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is not hydrogen bonded to the water but to the coordi-
nated bromide of another molecule.

The coordinated bromide ion shows normal contact
distances to the nitrogen atoms; their average of
3.52 A was compared to the sum of the van der Waals
radii® of 3.45 A. The distance Br(1)’-Ni is 2.79 A
which is significantly longer than that found in the octa-
hedral complex tetrapyridinenickel(IT) dibromide®
where the Ni-Br distance was found to be 2.58 A. The
distance is also longer than in the five-coordinate nickel-
(IT) complex NiBrytriars? (triars = triarsine = (CHs),-
As(CH,):As(CH,) (CH,)3As(CHs)o) which is a distorted
square-pyramidal, diamagnetic complex of nickel(1I)
having an Ni-Br distance of 2.69 A for the apical bro-
mide ion. It should also be noted that the basal plane
field strength is enhanced by the short distance Ni-N(1)
of 1.81 A which is about 0.1 A shorter than the other
three normal Ni-N distances of the complex.

(6) A, S, Antsyshkina and M. A. Porai-Koshits, Kristallografiya, 8, 676
(1958).

Inorganic Chemistry

The observation that Ni(CR)BryH,0 is diamagnetic
can now be more reasonably explained, especially in the
light of the crystal field model calculated for square-
pyramidal nickel(II) complexes by Ciampolini® Spe-
cifically, it was found that spin pairing is favored by a
decrease in the axial field strength and an increase in
the basal plane field strength. On the other hand, spin
pairing is disfavored by distortion of the metal atom
out of the basal plane toward the axial ligand. Appar-
ently in this case, a combination of diminished axial
field strength and increased basal plane field strength
promotes spin pairing over and above the effect of out-
of-plane distortion.
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The crystal structure of frans-bis(2,4-pentanedionato)dipyridinenickel(IT), Ni(AA ) (py)., was determined by X-ray methods
using an automated diffractometer to collect 1641 independent data. The compound crystallizes in the monoclinic space
group P2;/c. There are two molecules in the unit cell with ¢ = 8.321 & 0.003,5 = 9.649 £ 0.015, ¢ = 14.723 = 0.025 A,
and 8 = 117.06 &= 0.01°. The structure was refined by full-matrix least squares to a conventional R factor for nonzero data
of 0.050 and wR (all data) of 0.056. The molecule which is required to lie on a center of symmetry has nearly Da, symmetry,
with the two pyridine ligands in an eclipsed configuration. Al atoms including hydrogen were refined. Packing calcula-
tions on this compound and trans-Co(AA ) (py ), which has a staggered configuration, account for the folding of the acetyl-
acetone ligands and indicate that the configurational differences are the result of crystal forces and not metal-ligand = bond-

ing.

Introduction

The determination of the crystal structure of
trans-bis(2,4-pentanedionato)dipyridinecobalt(11),! Co-
(AA)s(py)s, revealed that the two frans-pyridine lig-
ands are staggered with respect to one another. Sym-
metry arguments? based on unit cell and space group
data indicate that such a configuration is not possible
for trams-bis(2,4-pentanedionato)dipyridinenickel(IT),
Ni(AA)(py)s, and suggest instead an eclipsed configura-
tion. If do—pw back-bonding were important in these
compounds, the staggered configuration would be ideal,
for it makes possible donation from two filled metal d
orbitals, one for each pyridine ligand, whereas the

(1) R.C. Elder, Inorg. Chem.,T, 1117 (1968).
(2) J. T. Hashagen and J. P. Fackler, Jr., J. Am. Chem. Soc., 87, 2821
(1965).

eclipsed structure leads only to use of a single metal
orbital to form bonds to both pyridine ligands.

Several experiments have been interpreted to show
evidence of = bonding between metals and pyridine?—3
although some of these claims have been disputed® and
other experiments’ have been found to show no evidence
for = bonding to aromatic heterocycles. This paper
reports a single-crystal X-ray analysis which was under-
taken to provide detailed information on the structure
of Ni(AA):(py): and the results of a series of packing
calculations which were performed to learn if the con-

(3) P.Ford, D.P. Rudd, R. Gaunder, and H. Taube, ¢b7d., 90, 1187 (1968).

(4) J. E. Falk, J. N. Phillips, and E. A. Magnusson, Nafure, 212, 1531
(1966),

(8) J. deO. Cabral, H. C. A. King, T. M. Shepherd, and E. Koros, J.
Chem. Soc., 859 (1966).

(6) D.P. Graddon and E, C. Watton, Australian J. Chem., 18, 507 (1965).

(7) J. A. Happe and R, .. Ward, J. Chem. Phys., 89, 1211 (1963).
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figurations of these compounds were merely crystal
artifacts or if they could be related to 7 bonding.

Experimental Section

Crystal Preparation.—Characterization of the trans-dipyridine
adduct of nickel(IT) acetylacetonate, Ni(CsH70:):(CsHsN)e, has
been reported by Hashagen and Fackler. The crystals used in
this study were prepared by dissolving anhydrous nicke] acetyl-
acetonate (Ni(AA)) in pyridine (py) at 70°. On cooling, blue
crystals precipitated from solution. The needle-shaped crystals
were filtered off and washed with pentane. An infrared spec-
trum of a Nujol mull showed bands characteristic of pyridine and
also of acetylacetone coordinated to a first-row transition metal.

The compound crystallizes in the monoclinic system. Cell
constants and their estimated standard deviations determined by
least-squares analysis of data obtained on a Philips PAILRED
automated diffractometer using crystal-monochromated molyb-
denum radiation (A 0.70926, Ay 0.71354 A) are ¢ = 8.321 =
0.003, b = 9.849 = 0.015, ¢ = 14.723 &= 0.025 &, 8 = 117.06 =
0.01°, and V = 1052.7 As, Previously reported values are ¢ =
8.28, b = 9.57, ¢ = 14.65 A, and 8 = 116.83°. On the basis of
systematic absences observed on precession photographs (k0I,
k11, kO, hE1 films; absences 20/, ! = 2n + 1; 0k0, k2 = 2n + 1),
the space group® is P2;/c. As was previously noted, there are
two molecules in the unit cell and the metal atoms are thus re-
quired to lie on centers of symmetry. This confirms that the
compound is the trans-dipyridine adduct.

