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ABSTRACT

The crystal and molecular structures of several transition
metal nitrosyl complexes have been investigated by single crystal
X~ray diffraction studies.

The complex, N,N'-ethylenebis(salicylideneiminato)nitrosyl-
cobalt, Co(NO)(salen), crystallizes in the monoclinic space group P21/c
with 8 molecules in a unit cell of dimensioms a = 14.417(7), b =
11.982(7) and ¢ = 17.481(9) &, and g = 100.39(4)°. Least-squares

refinement of the structure based on the 4479 reflections with FO2 >

30(F02) gave a conventional eracﬁor of 0.048. The two crystallograph-
ically independent molecules have nearly identical five—coorginate
tetragonal pyramidal coordination about the cobalt atoms with the
nitrosyl occupying the apical position in a bent geometry [Co-N-0 =
127.0(4)°]. 1In contrast, the salen ligands of the two independent
molecules have significantly different conformations which afe
attributed to crystal packing.

The two magnetically distinct forms of N,N'-ethylenebis-
(salicylideneiminato)nitrosyliron, Fe(NO)(salen), have been struc-
turally characterized by X-ray diffraction studies at 23°C ( inter-
mediate spin) and at -175°C (low spin). The complex crystallizes in
the orthorpombic space group PnaZl with 4 molécules per unit cell.

The unit cell dimensions are a = 26.377(2), b = 8.598(5) and ¢ =
6.951(5) & at 23°C and a = 26.18(2), b = 8.52(1) and c = 6.783(6) & at
~175°C. Full-matrix least-squares refinement of the 23°C structure

ix



based on the 840 reflections with F02 > 30(F°2) gave a conventional
R-factor of 0.038. The structure consists of discrete Fe(NO) (salen)
molecules with tetragonal pyramidal coordination about the iron atom.
The disordered nitrosyl group occupies the apical coordination site in
a bent geometry (average Fe-N-0 angle 147°). Full-matrix least-
squares refinement of the -~175°C structure based on the 406 reflections
with Fo2 > ZU(FOZ) gave a comventional R-factor of 0.087; Again there
are discrete Fe(NO) (salen) molecules with tetragonal pyramidal coor-—
dination about the iron atom and a bent disordered nitrosyl group in
the apical position (average Fe~N-0 angle 127°). The significant
differences in the conformations of the salen ligand at the two temp-
eratures are attributed to crystal packing. The infrared spectra of
Fe(NO) (salen) at various pressures ranging from ambient pressure up to
37 kbar are reported. The spectra suggest that Fe(NO)(salen) is
converted to the low spin form at high pressure.

The isothiocyanatonitrosylbis(triphenylphosphine)nickel,
Ni(NCS)(NO)(P(CeHS)B)z, complex crystallizes in the triclinic space
group P1 with 2 molecules in a unit cell of dimensions a = 12.288(3),
b = 13.496(3), c = 9.947(2) &, o = 91.25(2), B = 86.80(2) and y =
95.58(2)°. Full-matrix least-squares refinement of the structure
based on the 4420 unique reflections having Fo2 > SU(FOZ) converged
with a conventional R factor of 0.065. The structure consists of
discrete Ni(NCS)(NO)(P(C6H.5)3)2 molecules with pseudo-tetrahedral
coordination geometry about the Ni atom. The P-Ni-P angle is

111.98(6)°, the N-Ni-N angle is 116.82(22)°, and the dihedral angle

between the P-Ni-P and N-Ni-N planes is 81.73°. The distinctly



xi
nonlinear nitrosyl group has an Ni-N-0 angle of 161.5(5)°. The
nonequivalent Ni-P distances [2.271(2) and 2.328(2) R&] are signifi-
cantly different. Chloronitrosylbis(triphenylphosphine)nickel,
NiCI(NO)(P(C6H5)3)2’ crystallizes in a monoclinic space group (Cc or
C2/c) with unit cell dimensions of a = 17.399(3), b = 13.136(3), ¢ =
16.945(3) & and B = 104.74(1)° and 4 molecules per unit cell., The
NiCl(NO)(P(C6H5)3)2 molecules are pseudotetrahedral with an approximate
P-Ni-P angle of 121°. The space group could not be unambiguously
assigned nor could a satisfactory description of the N, 0 and C1
positions be obtained from the several disordered and ordered models

which were refined.



CHAPTER 1
HOW TO DO NO STRUCTURAL CHEMISTRY

Transition metal complexes containing the nitrosyl group have
been extensively studied during the past 15 years. Motivations for
these studies have included the involvement of NO complexes in cataly-
sis, the amphoteric nature of NO, and the close relationship between
NO and N2 ligands. There have been several reviews of the copious
literature on metal nitrosyl complexes [for example that by Bottomley
(1978) on the reactivity of coordinated nitric oxide, and those by
Frenz and Ibers (1972) and by Eneﬁark and Feltham (1974a) on structure
and bonding in metal nitrosyl complexes] which illustrate several
systems that appear to be well understood.

