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GENERAL INTRODUCTION 

This dissertation reports the single crystal x-ray 

structure determinations of five selected inorganic com

pounds in order to help elucidate those features, at the 

molecular level, which would "better explain their observed 

properties. 

A new phase of metal-deficient lutetium monosulfide 

(Lu^S^) was recently studied by x-ray powder diffraction 

methods (1). The powder pattern of this phase exhibited 

all of the basic lines of the rock-salt structure mono-

sulfide, with additional weak, low angle lines. A single 

crystal x-ray determination was undertaken to elucidate 

the structural basis for the superlattice reflections. 

Layered transition metal dichalcogenides undergo 

intercalation reactions with electropositive species (2). 

Intercalation with alkali metals produces materials which 

have recently been used as cathodes in secondary batteries 

(3,4). One of these transition metal dichalcogenides, 

3-R No. was studied by single crystal x-ray techniques 

to gain a better understanding of the intercalation reaction 

on an atomic scale. 

The infrared spectrum of bis(6-camphorquinonedioximato) 

nickel (II), Ni(g-HCQD)g, exhibits bands at 1$60 cm ^ and 

*1  ̂ /-% w* " f  ̂  ̂\ AT  ̂ ** r-v V»» /-» V» 1 m -,  ̂̂  ̂T o — \ D i ^ J • uiiw vcczzi -LO uj 
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nitrogen coordinated vic-dioxime complexes, the latter peak 

is at an 'unusually high frequency, uncharacteristic of 

such compounds (7). When Ni(6-HC0D)„ is reacted with silver 

nitrate, a product is formed in which the infrared band for 

Ni(5-HCQD)2 at I690 cm ^ has shifted to I615 cm ^ (8). The 

Ni(5-HCQD)2 complex reacts with Sm(III), La(IlI), and 

Kg(II) salts to produce compounds with infrared spectra 

similar to the Ni(5-HCQD)g " Ag complex. Single crystal 

x-ray investigations of Ni(5-HCQD)g and its silver nitrate 

reaction product were undertaken to esxablish the structural 

reasons for these unusual infrared spectra. 

Recent studies show that palladium and platinum 

phosphine complexes catalyze hydrogénation (9) and 

alcohol carbonylation (10) reactions. Carboxylation of 

olefins may be catalyzed by metal phosphinite complexes (11). 

Tl'ié S"u"r' u C 1.1J 1 op r-p n T n-no n- OILS" 

dichlorobis(methyldiphenylphosphinite)palladium (II), were 

determined by single crystal x-ray techniques. 

Explanation of Dissertation Format 

In this dissertation, the crystal and molecular 

structures of these five compounds are discussed in 

separate sections. Each section constitutes an adaptation 

of a separate tournai article which either has been 
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published or is in preparation. Throughout this manuscript, 

the tables, figures, and references are numbered con

secutively. 
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SECTION I. THE CRYSTAL STRUCTURE OF Lu^S^^ 

Introduction 

The monosulfide of lutetium loses metal preferentially 

upon vaporization in vacuo at 1750°C (1). Quenched samples 

were found to crystallize with the stoichiometry Lu^S^^. 

The powder pattern of this phase exhibited a].l the cubic 

lines of the rock-salt structure monosulfide, with additional 

v/eak, low-angle lines. The lattice of Lu^S^^ was tentatively 

established from Guinier data to be an orthorhombic super-

lattice derived from the parent face-centered cubic subcell 

(1). A similar superlattice has been previously reported 

for SCgS. (12). A single crystal study was undertaken to 

establish the detailed structure of this new phase, 

Experimental 

V'Jeak, low-angle data collected on a Guinier camera 

were indexed on a face-centered orthorhombic lattice with 

a = 10,8; b= 22.9. and c_ = 7.7%. The orthorhombic 

cell was related to the Darent cubic cell with a - = —CUD 

by the relations a^_+;, = 2 a^_^, b__+^ = 

3 /2 and c = /2 a ̂ ,^ (1). A preliminary 
v., U. W U J. Oil Cuu 

rotation photograph taken with a crystal aligned along one 

r\ *P T. n o r»T"5r\To ov<sc? o c îmm-î "Xi r -rno "Io"*ro>̂  
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showed weak rows of diffraction maxima at 2/6, 3/6, and 