Intensity Data Collection.®*—The needle growth is in the a
direction. In order to mount a crystal to rotate about the b
axis, a needle was cleaved perpendicular to ¢ to give a diamond-
shaped plate with short diagonal (0.3 mm) coincident with b;
the long diagonal was 0.4 mm and the plate was 0.2 mm thick.
The crystal was mounted on a glass fiber with epoxy cement.
The value of the linear absorption coefficient for the compound
with molybdenum radiation was 9 cm ™!, The maximum absorp-
tion error in the intensity measurements was less than 109, with
such a crystal. Alignment was checked by measuring the inten-
sity of the 020 reflection while the crystal was rotated through
360°. The 106 reflection was used as a monitor peak throughout
data collection. The intensity of the monitor peak decreased ap-
proximately 109 over the 2-week period of data collection. Since
alignment checks on the 020 reflection, which were performed
after every second layer was collected, indicated no alignment
problems, this decrease was assumed to result from crystal de-
composition. In an effort partially to correct? for the effects
of decomposition, the data were collected in order from the zero
level increasing through the tenth level, the crystal was then ro-
tated by 180°, and levels were collected from the tenth decreasing
to the zero level. The data from the two forms were averaged
after processing for Lp factors and backgrounds to yield the final
set. Reflections with a counting error of less than 0.5 were con-
sidered nonzero and given a standard deviation of 1.0 in subse-
quent least-squares refinement. Those with counting errors
greater than 0.5 were considered zero and given a standard
deviation of 2.5. The Rsym factor!! was 3.59,. After averaging
there were 1641 reflections measured with 28 < 48°; of these, 734
were nonzero and 907 were zero. Ninety-nine of the zero class
reflections had zero or negative corrected intensities. The
structure factors for these reflections were set arbitrarily to
0.98, approximately 409, of the mean value of all reflections in
the zero class. Calculations were made using local variants of
known programs'? on an IBM 7094 computer. The scattering

(8) “International Tables for X-Ray Crystallography,” Vol. 1, No. 14,
The Kynoch Press, Birmingham, England, 1952, p 99.

(3) The intensity data were collected using a Philips automated dif-
fractometer, PAILRED. The conditions of data collection were identical
with those reported! for Co(AA):(py)a

(10) Owing to the errors in the data set caused by decomposition, no cor-
rections were made for absorption.

(11) The Rsym factor, a measure of the agreement between the nonzero
data sets, is computed from E\Fl - Fz|/EFmean. In the case for Co(AA)sr-
(py)2,! where no decomposition was evident, the value found was 2.5%.
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curves used were those for Nit, O, N, C, and H as tabulated by
Ibers.!3

Determination of the Structure

If the two nickel atoms are chosen to lie on position 2a
of the space group P2i/¢ (i.¢., 0, 0, 0; 0, /s, 1/,), then
for the class of reflections ikl where £ + [ = 2 the
metal contribution will have a positive sign. On the
assumption that the metal contribution was dominant,
an electron density synthesis was carried out using this
subset of the nonzero reflections with positive signs.
Positions for all nonhydrogen atoms in the cell were
determined from this map. A structure factor calcula-
tion using a least-squares-adjusted scale factor for
the 734 nonzero reflections gave an R factor!* of 239.
Full-matrix least-squares refinement was used with
corrections for both real and imaginary parts of the
anomalous dispersion of the nickel atoms (f = f, +
Af' + 1Af", where Af' = 0.4 and A"’ = 1.0 electron’®)
and also a one-parameter correction'® for extinction.
This correction which is applied to F, is varied by least
squares. Ten cycles of refinement varying positional
parameters and isotropic temperature factors con-
verged to wR’ = 10.0% for the 890 reflections with
largest structure factors. The six aromatic hydrogen
atoms were found on a difference Fourier map calculated
at this stage. The positions of the six methyl hydrogen
atoms were not determined with certainty. Refine-
ment was continued using anisotropic temperature
parameters for all nonhydrogen atoms. The six hy-
drogen atoms were kept fixed with isotropic tempera-
ture parameters of 4.0 A2,  After two cycles, the values
of wR and wR’ were, respectively, 7.10 and 6.039,. A
difference Fourier map indicated clearly the positions
for five of the six methyl hydrogen atoms. These five
hydrogen atoms were added to the structure factor cal-
culation and least-squares refinement continued for
two more cycles to give wR = 6.179%, and wR’ = 5.17%.
The position of the last hydrogen atom, H;C;, was cal-
culated using a bond length of 1.0 A and tetrahedral
angles. Two additional cycles of refinement were then
done varying all parameters except the hydrogen iso-
tropic temperature factors. This gave a final wR =
5.57% and wR’' = 4.419,. The structure factor cal-
culation before variation of hydrogen atom positions
and after the introduction of the last hydrogen atom
gave wR = 6.059,. At this point the calculation had

(12) Fourier syntheses were calculated using ‘‘ERFR-2, a Fourier Summa-
tion Program,” by W. G. Sly, D. P. Shoemaker, and J. H, Van den Hende,
Esso Research, CBRL-22M-52, 1962, Structure factor calculations and
least-squares refinements were performed with ‘‘SoRFLS, Son of orFLS” by
R. B. K. Dewar, University of Chicago, 1968. Calculations of molecular
geometry were made with “SORFFE, Son of orRFFE” by R. B. K. Dewar,
University of Chicago, 1968.

(13) ‘‘International Tables for X-Ray Crystallography,” Vol. 3, The
Kynoch Press, Birmingham, England, 1952, Table 3.3.1A.