However there are still many areas for which little or no
structural data exist. One such deficiency is the total lack of
structural characterization of nitrosyl complexes in which the metal
atom is not low~spin. Chapter 3 presents the first structural charac-
terization of an intermediate spin nitrosyl complex, the room tempera-
ture structure of Fe(NO)(salen). Other {FeNO}7 (notation introduced
by Enemark and Feltham, 1974b) complexes which have been structurally
characterized have shown Fe-N-0 angles ranging from linear to strongly
bent (v120°). A shortcoming of these characterizations is that the
structures have generally exhibited disordered nitrosyl groups and/or
large thermal parameters for the atoms of the nitrosyl groups.

1



Unfortunately Fe(NO)(salen) also contains a disordered nitrosyl group
and has large thermal parameters for the atoms of the nitrosyl group,
even in the ~175°C structure.

Another area lacking structural studies is the low symmetry
four-coordinate {MNO}10 complexes, where there is only one structurally

well-characterized complex, Ni(N3)(NO)(P(C6H The Ni-N-0 angle

5)3)2'
of 153° in Ni(NB)(NO)(P(C6H5)3)2 is one of the few examples of
intermediate M-N-O bond angles. Another unusual (and unexplained)
feature of the structure of Ni(N3)(NO)(P(C6H5)3)2 is the nonequiva-
lence of the Ni-P bond lengths. Chapter 4 presents the structure of
a second member in this series of complexes, Ni(NCS)(NO)(P(06H5)3)2
along with the partial determination of the structure of
NiCl(NO)(P(C6H5)3)2.

The question of whether the structure of a complex in the
solid state is the same as its structure in solution is important to
chemists. Interactions in the crystal lattice, generally lumped
together in the nebulous term "crystal packing effects", often are a
controlling factor in determining the geometries of complexes in the
solid state. Although initially there was no intention of studying
crystal packing effects in this research, such effects turned out to
be important in understanding the differences in the conformations of
the salen ligands in the crystallographically independent molecules of
Co(NO) (salen) (see Chapter 2) and in understanding the conformational

changes of the salen ligand on cooling the Fe(NO) (salen) complex from

23°C to -175°C (see Chapter 3).



A problem often encountered in structures involving small
molecules bound to transition metals is disorder. The nitrosyl group
in Fe(NO)(salen) is disordered between two positions. During the
course of the refinements of the structure using the -175°C data
several different models were invesitgated in an attempt to obtain a
chemically reasonable description of the nitrosyl region. Most of the
models refined to convergence with R-factors of about 0.08. Even
though these models were not statistically different from one another
the distances and angles involving the nitrosyl group varied consider-
ably. This variation is not to surprising in view of the fact that
the nitrosyl group makes up only a small percentage of the total scat-
tering material in the complex so the refinement, which is dominated by
the rest of the molecule, may converge in spite of a less than adequate
description of the disordered region. The NiCl(NO)(P(C6H5)3)2
refinements also emphasize this point since again some models con—
verged with R-factors around 0.08 but no chemically reasonably descrip-
tion of the disordered region could be obtained. Thus caution must
be exercised in the interpretation of the parameters involving the
small molecules whenever disorder is encountered.

As mentioned above, the least-squares refinements of the

-175°C structure of Fe(NO)(salen) and of the structure of NiC1(NO)-

-
)

5)3)2

models. The various models were developed largely on the basis of

(P(C6H involved the exploration of various possible disorder
chemical sense and difference electron density maps. In most disorder
models constraints must Pe imposed among groups of the variables since

they are not all independent. An important consideration in the



proper refinement of constrained models is the determination and
application of the correct relations among the derivatives of the
variables in the unconstrained parameter set and the derivatives of
the variables in the smaller constrained parameter set. The straight-
forward general method for determining the derivative relatioms
developed by Raymond (1972) was utilized in these studies for the
determination of the proper relations for the constrained disorder
models explored. Appendix A presents the details of the derivations
of the various derivative relations required in these studies as well
as the Fortran code used to implement both tﬂe constraints themselves
and the derivative relations in the least-squares refinement program
NUCLS.

Part of the X-ray diffraction data for the structural studies
presented here was collected on a Picker FACS-1 four-circle diffrac-~
tometer and the rest was collected on Syntex four-circle diffractom~
eters. The Syntex instruments have a slightly different geometry than
the Picker instrument. For some crystallographic calculations it is
important to know the relations between various of the possible coor-
dinate systems and to be able to transform measurements from one to
another. A specific example of this is the calculation of accurate
absorption corrections for which the orientation of the crystal with
respect to the diffractometer must be known and for which it is neces-
sary to determine the direction cosines for the diffracted beam and
the reverse primary beam in a coordinate system in which the crystal
can be accurately measured. The equations to calculate the orienta-

tion matrix for a crystal from the setting angles of three noncoplanar



reflections and the equations to calculate the direction cosines for
the diffracted and reverse primary beam have been worked out and are

presented in Appendix B.