4-/6 of the cubic lattice layers. The cubic-to-orthorhombic 

transformation was used to index the weak, low-angle 

diffraction spots on the rotation photograph. The reflec

tions at 3/6 of the cubic lattice could only be indexed if 

the crystal was assumed to be rotating around the cubic a 

axis; the reflections at 2/6 and 4-/6 of the cubic lattice 

could only be indexed by assuming that the crystal was 

rotating around either the cubic b or _c axes. However, no 

reflections coiid be found which could not be indexed via 

one of these assumptions. It is believed that, in the 

particular sample used for the rotation photograph, the 

orthorhomoic supercell was disordered with respect to the 

cubic lattice. Several crystals of were examined by 

film techniques, and all were found to crystallize in the 

disordered orthorhombic supercell or in the rock-salt 

structure with no supercell reflections. 

A nearly spherical crystal (diameter 0.16 mm) was 

mounted and aligned on a four-circle diffractometer inter

faced to a PDP-15 computer. The parent cubic lattice was 

found by an automatic indexing routine (13)• The orthor-

^ V i/_L C yvCLO j_ V <3. vC iwL L/j" CLJVjr (3.*-/-L.C5. «-"O wj, 

_L lilCL Vj.'w'lio CLiiU. OCCLJ. J_ L/VilC W.L C V W A. -LC:.! VCL V_LWii W ViiC 

CT ^ 4- + -1 /-to* -T-V\o cri •P C? w ^ ^ C>> V V ̂  s./ ^ 1 ^ P V A t v» O  ̂ CZL >-» V ̂  w v* Ĉ n - * i d, k_/ 
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not found to be disordered appreciably. Lattice constants 

a= 10.7^7(3), b= 22.813(6), andc= 7.602(2)&, were 

determined from a least, squares fit ( 1^) to precise ± 29 

measurements of twelve strong, independent reflections 

(26 > 30°) at 27°C using graphite-monochromated Mo K 

radiation (X=0.71002°). 

Diffractometer data were collected at 27°C on an 

automated four-circle diffractometer designed and built 

in Ames Laboratory (15)- All 4251 reflections within a 

26 sphere of 50" in the hkl, hkl, hkl, and hkl octants 

were measured using an w-stepscan technique. 

As a general check on electronic and crystalline 

stability, three standard reflections were remeasured 

after every 75 reflections. These standards were not 

observed to vary significantly during the data collection 

effects. An absorption correction was applied assuming a 

spherical crystal ( i:=699.3 cm ~) . The estimated variance 

= C,̂ , + k_Cg + (0,03C,̂ ,)̂  - (0.030.2)̂  

where , and k^ are the total count, the background 

count, and a counting time factor, respectively, and the 

factor 0.03 represents an estimate of nonstatistical errors. 
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were calculated by the finite difference method (l6). The 

observed (F > data were averaged resulting in 140 

unique reflections. The systematic absence of reflections 

with hkl, h+kr2n, k+lr^2n, l+h/^2n and Okl, k-i-l/4n; h01, 

l+hT^^n; and hko, h+k^4n uniquely determined the space 

group as 

Solution and Refinement 

The data separated into two classes as a function of 

intensity. The strong data corresponded to the cubic sub-

lattice. Hence, the similar cubic cell was used as a first 

approximation to the structure. The strong data were 

reindexed on the cubic lattice and averaged yielding 15 

'unique reflections. A structural model was refined by full 

matrix least squares techniques (1?) to a final agreement 

"HOtor R = Z 1 If l-!r 1 l/E If i = 0.0 50 and a weighted (J ' ' U ' " • U ' 

agreement factor R = ( -F / ZwF ^ = 0.0 59» 

The function minimized was Z w! |F_I -; j~ using weights 

of l/a^ = The lutetium was placed at (0,0,0) with a 

multiplier of 0.75, and the sulfur was placed at (1/2,0,0) 

with a multiplier of 1.0. The final isotropic temperature 

factors were 0.78(17)A^ and 0.77(50)A" for the metal and 

chalcogen, respectively. 