(14) The R factor is the usual discrepancy index R = }JHFo’ — ch !/
Z|F,| and wR = {Zw(|Fo| — |Fe|)2/ZwFot} V2. The function Zuw(|Fo| —
[Fel)? was minimized.

(15) ‘“International Tables for X-Ray Crystallography,” Vol, 3, The
Kynoch Press, Birmingham, England, 1952, Table 3.3.2C.

(16) This correction is that suggested by W. I. Zachariasen, Acta Cryst.,
28, 558 (1967). The formulas used in the least-squares program SORFPLS are
Foor = KFe/[1 + 2x]t/4and x = [(1 + cos*20)/(1 + cos? 20)]F.2Cr’/sin 26;
the quantity 200Cr’ is varied as a least-squares parameter, A value of zero
corresponds to no correction. The final value obtained was 0.00025 =
0.00004. The value found for Co(AA)2(py)s was 0.00038.
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converged with the exception of the disturbance intro-
duced by the last hydrogen atom. If we assume that
this wR is not too different from that for convergence
with fixed hydrogen atoms, the weighted R factor ratio
for Hamilton's test! is 1.086 whereas that calculated to
show significant improvement at the 0.005 confidence
level (Ry14800.005) is 1.021. Thus, it seems likely that
the refinement of the hydrogen atom positions results
in significant improvement. Refinement was ter-
minated at this point.*®

Results and Discussion

Structure Description.—The final atomic positional
parameters and their estimated standard deviations
are listed in Table I. The anisotropic temperature

TABLE I

FRACTIONAL ATOMIC POSITIONAL PARAMETERS?
Atom x 4 z
Ni 0.0() 0.0 (~) 0.0 ()
Oy 0.2180 (4) —0.0267 (4) 0.1377 (2)
O, 0.1412 (5) 0.1177 (4) —0.0518(3)
N 0.0702 (6) —0.1792 (5) —0.0563 (3)
G 0.5164 (10) —0.0153 (12) 0.2664 (5)
C, 0.3714 (7) 0.0189 (8) 0.1600 (4,
Cs 0.4185 (8) 0.0996 (7) 0.0976 (5)
C, 0.3056 (8) 0.1438 (6) —-0.0022 (5)
Cs 0.3871 (12) 0.2294 (9) —0.0567 (7)
Cs 0.0677 (9) —0.1792 (8) —0.1474 (5)
Cy 0.1038 (10) —0.2951 (10) —0.1905 (5)
Cs 0.1479 (10) —0.4143 (9) —0.1359 (6)
Cy 0.1542 (10) —0.4173 (8) —0.04086 (6)
Cio 0.1156 (8} —0.2975(8) —0.0206 (5)
H.G (.488 (9) —0.103 (8) 0.288 (5)
H.Co 0.544(9) 0.059 (7) 0.313(5)
H:C, 0.627 (8) 0.014 (9) 0.274(4)
HC; 0.550(9) 0.134(7) 0.130(4)
H,Cs 0.474 (9) 0.187 (8) —0.062 (5)
H,Cs 0.419 (9) 0.305(8) —0.026 (5)
H;Cs 0.307 (9) 0.261(7) —0.129 (5)
HC; 0.032(9) —0.096 (8) —0.188 (5)
HC, 0.106 (8) —(.280(7) —0.252 (5)
HCs 0.168 (8) —0.503 (8) —0.167 (5)
HC,y 0.173 (8) —0.491 (8) —0.006 (5)
HCyo 0.114(9) —~0.292 (8) 0.056 (5)

@ The estimated errors in the last digit reported are given in
parentheses. (-) means that this coordinate was symmetry
fixed and there is no etror. The notation H,C,, refers to the #th
hydrogen atom bound to the mth carbon atom; where # is not
given, its value is 1.

parameters are given in Table II and their effects are
shown in Figure 1, which is a parallel projection of the
molecule composed with orTEP.!® The unlabeled small
spheres, which are made artificially small for clarity,
represent the hydrogen atoms as found. The root-
mean-square amplitudes of vibration for nonhydro-
gen atoms are given in Table IIT; the directions of the

(17) W. C. Hamilton, Acta Cryst., 18, 502 (1965).

(18) The shifts of all nonhydrogen atom parameters were less than half
of their estimated standard deviations with the exception of Ci; its y posi-
tional parameter and its 81 shifted 1.1 esd. Of the 36 hydrogen atom posi-
tional parameters, six shifted between 0.5 and 1.5 esd’s. The standard
error of an observation of unit weight was 1.06. A final difference map
showed no peaks greater than 0.5 e~ A-s

(19) C. K. Johnson, “orTEP, Oak Ridge Thermal Ellipsoid Plot Program
for Crystal Structure Illustrations,” Oak Ridge National Laborarory,
ORNTI.-3794 UC-4-Chemistry, 1965

Inorganic Chemastry

TaBLE 11
ANISOTROPIC®* THERMAL PARAMETERS (X 10%)

Atom B Bea Bas Bz B Bas
Ni 136 (2) 181 (1) 36 (L) —15(2) 30 (1) 2 (1)
O; 159 (8) 157 (7) 39 (2) 8 (6) 28 (3) 9 (3)
O: 152 (8) 167 (7) 48(3) —17(6) 39 (4) 14 (3)
N 170 (10)  128(T) 47 (3) 6(7) 40 (5) —2(4)
Gy 197 (14) 256 (16) 62 (5) —67(16) 5(7) 8(8)
Ce  138(11) 148 (10) 48 (3) 24 (10) 20(5) —19(5)
Cs  132(11) 146 (9) 75(5) —44(9) 36 (6) 2 (5)
Cy 205 (19) 75 (7) 76 (5) 13 (8) 78 (7) 1(5)
Cs 257 (18) 141(12) 110(7) —5(12) 106 (10) 24 (7)
Cs  270(17) 188 (12) 45 (4) 52 (12) 55(7) 14 (6)
C; 282 (17) 243 (15) 39 (4) 38 (13) 51(7)  —12(7)
Cs 289 (18) 171(12) 72 (8) 2 (13) 43(8)  —33(7)
Cy 266 (18) 132 (11) 94 (7) 1(12) 68 (9) 5 (8)
Cip 206 (14) 148 (10) 56 (4) —10(10) 50 (6) 0 (6)

¢ The thermal parameters are of the form exp{—(8nh* +

Bazk? 4 Bssl? + 2B19hk + 2815k 4 28:5k1)].