CHAPTER 2

, THE STRUCTURE OF
N,N'-ETHYLENEBIS(SALICYLIDENEIMINATO)NITROSYLCOBALT(II),
Co(NO) (salen)

2.1 Introduction

The preparation of N,N'-ethylenebis(salicylideneiminato)-
cobalt(II), Co(salen), was described in 1938 (Tsumaki, 1938). This
complex, as well as many other Schiff base complexes of cobalt, has
been extensively studied, largely because of the ability of many of
them to reversibly bind dioxygen. Structural, spectroscopic and ther-
modynamic studies have shown that.the stabilities of dioxygen adducts
of Schiff base complexes of cobalt(II) are very dependent upon the
nature of the Schiff base and upon crystal packing effects (Avdeef and
Schaefer, 1976 and references therein).

Quite different behavior is found for reactions of nitric aoxide
(NO) with Schiff base complexes of transition metals. A study of sev-
eral Co(salen) complexes which have various phenyl ring substituents
showed that all of them react irreversibly with nitric oxide to form
diamagnetic 1:1 adducts such as Co(NO) (salen) (Earnshaw, Hewlett and
Larkworthy, 1965). On the other hand, the stability and magnetic prop-
erties of NO adducts of analogous iron complexes of salen ligands are
very dependent upon the substituents on the phenyl rings of the salen
ligand (Earnshaw, King and Larkworthy, 1969). The esr of Fe(NO) (salen)
is difficult to interpret because of interaction between adjacent

6



7
molecules in the solid.state. Crystals of Co(NO)(salen) were initially
examined as a possible isomorphous, isostructural host lattice into
which the iron complex could be doﬁed for single crystal esr studies,
However, determination of the space groups of the two complexes re-
vealed that they were not isostructural. The structural characteriza-
tion of Co(NO)(salen) was undertaken anyway since there are not many
structurally characterized five-coordinate salen complexes, there were
two independent molecules in the crystallographic aéymmetric unit, and

it would allow further characterization of the {C0N0}8 triatomic group.

2.2 Experimental

~ A sample of Co(NO)(salen) prepared by the method of Earnshaw,
Hewlett and Larkworthy (1965) and recrystallized from DMF/MeOH was
kindly furnished by Dr. O. Ileperuma. Preliminary precession photo-
graphs (MoKo) on a multifaceted crystal of approximate dimensions 0.5 x
0.5 x 0.5 mm indicated that the crystals are monoclinic. The system-—
atic absences of hO2 when & = 2n + 1, and O0kO when k = 2n + 1 are
unique for the space group P21/c (No. 14). The unit cell parameters
(at 23+2°C) are a = 14.417(7), b = 11.982(7), ¢ = 17.481(9) &, and
B = 100.39(4)°. These parameters were determined from a least~squares
refinement of the setting angles of twenty automatically centered
reflections from diverse regions of reciprocal spé%e having 20+ 35°
(MoKa, A = 0.71069 A). The‘observed density of 1.59 g/cms, determined
by flotation in carbon tetrachloride/n-heptane, agrees with the calcu-

lated density of 1.59 g/cm3 for 8 formula units of Co(NO)(salen) per

unit cell. Thus, there are 2 formula units per asymmetric unit.
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The crystal used for the preliminary precession photographs was
also utilized for data collection, and 5900 unique data were collected
on a Picker FACS-1 four-circle diffractometer using an incident beam
monochromator equipped with a graphite crystal to obtain MoKy radia-
tion. The takeoff angle was 2.0° and the reflections were collected
using the 6-26 scan technique. The scan range was 1.4° plus the
dispersion correction for the splitting of the MoKgy lines. The scan
rate was 2,0°/min, and stationary-crystal, stationary-counter back-
ground counts of 10 s were taken at both ends of the scan. The scin-
tillation counter was 34 cm from the crystal with an aperature of 4 x
4 mm. Ihe pulse height analyzer was set to admit v20% of the MoKuo
peak. Metal foil attenuators having attenuator factors of ~1,7 were
inserted into the diffracted beam whenever the counting rate exceeded
~7000 counts/s. Throughout data collection three standard reflections
from diverse regions of reciprocal space were monitored every 100
reflections. None of the standard reflections showed any systematic
changes during the time required to collect the data.

