutions at tempera-
tures as low as —130° indicate that Zr(acac);(NOs3); is
stereochemically nonrigid on the NMR time scale. At lower
temperatures, however, the single, time-averaged methyl
resonance splits into two lines of equal intensity (coales-
cence temperature, T, = —144°).30 The spectra at temper-
atures below T, (two -CHj3 resonances and one -CH==res-
onance) suggest that Zr(acac)>(NOj3); exists in solution as
a single stereoisomer having twofold symmetry. While these
spectra do not define a unique structure, they are fully con-
sistent with the Cy-mmmm dodecahedral structure found in
the solid state.
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Abstract: Carbon monoxide is found to form a monocarbonyl complex with chromocene. Whereas (CsHs)2Mo(CO) and
(CsHs),W(CO) are thermally stable compounds, we find that the formation of (CsHs),Cr(CO) is reversible; the associated
enthalpy and entropy changes are AH® = -18.8 £ 0.5 kcal/mol and ASf® = —60 + 2 eu. The dicarbonyl complexes
(CsH;s)(CsH7)M(CO); are stable for all three group 6 metals, M = Cr, Mo, and W. Tungstenocene, on the other hand, is
unique in forming a stable dicarbonyl complex (CsHs)aW(CO); which exceeds an 18-valence-electron configuration. Fac-
tors contributing to the increasing accessibility of the metal center in the series (CsHs),Cr, (CsHs):Mo, (CsHs)aW to CO

coordination are discussed and put in parallel to reactions of these species with other types of substrates.

Some time ago, we and others have reported on remark-
able gradations in reactivity among the coordinatively un-
saturated group 6 transition metal metallocenes.2-* Chro-
mocene appears to be a fairly nonreactive particle, whereas
both molybdenocene and tungstenocene, generated as inter-
mediates from a number of reaction systems, will undergo a
variety of basic addition and insertion steps of potential in-
terest for homogeneous catalysis. Of the three metallocenes,
however, only tungstenocene is capable of inserting into the
C-H bond of aromatic hydrocarbons. In order to gain a
more detailed understanding of factors contributing to this
variation in reactivity, we have undertaken a systematic
study of the reactions of carbon monoxide with this series of
coordinatively unsaturated particles, as a particularly sim-
ple and efficient probe for coordinative unsaturation.

To date, monocarbonyl complexes have been described
for molybdenocene and tungstenocene,4 but not for chro-
mocene. A stable dicarbonyl complex of composition
(CsHs)(CsH7)Cr(CO),, on the other hand, has long been
known to arise as one of the products when chromocene is
exposed to both CO and H,.® Preliminary reports on a re-
lated complex derived from molybdenocene have appeared
in the literature recently.® We wish to report here a more
systematic characterization of these known species, as well
as observations on the occurrence of novel carbonyl com-
plexes for both chromocene and tungstenocene.

Results and Discussion

1. Formation and Properties of (CsHs),Cr(CO). When so-
lutions of chromocene in petroleum ether or toluene are ex-
posed to carbon monoxide, one observes a change in the
visible spectrum. At CO pressures increasing from about

100 Torr to one atmosphere or more, one observes a dimi-
nution and final disappearance of the characteristic chro-
mocene absorption at 454 nm. The reversibility of this reac-
tion is established by the reappearance of this absorption
band upon removal of the CO atmosphere. In a series of
analogous experiments, we were unable to detect any inter-
action of chromocene with hydrogen gas, ethylene, 2-but-
yne, or diphenylacetylene.

Since complex formation is far from stoichiometric at
room temperature, we have further characterized the com-
plex formed from chromocene and carbon monoxide at
lower temperatures, One finds that a petroleum ether solu-
tion of chromocene takes up CO at —78° under formation
of a brownish precipitate which is stable against loss of CO
in vacuo at this temperature, When warmed to room tem-
perature, this complex loses 1 mmol of CO per millimole of
chromocene; this establishes the 1:1 composition of the car-
bonyl complex formed. A determination of the equilibrium
constant for the reaction (CsHs),Cr (sol) + CO (gas) =
(CsHs)2Cr(CO) (sol) (sol = in toluene solution) is most
conveniently performed by measuring the equilibrium pres-
sure of CO (gas) over a partially carbonylated chromocene
solution; measurements at different temperatures then yield
the reaction enthalpy for this complex formation reaction.
From the data presented in Table I we determine a stan-
dard enthalpy of complex formation of —18.8 £ 0.5 kcal/
mol and an associated entropy change of —60 £ 2 eu.”

In the "H NMR spectrum of a toluene-dy solution of the
carbonyl complex one sharp singlet is observed at = 6.06
ppm, consistent with chemical shifts obtained with compa-
rable, diamagnetic CsHs complexes. Above 0° there is an
increasing broadening of the singlet at 7 6.06, due to the re-
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