Figure 1.—A parallel projection of the Ni{AA);(py), molecule
composed using ORTEP. The nickel atom lies on a crystallo-
graphic center of symmetry. The idealized molecule has Dy,
symmetry. Both the acetylacetone and the pyridine ligands are
planar within experimental error.

TasLe I11
ROOT-MEAN-SQUARE AMPLITUDES® OF VIBRATION (A X 103)
Atom 1 2 3 Atom 1 2 3

Ni 175 193 252 Cy 182 211 264
O 181 217 276 C; 209 266 321
(2 189 206 289 Cs 190 252 319
N 202 218 246 Cy 174 274 352
o 193 279 374 Cs 220 282 330
Ce 185 203 289 Cy 248 272 291
C; 171 254 287 Cyo 218 238 266
& The directions of vibration are indicated in the figure. In
general, the vibrations of the ligand atoms increase with distance
from the metal atom and are largest perpendicular to the ligand
plane.

motions are indicated in the drawing. Structure factor
calculations after the final cycle of refinement are shown
in Table IV. The last 907 reflections are in the zero
class. Table V contains the bond distances and Table
VI the bond angles found in the molecule. The anala-
gous values found for the Co(AA):(py). molecule are
also shown.
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TasLE IV
OBSERVED AND CALCULATED STRUCTURE AMPLITUDES (ELECTRONS X 131.3) FOR Ni(AA):(py):