The data were reduced to Fo2 and c(Foz) by procedures similar
to those previously described (Enemark, Hunt, Reed, Steuck and
Walthers, 1970). The intensities were calculated by the formula I = C
- (ts/tb)(BH + BL) where C is the total counts, ts and tb are the scan
time and the total background time and BH and BL are the two background
counts. After the backgrounds had been subtracted from the intensi-
ties, standard deviations were assigned by the formula ¢(I) = C +

1/2

(ts/tb)z(BH + BL) + (pI)z] where p, the factor to prevent over-

weighting strong reflections, was set equal to 0.04. The Lorentz and



polarization corrections and the attenuator factors were then applied
to I and o(I). The polarization correction was p = (c05226m +
c03226)/(l + cosZZGm) where em is the Bragg angle of the monochromator
crystal (6.05°) and & is the Bragg angle of the reflection being ob-
served. Since the linear absorption coefficient for the compound for
MoKa radiation is only 7.7 c:m-l and the crystal was of equant habit,
no absorption correction was applied.

The structure was solved by direct methods using the MULTAN
package (Germain, Main and Woolfson, 1971) and the 400 reflections
with the highest values of |E|. An E-map based upon these reflections
revealed both cobalt, four oxygen, and four nitrogen atoms. A series
of structure factor célculations, least~squares refinements, and
difference electron density maps revealéd the other 36 nonhydrogen
atoms.

Refinement of the complete structure was based on Fo with the
function ZW(]Fol - |Fc|)2 being minimized; the weights were taken as
w = 4F02/02(F02). Atomic scattering factors for the nonhydrogen atoms
were taken from Cromer and Mann (1968). The effects of anomalous
scattering for the cobalt atoms were included in the calculated struc-—
ture factors; the values of Af' and Af" calculated by Cromer and
Liberman (1970) were used. All refinements were carried out using the
4479 data with F02 > BU(FOZ). Two cycles of full-matrix isotropic
least-squares refinement resulted in R, = ZIIFOI - ]FCII/ZIFOI = 0.095

1/2 = 0,124, Due to limitations of

2 2
and R, = [zw(|F | - [F_|) /zw|F | ]
core memory it was not possible to do full-matrix anisotropic refine-

ment on all nonhydrogen atoms; therefore, in subsequent cycles the two
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independent molecules were refined as separate blocks. Initially only
the scale factor was common to both blocks. Three cycles of aniso—

tropic refinement on each block gave Rl = 0,062 and R, = 0.081. The

2
28 hydrogen atoms were included in idealized positions (C-H distance
0.95 &) (Churchill, 1973), and given isotropic temperature factors of
6 Az for the ethylene hydrogens and 5 AZ for all other hydrogens. The
hydrogen atom scattering factors were obtained from the calculation of
Stewart, Davidson and Simpson (1965). Three more cycles of refinement
on each block including the H atoms as fixed contributors gave R1 =
0.053 and R2 = 0.066; however, the temperature factor of C(13) became
nonpositive definite. An inspection of Fo's and Fc's indicated that
secpndary extinction (Stout and Jensen, 1968) was a problem in the
crystal. At this point the temperature factor of C(13) was reset to
its isotropic value, and both cobalt atoms, the scale factor, and the
secondary extinction coefficient were included in both blocks of the
refinement. Two cycles of least-squares refinement on each block
converged with R1 = 0.048 and R2 = 0.058.

The final value for the secondary extinction coefficient (c)
6 (mm-le—z
the calculated structure factor in the form (Zachariasen, 1968)
2]l/2}l/2’

was 1.00(4) x 10 ). This parameter enters the equation for

Fc = zF , where z = {cBC + [1 + (cBC) B = 2(1 + c05426)/(1 +
c05228), and Zw(lFol - IFCI/Z)2 is minimized. With secondary extinc-
tion included all the temperature factors remained positive definite.
During the final cycle of least-squares refinement; all of the
paréméter shifts were less than 0.8 except for 813 of atom C(13) which

shifted by 1.20. The largest peak in the final difference electron
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density map was 0.34 e/A3. The standard deviation of an observation

of unit weight, defined by [zw(]Fol - |Fc|)2/(n - m)]l/2

,» was 2.11.
Here n is the number of observations (4479) and m is the number of
variables (416); the ratio n:m was 10.8:1. An analysis of the
weighting scheme showed that W(IFol - ]Fcl)2 was not dependent upon
]Fol or sinf/A. Careful examination of the difference electron density
maps in the nitrosyl regions did not reveal any disorder. A structure

factor calculation on all 5900 reflections gave R, = 0.064 and

1
R, = 0.060.

2

The final structural parameters are given in Tables 2.1 thru
2.4, and the positions of the fixed hydrogen atoms are given in Table
2.5. Selected interatomic distances and angleE are given in Tables 2.6
and 2.3. The root-mean-square amplitudes of vibration'along the
principal axes are given in Table 2.8. |

The major programs used for the solution and refinement of
this structure were local modifications of the MULTAN direct methods
program (Germain, Main and Woolfson, 1971), Ibers' NUCLS least-squares
program, itself a modification of ORFLS (Busing, Martin and Levy,
1962), Zalkin's FORDAP Fourier summation program, Busing, Martin and
Levy's (1964) ORFFE function and error program, and Corfield's RANGER
weighting analysis program. Molecular diagrams were drawn with the

program ORTEP (Johnson, 1965). All major calculations were performed

at The University of Arizona on a CDC 6400 computer.
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Atomic Parameters for Co(NO) (salen) (I) Positions?

Table 2.1. Final

Atom X y z

Co 1.04042(4) 0.35050(4) 1.03480(3)
o(1) 1.09343(27) 0.40798(26) 1.13260(22)
0(2) 1.1507(3) 0.40252(25) 1.00351(24)
0(3) 1.0394(4) 0.1332(3) 1.02495(29)
N(1) 0.9210(4) 0.33212(28) 1.06081.(29)
N(2) - 0.9773(4) 0.3336(3) 0.9316(3)
N(3) 1.0774(3) 0.2064(3) 1.04753(29)
c(1) 1.0520(4) 0.4221(3) 1.1911(4)
Cc(2) 1.1043(5) 0.4701(4) 1.2616(3)
C(3) 1.0658(6) 0.4875(5) 1.3249(4)
C(4) 0.9721(5) 0.4581(4) 1.3268(4)
C(5) 0.9197(6) 0.4150(4) 1.2593(4)
Cc(6) 0.9559(5) 0.3965(4) 1.1936(4)
c(7) 0.8955(5) 0.3538(4) 1.1246(4)
Cc(8) 0.8508(4) 0.2841(4) 0.9967(4)
Cc(9) 0.8719(4) 0.3319(4) 0.9244(4)
Cc(10) 1.0133(6) 0.3255(4) 0.8738(4)
c(11) 1.1148(6) 0.3389(3) 0.8699(4)
c(12) 1.1471(8) 0.3178(4) 0.8028(6)
C(13) 1.2376(6) 0.3359(4) 0.7973(6)
C(14) 1.2995(8) 0.3791(5) 0.8630(6)
Cc(15) 1.2698(7) 0.4026(4) 0.9300(5)
C(16) 1.1760(6) 0.3813(3) 0.9386(4)

a. X, vy and z are in fractional momnoclinic coordinates.

The standard

deviations of the least significant digits are given in parentheses.



Table 2.2. Final Atomic Parameters for Co(NO)(salen) (I) Thermal Parameters®

Atom 104811 104822 104833 104812 104813 104823
-Co 29.5(3) 66.3(4) 29.88(27) -6.62(28) 1.6(3) 3.86(26)
0(1) 33.7(29) 101.3(28) 28.6(16) -16.9(20) 8.8(27) -0.4(18)
0(2) 37.1(28) 96.6(26) 34.7(18) -15.9(22) 7.5(29) ~-3.0(19)
0(3) 178.(6) 95.(3) 74.(3) 34.(4) -20.(5) 5.5(25)
N(1) 32.(3) 85.2(29) 34.5(21) -11.5(24) 2.(3) 3.2(20)
N(2) 30.(4) 67.4(26) 30.1(23) -6.5(20) 8.(4) 4.1(21)
N(3) 64.(3) 76.1(29) 57.6(26) ~4.,0(25) -10.(3) 12.7(23)
c(1) 40.(4) 59.4(29) 32.(3) -3.9(25) 7.(5) 7.6(24)
Cc(2) 47.(5) 103.(4) 34.4(26) -5.(3) 5.(4) -9,8(27)
Cc(3) 65.(6) 120.(5) 35.(4) 3.(4) 10.(6) -16.(3)
c(4) 60. (5) 110.(5) 33.(4) 3.(4) 36.(5) -1.(3)
c(5) 64.(6) 86.(4) 46.(3) 5.(4) 11.(6) 3.(3)
c(6) 49. (5) 69.(3) 39.(4) 6,0(29) 0.(5) 3.5(26)
c(7) 26.(3) 79.(3) 40.8(28) -7.4(28) 14.(4) 7.6(26)
c(8) 44, (3) 139. (5) 48.7(29) -28.(4) ~7.(4) -3.(3)
Cc(9) 37.(3) 116. (4) 42.(3) -19.(3) -6.(4) 10,0(29)
€(10) 52.(6) 63.(3) 37.(4) -6.4(29) 0. (6) 0,0(27)
c(11) 51.(5) 47.4(28) 35.(4) -2.(3) 19.(6) 0.4(24)
Cc(12) 78.(7) 66.(4) 49.(5) -1.(4) 19.(8) -6.(3)
Cc(13) 103.(7) 82.(4) 45.(5) 15.(5) 57.(8) ~11.(4)
c(14) 63.(7) 75.(4) 92.(6) ~-6.(4) 19.(9) 2.(4)
C(15) 52.(6) 72.(4) 54.(5) -4,(4) 19.(7) 0.(4)
c(16) 49.(4) 58.(3) 37.(4) 5.2(29) 7.(5) 2,0(24)

a. Anisotropic

The standard deviations of t

thermal parameters are in the form exp[-(hZB +k28 +£2B +2hkg +2h2813+2k2823)].

he least significant digits are %%ven g% parentheses.