WL FOBS FCAL M L FOBS FLAL W L FOBS FCAL M L FOBS B
esesk % Daesese .4 13 1261 g4 9 -3 6 ires L6 5 b8 6% -3 4
2 24w -+ 13 u2y ur 3 787 3 21901 1945 -3 16
g : O s8L sas - 91 MO0 -3 21323 1251 4 s
H 12121 2190 0 2 1 T66 3 4 1077 1051 =4 16
B c3o LM s o 3 02036 2086 =3 4 991 1048 5 2
o -5 : :3?? 1-7; g ; H ISt: }:3; I HE
R i S w9 3 & 90 55 5 8
i 511080 1076 0 9
- -5 7 1495 1se% 0 11
2 -5 81107 1127 o 13
3 -5 91392 1492 1 |
-4 -5 10 837 175 1 2
B =5 11 1245 1206 -1 2
-1 <5 13 82 987 12
-1 “6 11485 1478 1 3
2 6 37T sl -1 &
2 -6 3 21al 211s 104
-2 24074 4088 & 51040 1159 -1 &
2 A 3469 3399 -6 5 15Té 1572 1 7
sz 4 3840 3910 -6 7 lato 1553 -] 7
2 5 17% 1818 -5 91710 1671 -1 ¢
+2 61010 46 -6 11 1254 1218° | 9
2 Bises 1606 =6 13 176 610 -3 9§
2 10 955 918 T 11018 1004 [
-2 10 2033 2101 7 31062 1043 -1 11
2 12 875 808 -7 31695 1791 i 13
~2 42 1867 1825 =7 5 1820 1396 -] 13
-2 14 947 960 -7 5 967 999 2 1
3 2 4350 4235 -7 4 1424 125 -2 1
3 42187 2207 -1 ] 1536 lesé 2 2
=) 4 1436 1269 -g 100l 1090 2 3
3 6 2320 2431 -9 7 893 957 -2 3
-3 61893 1858 -3 9 902 S44 2 &
3 B1T08 1811 esesk 2ee0ase w7 41372 1385 =7
310 1137 1307 C 4 639 20 2 5 1855 1625 7
=1 102293 2293 0 5119 1156 =2 5 4501 4a05 ~7
-3 123063 313% 0 6 2322 2273 2 7 l492 1adl
=3 14 1952 2049 o 7 924 936 -2 7 1808 1822
¢ 0 @sa 70 0 &3021 2989 2 & 884 895
4 2153 1565 0 10 798 730 -2 8 1108 1052
-4 21714 1576 0 14 908 791 2 9 882 9i7
4 41307 (233 1 | 2783 2804 -2 9 2608 2675 .
122062 1980 2 11 1453 1492 ¢
L3 2 7999 7911 =2 11 2004 2077 q
13 656 458 3 0 l4i5 1406 O
~1 33156 315 3 1 1eél 1596 0
1 42599 2632 =3 11608 1591 O
-1 & 1129 1081 3 3 T 721 ~1
1 33026 2999 1
-1 “ gss 8e) 1
i 51085 979~
-1 52774 27133 L
1 & 573 532 w1
-t 7 1477 1758 =)
1 91177 142 1
-1 13 692 500 «1
1 o 8% 515
-1 11778 1791 =i
2 12208 2227 1
2 2 1061 1056 =1
-2 31224 LaAs  wl
2 3 2455 2393 2
-2 5 1178 1237 2
2 6 836 96 2
«2 71477 1508 7
2 91137 1081 ~2
-2 13 79 s78 ~2
7 21566 1528 -2 15 1043 1002 2
2 11825 1847 =2
-2 12187 2148 2
-2 3 1em4 1577 2
2 4 741 833 -2
-2 5 1130 1051
-2 51240 1234 ~2
2 s 1027 1006 =2
-2 T 97 el 3
2 7 1965 19585 3
=2 9 1424 1368 -3
-2 13 876 1036 3
3 15 998 917 -3
-3 par2s jexd 3
3 3 B2 769 3
-3 31039 1187 -3
-3 5 790 115 -3
3 73106 1171 -3
-3 9 999 1011 3
-3 15 839 [1.7% 3
H 3 114 1208 3
-3 51045 986 &
-1 9 828 747 -4
3 11 1051 1027 4
-3 1 987 882 -4
3 51384 1339 <4
-3 73238 1355 4
-3 11 102« 1009 -4
-3 13 1079 1049 “
4 L] 4
<4 11332 135 0 3
4 2 1648 1667 0 4
-4 22216 2132 0 6
4 4 1776 1792 o 8
-4 4 3201 3161 ] 9 983 1054 =5
4 51053 0Ll 0 10 879 959 5
-4 62514 2535 0 12 §36 1C36 5
4 7 711 740 -1 01018 1016 -5
4 8 82 93¢ 1 1 87 811 =5
-4 8 2382 2429 i 2 106 812 -5
«4 9 BBE 929 -1 2 3465 3§59 -5
4 10 B45 913 1 3 2348 2283 =5
2 3 4205 4&l54 =4 10 1383 1383 -1 3 2269 2195 -8
-2 3 2706 2bie -4 11 877 749 1 4 1545 Lle68 -6
2 5 1973 199C ~4 12 1073 1071 =1 4 1351 l8ls -6
-2 5 1263 1252 -4 14 976 107¢ 1 5 837 ‘718 -8
2 6 63 716 - 16 875 1050 =1 3 585 633 -7
=2 & 1329 1340 5 Q 2871 2878 Y & 1aT 1984 -7
2 71855 163t 5 L1117 1135 .1 & 2070 2101 -7
-2 7 934 119t -5 L1779 1796 1 & 892 685 -7
-2 91954 1926 5 2 991 1037 -1 & 3175 2133
-2 11 2507 2550 .5 z 2554 2593 1 9 910 &LT
3 01602 1655 -5 4 1542 1538 | 101591 1515 O
3 t 3T{e 3163 s & 1312 1481 ~1 10 2501 2528 0
-3 L3098 3192 =5 6 2843 2812 -1 11 953 9s O
3 32072 2108 5 B 865 746 1 121210 1282 0
-3 3 2053 2040 -5 8 2183 2205 2z 0 2119 2186 o
=3 4 1366 1338 -5 9 izTe 1258 2 1 99 969 -1
3 5 2599 2660 -5 10 1Be8 1486 -2 1 448 453 1
-3 53871 3812 .5 1t 692 636 2 21012 100l %
3 6 886 689 5 12 828 867 -2 7 4068 4039 1
-3 62062 1942 -5 14 95 993 2 3 743 735 -1
3 71621 1584 -5 16 1037 980 2 4 1326 1376 1
“3 72199 2102 6 O LA4T 1872 =2 4 6101 6037 -1
3 91555 1639 6 1 1103 1281 2 5 880 90 |
“3 91450 1478 -4 2 2285 2253 2 61100 1015 1
~3 11 2185 2236 ¢ 3 925 893 -2 62389 2248 -}
~3 13 2268 2367 6 4 905 1095 2 8 989 9i2 -t
4 01231 1337 -6 4 2026 1976 -2 B 1675 1870 -y
o 12630 2885 6 & 899 @5 -2 9 M 799 2
=4 11193 1338 -s 61029 1042 2 10 937 754 -2
4 32503 2572 -6 8 leee 1711 =2 10 le62 1670 2
-4 2 410 740 -6 10 880 g22 w2z 111335 1252 -2
-4 4 903 922 w6 14 B63 726 -2 12 BSe 73T 2
& 5 B2l 820 -6 16 867 8% 3 0 2015 2167 -2
-4 53068 3028 7 21398 1268 3 115e2 1423 -2 o
4 71571 1516 =7 2 1077 082 3 22368 2378 2 ¢
-4 73419 3513 -7 4 1193 lle8 -3 2217 2208 =2 ]
~4 A llez 1105 7 T 9l4 952 =3 31397 130 2 ¢
4 91276 1242 -7 10 1150 1112 3 4 104 1080 -2 0
-4 91838 177¢ -7 14 895 718 =3 4 1154 1137 -2 5
-4 10 838 813 -8 1 T4} 659 3 5 707 €99 -2 11 3 1o
Z4 111395 1e29 -8 4 918 859 -3 51082 1153 -2 12 701 723 ~3 2z 315 319 L 7
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The molecule Ni{AA).(py): is the trans-dipyridine
adduct to nickel acetylacetonate with erystallographic
symmetry 1. The actual symmetry is only slightly
different from that of the point group Dex. The two
pyridine rings are in an eclipsed configuration and in
the idealized molecule they lie in the mirror plane pass-
ing between the two acetylacetone ligands. Co(AA),-
(py): belongs to the point group Csy and its conforma-
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tion may be obtained from that of the nickel structure
by rotating one of the pyridine rings by 90° around the
NMN axis. The differences in these structures are
discussed below.

Neither the acetylacetone nor the pyridine ligand
of Ni(AA):(py)s is required to be planar by crystallo-
graphic symmetry ; however, both are found to be planar
within experimental error. The least-squares planes
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TABLE V

Ni(AA)(py): Bonp LENTHS (A)
Ni-0; 2.081 (3) Ni-N 2.112 (5)
Ni~O, 2.017 (4) N-Cs 1.332(7)
0,-C, 1.245(6) N-Cyo 1.334(8)
0-Cy 1.249 (6) Ce—C 1.385 (10)
Ci-Ce 1.517 (8) Cio—Cs 1.376 (10)
Ci—Cy 1.510 (9) Ci~Cs 1.355 (10)
Co—Cs 1.390 (8) Co—Cs 1.381 (10)
C—Cs 1.402 (8)

Mean distances Differences Co analog®
Ni-Oy,0 2.024 (2) 0.015 (3) 2.034 (5)
Ni-N 2.112 (5) S 2.187 (5)
01,:-Cays 1.247 (4) 0.006 (8) 1.241 (8)
Cy,5—Coye 1.513 (6) 0.003 (12) 1.535 (8)
Cou-Cs 1.397 (5) 0.012 (13) 1.393 (6)
N-Cs.10 1.332(3) 0.004 (11) 1.317 (5)
Ce,10-Cryo 1.380 (7) 0.003 (14) 1.372(7)
Cr,0-GCs 1.368 (6) 0.023 (16) 1.343 (6)

Carbon-hydrogen distances?