€T



Table 2.3. Final Atomic Parameters for Co(NO)(salen) (II) Positions?
Atom X y z

Co' 0.58245(4) 0.04665(3) 0.91981(3)
o' 0.54315(24) 0.17467(19) 0.96564(18)
o 0.48001(19) 0.07887(17) 0.84078(16)
03! 0.75107 (27) 0.0681(3) 0.8797(3)
N(1)! 0.65205(25) -0.00929(24) 1.01398(20)
N(2)! 0.60022(25) -0.09590(22) 0.88101(22)
N(G3)H! 0.6802(3) 0.11111(29) 0.8852(3)
c(1)? 0.5773(3) 0.2175(3) 1.03457(26)
c! 0.5456(4) 0.3207(3) 1.0540(3)
c! 0.5769(5) 0.3683(4) 1.1260(4)
c(u)! 0.6446(5) 0.3116(4) 1.1806(3)
c(5)' 0.6735(4) 0.2109(4) 1.16458(27)
c(6)! 0.6446(3) 0.1578(3) 1.09069(26)
c(H! 0.6728(3) 0.0466(3) 1.07836(25)
c(8)' 0.6729(4) -0.1281(3) 1.0131(3)
cm? 0.6752(4) -0.1622(3) 0.9304(3)
c(10)' 0.5606(3) ~0.13869(26) 0.81469(28)
cGiy)! 0.48865(28) -0.08081(26) 0.76029(26)
c@2)’ 0.4533(3) -0.13880(29) 0.68912(29)
c(13)! 0.3784(3) ~-0.0926(4) 0.63890(28)
c(14)! 0.3381(3) 0.0040(3) 0.65678(27)
c(s)! 0.37153(29) 0.06112(27) 0.72548(26)
c(16)" 0.45003(28) 0.01975(26) 0.77743(23)

a. X, y and z are in fractional monoclinic coordinates. The standard
deviations of the least signigicant digits are given in parentheses.



Table 2.4. Final Atomic Parameters for Co(NO)(salen) (II) Thermal Parameters’

Atom 104811 104622 104833 104812 104813 104823
Co' 33.9(3) 44,2(3) 22.09(23) 3.08(26) 4.5(3) 1,12(22)
o’ 64.2(24) 63.5(19) 31.1(15) 10.5(17) -7.5(22) -8.1(13)
o) 43.5(18) 45.2(16) 26.6(13) 10.6(14) -0.4(18) -7.1(11)
0(3)' 46.9(26) 119.(4) 55.(3) -17.3(25) 35.(4) 6.5(27)
N(D' 39.9(24) 62.7(22) 24.2(17) 2.3(19) 6.2(24) 7.9(15)
N(2)! 38.6(22) 48.3(20) 32.8(18) 6.6(18) 2,2(24) 1.4(15)
N(3)' 55.(3) 75.6(28) 38.0(23) -20.1(24) 3.(3) 11.9(21)
c(1)' 44.2(29) 64.9(29) 23.8(19) -10.9(25) 15.4(29) =5.7(19)
c(2)' 57.(4) 69.(3) 37.2(24) ~10.3(28) 16.(4) -10.2(23)
c(3)' 68. (4) 79.(4) 51.(3) -12.(3) 24,(5) -30.2(29)
c(4)! 97.(5) 121.(5) 31.2(24) -63.(4) 12, (4) ~14.,4(29)
c(5)' 51.(3) 106. (4) 24.7(20) -22.(3) 11.(3) -11.7(23)
c(6)!’ 37.5(27) 85.(3) 23.0(18) -17.7(25) 11.2(27) -1.3(20)
(! 36.9(26) 89.(3) 21.6(17) -5.3(26) 7.0(027) 10,1(21)
c(8)? 54.(4) 70.3(29) 33.4(22) 18.9(27) 9.(3) 13.7(21)
c(9)! 59.(4) 64.6(29) 46.3(26) 24.9(26) ~-6.(4) -0,3(22)
c(10)" 35.3(25) 43.1(23) 36.4(21) -3.0(21) 12.6(29) -2.1(19)
c(1n)! 35.1(24) 45.7(23) 30.6(19) -4,1(20) 7.1(26) -4,5(17)
c(12)' 45,9(29) 56.6(26) 34.3(22) ~6.5(24) 13.(3) -14,8(20)
c(13)! 52.(3) 93.(4) 28.6(20) -28.4(28) 2,7(29) -10.1(23)
c(14)' 40.5(28) 79.(3) 30.5(21) -5.0(024) -1.5(29) -0.8(21)
c(15)"' 35.8(24) 53.6(25) 31.3(20) ~3.0(21) 4,4(26) 1.2(18)
c(l16)" 32.6(24) 51.3(25) 23.9(18) -10.3(20) 7.9(25) 3.6(16)
a. Anisotropic thermal parameters are in the form exp[—(th +k28 +27B, ,+2hkB +2h281 +2k2823)].

The standard deviations of the least significant digits are %%ven %% pa

réntheses,

<T



Table 2.5. Parameters for the Fixed Hydrogen Atom Positions for

Co(NO) (salen)?

Atom X y z
H(2) 1.1686 0.4901 1.2630
H(3) 1.1032 0.5208 1.3692
H(4) 0.9458 0.4669 1.3729
H(5) 0.8552 0.3980 1.2585
H(7) 0.8304 0.3412 1,1288
H(8A) 0.7875 0.2976 1.0033
H(8B) 0.8508 0.2048 0.9969
H(94A) 0.8442 0.4033 0.9136
H(9B) 0.8416 0.2921 0.8798
H(10) 0.9726 0.3088 0.8262
H(12) 1.1051 0.2882 0.7592
H(13) 1.2590 0.3199 0.7502
H(14) 1.3644 0.3924 0.8584
H(15) 1.3127 0.4328 0.9721
H(2)' 0.5003 0.3597 1.0175
H(3)' 0.5539 0.4391 1.1378
H(4)! 0.6695 0.3454 1.2292
H(5)! 0.7158 0.1722 1.2038
H(7)' 0.7110 0.0101 1,1213
H(8A)! 0.6287 -0.1716 1.0352
H(8B)' 0.7293 -0.1472 1.0478
H(9A)! 0.6682 -0.2403 0.9220
H(9B)' 0.7358 -0.1517 0.9167
H(10)' 0.5790 -0.2114 0.8015
H(12)' 0.4803 -0.2074 0.6772
H(13)' 0.3548 -0.1287 0.5909
H(14)' 0.2855 0.0334 0.6218
H(15)' 0.3416 0.1278 0.7373

a. X, v and z are in fractional monoclinic coordinates.



Table 2.6. Selecged Interatomic Distances and Angles for
Co(NO) (salen) (I)

Distances

Co~-0(1) 1.873(3) c(16)-C(15) 1.411(17)
Co-0(2) 1.879(6) c(l)-c(6) 1.426(12)
Co-N(1) 1.871(7) c(16)-C(11) 1.447(6)
Co=-N(2) 1.879(4) c(2)-Cc(3) 1.342(13)
Co-N(3) 1.809(4) c(15)-c(14) 1.347(19)
N(3)=-0(3) 1.071(4) Cc(3)-C(4) 1.402(13)
0(1)-c(1) 1.286(9) C(14)-Cc(13) 1.418(9)
0(2)-~C(16) 1.278(12) c(4)-C(5) 1.381(7)
N(1)-C(7) 1.263(11) C(13)-C(12) 1.343(18)
N(2)-C(10) 1.220(11) c(5)~-C(6) 1.362(14)
N(1)~-C(8) 1.483(4) c(12)-c(11l) 1.362(17)
N(2)-C(9) 1.502(9) c(6)-Cc(7) 1.447(6)
c(8)-c(9) 1.470(11) c(1l1)-c(10) 1.487(14)
C(1)-C(2) 1.443(6)

. Angles
Co-N(3)-0(3) 128.0(3) C(1l6)-C(15)-c(14) 121.1(7)
0(1)-Co~0(2) 85.21(18) C(2)~-C(3)~-C(4) 121.6(5)
0(1)-Co-N(1) 93.63(21) C(15)-C(14)-c(13) 121.9(13)
0(1)-Co=-N(2) 164.33(15) C(3)~C(4)-C(5) 117.0(9)
0(2)-Co-N(2) 92.59(24) C(14)~-C(13)-c(12) 118.6(13)
0(2)-Co~N(1) 166.86(15) c(4)-c(5)~-c(6) 123.2(9)
N(1)-Co-N(2) 85.00(23) c(13)-Cc(12)-Cc(11) 121.3(7)
Co-0(1)-C(1) 127.1(4) C(5)~c(6)~-C(1) 120.8(5)
Co-0(2)-C(16) 125.7(4) c(12)-Cc(11)~-c(16) 121.9(10)
Co=-N(1)-C(7) . 128.1(4) c(5)~c(6)~-C(7) 119.7(9)
Co~N(2)-C(10) 126.8(6) C(12)-Cc(11)~c(10) 120.8(6)
Co-N(1)-C(8) 113.2(5) C(1)-Cc(6)~C(7) 119.5(8)
Co-N(2)-C(9) 113.0(5) Cc(16)-C(11)-Cc(10) 117.2(9)
0(1)-Cc(1)~Cc(2) 119.0(6) C(6)-C(7)-N(1) 125.6(8)
0(2)~C(16)~-C(15) 119.4(5) C(11)-Cc(10)-N(2) 126.8(5)
o(1)-Cc(1)~-c(6) 126.1(5) C(7)-N(1)-C(8) 118.7(7)
0(2)-Cc(16)~Cc(11) 125.3(9) C(10)-N(2)-C(9) 120.3(5)
c(6)-C(1)-Cc(2) 114.9(8) N(1L)-C(&)~-C(D) 106.3(5)
c(11)~-Cc(16)~-C(15) 115.3(10) N(2)-C(9)~C(8) 107.2(3)
c(1)~-C(2)-C(3) 122.4(8)