H,C-C 0.97(7) H.C:~Cs; 0.84(7) HC-C; 0.92(6)
H.C-C; 0.94(7) H,Ci~Cs; 1.01(7) HCe-GC 1.02(7)
H3C1—C1 O 92 (6) HCg—Cg 103 (6) HCS"CQ 85 (7)
H,C—Cs 0.87(7) HCe-Cs 0.97(7) HC,Cie 0.88(6)

@ The corresponding distances found in CoAA(py): are quoted
in this column. ? Average of all carbon hydrogen distances is

094 4.
TaBLE VI
BoND ANGLES IN Ni{AA):(py): (DEG)
WHERE THE CENTRAL ATOM IS AT THE VERTEX
Metal Coordination Angles
01~Ni-02 92,3 (1) O1-Ni-N 89.6 (2)
02-Ni-N 90.0(2)
Pyridine Ring Angles®
Ni-N-Cs 121.0 (5) Cs-C1-Cs 118.0 (6)
Ni-N-Crp 121.9 (4) [121.8]  Ci~Cs—Cs 118.4 (7) [119.3]
N-Ce=Cr 123.6 (7) C1—Cs-Cs 119.8 (7) [118.7]
N—Cu~Cs 123.0 (6) [123.0]
Acetylacetone Angles
Ni-0:~Cs 124.2 (3) 01-Ce~Cs 126.0 (5)
Ni-0:~Ca 124.3 (4) [125.8]  0r-Cs—Cs 125.8 (5) [126.1]
0-Ce~Ci 115.7 (5) Ca-Ca-Ct 127.4 (5) [125.9]
02-Cs~C 115.9 (6) [114.5]
Hydrogen Atom Angles
H.1Ci-Ci-Ce 109 (4) HCq-Co-N 110 (4)
H:Ci—-Ci-C2 114 (4) HC1p—Cip~N 113 (8)
H;sCi1-Ci-Ce 110 (4) HC¢Ce—Cq 117 (4)
H:C—-Ci—-H2Ch 116 (6) HC10~C10—Cs 124 (5)
H:Ci-Ci-HsCy 127 (7) HC—Cr—Cs 115 (4)
HCi—Cr—HsCu 77 (6) HCs—CsCuo 119 (8)
H:Cs—Cs—Cy 113 (5) HC-Ci-Cs 127 (4)
H2Cs—Cs—Cy 107 (5) HC¢-Co-Cs 122 (5)
H:Cs—Cs—Cs 119 (4) HCs—Cs—Cr 120 (4)
H;Cs—Cs—HaCs 113 (7) HCs—Cs~Cy 120 (4)
H1Cs—Cs—HiCs 103 (6) HC3-Cs—Cs 116 (3)
H2Co—Cs—HiCs 101 (7) HC:-C3—Cy 117 (3)

e Numbers given in brackets are the corresponding values from
CoAAx(py)a.

through these ligands were determined using SORFFE,
where the errors are determined using the variance-
covariance matrix. The distances and estimated errors
(A) of each atom from this plane for the acetylacetone
ligand are: O, —0.001 (4); O, 0.003 (4); Cy, 0.005
(3); Cp, —0.009 (6); Cs, 0.003 (7); Cq 0.006 (5); Cs,
—0.005 (3); HC,, 0.06 (6); and for the pyridine ligand:
N, 0.009 (4); Cs, —0.008 (5); Cs, 0.003 (5); Cs, 0.001
(3); Co, —0.000 (5); Cro, —0.005 (5); HC¢, 0.03 (7);
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HC;, —0.07 (5); HCs, 0.06 (6); HCs, 0.06 (7); HCy,,
0.01 (7). In Dy symmetry not only must these ligands
be planar but the nickel atom must also lie on the inter-
section of these planes. This is nearly but not com-
pletely so. The nickel atom lies 0.092 (9) A out of the
pyridine plane; thus, the nickel-nitrogen vector makes
an angle of 2.5° with its projection onto the pyridine
plane. The nickel atom lies 0.049 (9) A out of the
acetylacetonate plane; the vector between the nickel
atom and the midpoint of the O—0; line makes an angle
of 2.0° with its projection onto this ligand plane. Fi-
nally the common plane of the pyridine rings in the
idealized structure should coincide with the mirror
plane relating the two acetylacetone ligands; here, the
plane parallel to those of the two pyridine rings which
passes through the nickel atom is rotated 2.5° about the
NMN axis from that position toward O,.

The geometries of the ligands themselves agree closely
with the analogous cobalt compound, as can be seen in
Tables V and VI. The structure of the acetylacetone
ligand has been determined many times and these bond
distances and angles are as expected. The vibration of
the ligand is seen to be largest perpendicular to the lig-
and plane. The only other determination of the struc-
ture of pyridine coordinated to a metal, which claims
relatively high accuracy, is in the structure of Co(AA),-
(py)e. All of the pyridine distances found here are
somewhat longer than those found previously (Table
V) and the agreement is only fair. These distances are
still somewhat shorter than those determined spectro-
scopically? for the pyridine molecule; however, it seems
unlikely that the disagreement is significant. The ther-
mal motion of the pyridine ligand can be seen to in-
crease as the distance from the metal atom increases and
is generally largest perpendicular to the plane of the
ligand. No corrections have been made in the bond
lengths to account for this motion.

The refinement of hydrogen atom positional param-
eters seems to give, generally, reasonable bond distances
and angles, although the angles associated with H;Cy
are an exception. The average of 0.94 A found for
carbon-hydrogen atom distances is presumably
shorter than the value of 1.08 A, found in neutron dif-
fraction, owing to the concentration of electron density
in a bonding orbital between the nuclei.?!

Stereochemical Effects of Packing Energy.—The
staggered configuration of Co(AA).(py). was previously
assumed to occur owing to the availability of two metal
orbitals for back-donation of electrons into pyridine
7* orbitals (one metal orbital for each pyridine ligand),
and, indeed, the conformation was taken as evidence of
m bonding. However, the structure of Ni(AA):(py)s is
eclipsed and thus only one metal orbital is of the proper
symmetry to donate electrons to the two pyridine
ligands. In an attempt to determine whether the
changes from staggered to eclipsed configurations and
from a highly symmetrical crystal habitat (Co, ortho-

(20) B. Bak, L. Hansen-Nygaard, and J. Rastrup-Andersen, J. Mol
Spectry., 3, 361 (1958).
(21) B. Dawson, Australian J, Chem., 18, 595 (1965).
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rhombic Cmem) to a less symmetric one (Ni, mono-
clinic P2;/c) were related to bonding or were merely a
packing artifact, a series of calculations of packing
energies was undertaken.

A modified version of the program PACK2%2 was used
for the calculations; also used were several auxiliary
programs written here. The calculations were based
on four different models. These were as follows: the
structure of Co(AA):(py). in space group Cmem (here-
after referred to as Co in Co stereo); the hypothetical
structure with the stereochemistry of Co(AA)(py):
in space group Cmem but with the pyridine ligands
moved 0.075 A closer to the metal atom and the acetyl-
acetone ligands moved 0.01 A closer to the metal atom
to agree with the nickel-nitrogen and nickel-oxygen
atom bond lengths (Ni in Co stereo); the structure of
Ni(AA)s(py). in space group P2;/c (Ni in Ni stereo);
and the hypothetical cobalt compound in space group
P2;/c of nickel stereochemistry, but with the pyridine
and acetylacetone ligands moved away from the metal
atom by 0.075 and 0.01 A, respectively (Co in Ni
stereo).

The packing energy of the crystal is defined in terms
of inter- and intramolecular parts. The intermolecular
part is the sum of all potential energies of nonbonded
atomic interactions between atoms in different mole-
cules. Thus Einter = Z;ZxEjs, where Ej is the pair
potential between atom j of the reference molecule and
atom & of any other molecule, separated by the distance
d;, and where the sum in j is over all atoms in the ref-
erence molecule and the sum in & is over all other atoms
in the structure with dj less than some maximum dis-
tance. The potential energy £, is evaluated using a
modified Buckingham potential function E,; =
—Ad; % + B exp(—dsu/p), which is rewritten as Ey, =
[E%/ (1 — (6p/d°%x)) (@ n/d%)* — (6p/d°) exp(d®p —
di)/p)], where E%, is the potential energy at the min-
imum and d%; is the interatomic distance at the min-
imum potential. The intramolecular potential en-
ergy was calculated as Eingra = Z;ZaE; where j ranged
over all ligand atoms of the reference molecule and 4
ranged over the same atoms excluding any atom in the
same ligand as atom j. Thus the intramolecular energy
takes into account ligand-ligand interaction.

The potential parameters used in the calculation
are listed in Table VII. Several different forms of po-
tential functions have been used for similar calculations.
There have been several different approaches to the
nature of nonbonded interactions in molecular crys-
tals.2® These result in differences in both the form of
the functions and the values of the parameters to be
used. Those chosen here were used by Williams?? in
calculations on naphthalene. A further gross simplifica-
tion in the calculations was made by considering the
nitrogen and oxygen atoms to have the same interac-

(22) D. E. Williams, “pack2, A ForRTRAN Crystallographic Molecular
Packing Program,”’ 15-1042 UC-4-Chemistry, Ames Laboratory, 1964.

(23) For an extensive review of calculations of this type see G. N. Rama-
chandran and V, Sasisekharan, Advan. Protein Chem., in press, Other rele-
vant papers are: D. E. Williams, J. Chem. Phys., 46, 3770 (1966); A. 1.
Kitaygorodsky, Tefrahedron, 14, 230 (1961); D. P. Craig, R. Mason, P,
Pauling, and D. P, Santry, Proc. Roy. Soc. (London), A286, 98 (1965), '

trans-B1s(2,4-PENTANEDIONATO)DIPYRIDINENICKEL (II) 2321

TABLE VII
PoTeENTIAL PARAMETERS® USED IN PACKING CALCULATIONS

Interaction

type 1/2E%y % s

H-H —0.012 3.1 0.283
C-H —0.018 3.5 0.281
c-C —0.031 3.8 0.279

a F0 . is in kilocalories per mole and d?;;, and p are in 4ngstréms.

tions as carbon atoms. Although this may introduce
errors on the order 309 into the terms involving the
interaction of a nitrogen or oxygen atom with a carbon
or hydrogen atom, such an approximation is not likely
to influence greatly the final results. Since the oxygen
and nitrogen atoms are effectively buried inside the
molecule, they will contribute very little to the inter-
molecular energy terms. Also, since the main com-
parisons are to be made between models of the same
bond lengths but different conformations and since the
nitrogen—-oxygen framework is practically unchanged
by changes in conformation, the intramolecular ener-
gies will be only slightly affected by the choice of po-
tential parameters for oxygen and nitrogen atoms.

To obtain the total energy of each model, a deforma-
tion term was added to the inter- and intramolecular
energy terms. This term is used to account for the
energy necessary to distort the molecules from their
idealized symmetry. In all of the models the acetyl-
acetone ligand is planar but its plane does not contain
the metal atom. In Co stereo the bending angle for
each ligand is 5.8°; in Ni stereo it is 2.0°. An estimate
of the energy of this distortion can be made using force
constants which are available for out-of-plane bending
in various metal acetylacetonate complexes.?* The en-
ergy of the deformation is given by Eaer = /2K ge:(AT)2,
where K gt is the force constant expressed in kilocalories
per mole and Ar is the deformation in radians for a
small change. A value of 50 kcal/mol is probably a
reasonable upper limit? for K 4.¢ for these compounds.