a. Distances in &ngstrdms and angles in degrees. The standard
deviations of the least significant digits are given in parentheses.



Table 2.7. Selected Interatomic Distances and Angles for
Co(NO) (salen) (II)

Distances
Co'-0(1)' 1.865(3) Cc(16) '-C(15)" 1.407(4)
Co'-0(2)"' 1.872(2) c(L)'-c(6)! 1.439(5)
Co'-N(1)' 1.889(2) c(le)'-c(11)’ 1.383(5)
Co'=N(2)' 1.872(3) c('-c()! 1.381(6)
Co'-N(3)' 1.805(6) c(15)'-c(14)’ 1.391(5)
N(3)'-0(3)" 1.163(7) c@3)'-c(s)! 1.410(7)
o(V)'-c(L! 1.321(4) c(14)'-c(13)"’ 1.356(6)
0(2)'-c(16)" 1.320(4) cs)y'-c(5! 1.323(7)
N(1) '-c(7)"' 1.297(5) c(13)'-c(12)’ 1.379(5)
N(2)'-c(10)' 1.302(5) c(5)'-c(6)"' 1.433(6)
N(L)'-c(8)! 1.455(5) c(12)'-c(11)? 1.436(5)
N(2)'-Cc(9)' 1.485(4) c(6)'-c(?)' 1.421(6)
c(8)'-c(9)’ 1.509(10) c(11)'-c(10)" 1.451(4)
c(L)'-c()!? 1.381(6)

Angles
Co'=-N(3)'-0(3)' 126.0(3) c(16)'-C(15)'-c(14)" 119.8(4)
0(1)'-Co'-0(2)" . 83.51(10) c(2)'-c(3)'-c(4)’ 119.3(5)
0(1)'-Co'-N(1)' 94.14(14) C(15)'-Cc(14)'-Cc(13)' - 121.51(29)
0(1)'=Co'-N(2)' 167.89(19) c(3)'-c(s)'-c(5)! 120.2(4)
0(2)'-Co'-N(2)' 93.56(10) C(14)'-Cc(13)'-c(12)’ 121.0(3)
0(2)'=Co'~-N(1)" 160.16(17) c(&)'-c(5)'-c(s)! 122.9(4)
N(1)'-Co'-N(2)' 84.61(13) c(13)'-c(12)'-c(11)"’ 118.2(4)
Co'-0(1)'-Cc(1)’ 128.29(24) c(5)'-c(6)'-c(1)' 116.4(4&4)
Co'-0(2)'-Cc(16)! 127.15(23) c(12)'-Cc(11)'-c(16)" 121.04(26)
Co'-N(1)'-c(M)* 125.16(27) c(5)'-c(6)'-c(N’ 120.5(3)
Co'=N(2)'-Cc(10)" 127.96(21) c(12)'-c(11)'-c(10)" 115.9(3)
Co'-N(1)'-c(8)"' 114.59(23) c(1)'-c(6)'-c(N)’ 122.7(3)
Co'-N(2)'-Cc(9)' 114.19(24) Cc(16) '-C(11)'-Cc(10)’ 122.9(3)
o(1)'-c(L)'-Cc(2)' 119.1(3) c(e)'-c(?M) - (D! 126.00(29)
0(2)'-c(16)'-c(15)" 117.1(4) C(11)'-Cc(10) '-N(2)" 122.9(3)
o(L)'-c(1)'-c(6)’ 121.5(4) C(7)'-N(1)'-c(8)" 119.9(3)
0(2)'-Cc(16)'-c(11)? 124.45(25) C(10) '=-N(2)'-Cc(9)" 117.6(3)
c(6)'-C(1)'-Cc(2)’ 119.3(3) N(LD)'-Cc(8)'-Cc(' 108.4(3)
c(11)'-c(16)'-C(15)" 118.40(29) N(2)'-Cc(9)'-Cc(8)" 105.8(5)
c()'-c(2)'-c(3)’ 121.7(4)

a. Distances in &ngstrdms and angles in degrees. The standard
deviations of the least significant digits are given in parentheses.