The deformation energy therefore is estimated as 1.0
keal/mol for Co stereo and 0.2 kecal/mol for Ni stereo.

Results of Packing Calculations.—Two types of cal-
culation were performed which allowed comparison
with experimental results. The first involved refine-
ment of unit cell constants, and the second, calculations
of the folding angles of the acetylacetone ligands.

Since two of the models, Co in Ni stereo and Ni in
Co stereo, are hypothetical, no cell constants were avail-
able experimentally. The cell constants were obtained
by the method of steepest descent using PaCk2 to min-
imize the energy. Of course, these results depend on
the potential functions chosen, particularly the position
of the minima and shape of the curve near that point.
The calculated results obtained for Ni in Ni stereo and
Co in Co stereo can be compared with experimental
values (see Table VIII) and the closeness of the agree-

(24) M. Mikami, U, Nakagawa, and T. Shimanouchi, Specirochim. Acta,
238A, 1037 (1967).

(25) The value of Kgef for the out-of-plane bending of the oxygen atom
from the carbon atom framework is 55 kcal/mol. The value of Kgef for
bending the metal out of the ligand plane should be less than this,
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TasLE VIII
CALCULATED AND EXPERIMENTAL CELL CONSTANTS?
Exptl Caled

Co(AA):(py)e Co in Co stereo Ni in Co stereo

a 11.13 10.63 10.61

b 16.18 16.19 16.06

c 11.91 11.82 11.83
Ni(AA)(py)e Co in Ni stereo Ni in Co stereo

a 8.32 8.29 8.29

b 9.65 9.65 9.64

14.72 14.73 14.73

8 117.1° 116.4° 116.5°

¢ Distances are in dngstréms.

ment is, in some sense, a measure of the validity of the
functions for these calculations.

In the latter two cases the agreement is rather good
with the exception of the calculated « value for Co in
Co stereo. The close intermolecular contacts along «
are between the hydrogen atoms of adjacent acetyl-
acetone ligands. These contacts were calculated using
the hydrogen atom positions found in the previous
X-ray study. The average carbon-hydrogen atom
bond length was 0.88 A instead of the 1.08 A distance
for which the potential functions were developed. It
seems likely that the shortening of the a cell constant in
the calculation relative to the experiment may be as-
cribed principally to these known errors in locating the
centers of attraction and repulsion for the hydrogen
atoms. Since the ¢ cell constant of Co stereo is the only
constant determined largely by hydrogen atom-hydro-
gen atom contacts, this shortening is only observed
here.

Also the shortening of the b constant in Co stereo on
going from Co to Ni is easily explained, since this is the
direction of the nitrogen-metal-nitrogen atom vec-
tor, which was shortenied by 0.15 A on going from Co to
Ni. Changes in the metal-nitrogen atom distances in
the Ni stereo models do not result in shortening of head-
on contacts of ligands but rather in slipping one pyri-
dinte ring past another. Thus this type of change does
not seem to influence greatly the cell constants. The
refined cell constants have been used in all subsequent
calculations.

Further calculations were made on Co in Co stereo to
see if the bending of the acetylacetone rings could be
accounted for by packing forces. The starting model
for this caleulation was changed so that the two acetyl-
acetone ligands were coplanar and normal to the nitro-
gen—metal-nitrogen vector. The acetylacetone lig-
ands were then each allowed to rotate about a line
through the two oxygen atoms of the ligand and the
cell constants were refined. The ligands folded in the
direction observed experimentally. The angle be-
tween the two ligands which gave the minimum energy
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was 161°. Thus each ligand was bent 9.5° from the
common plane. No restoring force was included in this
calculation, that is, the ligands were positioned to give
the minimum packing energy with no account of
the distortion energy.

The values of the energies calculated for the four
models are shown in Table IX. The gross features of
the results seem generally reasonable. Thus the in-
crease in intramolecular energy of about 2.5 keal/mol
on decreasing the metal-nitrogen atom bond lengths
reflects the increased repulsion between ligands. That
the nickel compounds pack somewhat more efficiently
than the cobalt compounds in both stereochemistries
seemns to reflect the smaller volume needed for the nickel
compounds. Also the more favorable intermolecular
packing in Co stereo is only achieved at the expense of
bending the acetylacetone ligands from their expected
positions.

TaBLe IX
ENERGIES CALCULATED FOR VARTIOUS MODELS (KCAL/MOL)
Co stereo Ni stereo———
Co Ni Co Ni
Intramolecular 0.19 2.71 0.25 2.45
Intermolecular —26.83 —26.97 —25.71 —25.77
Distortion 1.00 1.00 0.20 0.20
Total —25.064 —-23.26 —25.26 —23.12

No account has been taken in these calculations of
m-bonding energy. If the Ni stereo were found to be
the more stable configuration for both compounds, then
the argument could be made that the cobalt compound
assumes the staggered configuration because of the ad-
ditional = bond which can be formed and that the added
m-bond energy must be enough to overcome the con-
figurational instability. However, such arguments
do not appear necessary. The staggered configuration
is predicted to be the more stable on the basis of pack-
ing energy alone. That these calculations predict a
staggered configuration for Ni(AA).(py), is an indi-
cation of their limited applicability; however, an energy
difference of approximately 0.1 kcal/mol is probably
insignificant. Thus it appears that although packing
calculations may support intuition concerning the fold-
ing of the acetylacetone ligands,® they discredit the
idea that the staggered configuration of Co(AA):(py)e
is a result of = bonding.
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(26) This folding of acetylacetone ligands has been observed many times
and often attributed to packing forces aithough this is the first semiquantita-

tive treatment of the problem. TFor an article discussing this problem see
F. A, Cottonand J. S, Wood, Inorg. Chem., 8, 245 (1964),