This model wag refined further usins the f-oll ortho-

rnomoic aa'caseo ana una ass; -t- k-\ 1 f-\ -V-» O t I 
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only a perturbation of the cubic cell. Correlation effects 

prohibited the simultaneous refinement of thermal parameters 

and lutetium atom multipliers. The thermal parameters were 

fixed at the values found in the cubic refinement. By 

cyclically varying three of the four metal atom multipliers 

at a time, convergence was found to be accelerated; only 

four cycles of refinement were required. All positional 

parameters and the lutetium multipliers were refined by full 

matrix least squares (1?) to a final agreement factor R = 

0.090 and weighted agreement factor = 0.140 using 

weights of 1/cJp . The neutral atom scattering factors were 

from Hanson et al=, (I8) with corrections for anomalous 

dispersion effects (19)» The final parameters are listed 

in Table 1. A drawing of the structure is shown in Figure 1 

Discussion 

J- LV c. Vl -i-ii V C J- ill C W ^ V 

waves as follows: at a given height along a, (x = 0, 1/4, 

1/2; or 3/4)5 the fractional occupancies in sequential 

(066) planes occur periodically in the order . . . 0.54, 

0=7^, 0.83, 0.84, 0.83, 0.75, 0.54 .... The ( 

waves are in phase for x = 0 and x = 3/4 and for x = 1/4 

and X = 1/2: and exactly out of phase for x = 0 and x = 

(and xnus for x = I/2 and x = 3/4-) . Thus, xhe structure 
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Table 1. Final, structural parameters for 

Atom 
Site 

Symmetry 
Fractional 
0(icupajicy X  y z  B 

Lui 2 2 2  0.5^-(2) 0.0 0.0 0 . 0  0.78 
Lu2 2 2 2  0.84(2) 0 . 0  0.0 0.5 0.78 
Lu3 2 0.831 2 )  0.0 0 . 3 3 2 6 ( 1 )  0.0 0.78 
Lu'l 2 0.751 2) 0.0 0.1661(1) 0.0 0.78 
SI 2 1 . 0  0 . 2 4 9 8 ( 1 6 )  0.0 0 .0 0.77 
S 2 1 1 .0 0.2498(14) 0 . 1 6 6 3 ( 3 )  0.0050(17) 0.77 

^In this table! eind subsequent tables, the values in parentheses 
denote the estimated standard deviations in the last digits. 

V) 
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Figure 1. Lutetium atom positions in projected along the 

a axis. 

Positions: indicated by a singJ.e circle occur at x = 0 and 
X = 1/2, positions indicated by a double circle occur at 
X - 1/4 c,nd X = 3/4. The (0,6,6) planes are indicated by 
the sianting lines and labeled A, B, C, and D. The sites 
have fractional occupancy as follows: A, 0.54 at x = 0, 
3/4 and C,84 at x = 1/4, 1/2; B, 0.75 at x = 0, 3/4 and 
0.83 at j; = 1/4, 1/2; C, O.83 at x = 0, 3/4 and 0.75 at 
X - 1/4, 1/2; and D, 0.84 at x ~ 0, 3/4 and 0.54 at x = 
1/4, 1/2. 
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can be described as a sheared population wave defect 

ordering on the rock-salt type lattice. 

Occupation waves have previously been observed in the 

Ti-S system by Wlegers and Jelllnek (20). The phenomena of 

population wave structures are not understood from a fun

damental point of view. Little is known as to the nature 

of the Interactions that lead to such periodicities, nor 

are the underlying factors that yield a particular stoichi-

ometry (S/Lu = 4/3 to a high degree of accuracy in this 

/-» o c:  ̂ 1 "t H o <3-h/-N T'lnoco o-P f o r» i-c: ja "Tr̂ n î t*. "Ti 11 

for theoretical investigation. 

The lutetlum contributions to the valence and conduc-

2 tlon bands of lutetlum sulfides are made up of 5d6s atomic 

levels, with electrons remaining substantially local

ized (21). From this description, lutetlum in these com

pounds may be considered as a transition met?l- There are 

many similarities in the chemistry of lutetlum and scandium 

compounds. All known sulfides of these metals from the 

monosulfide to the sesquisulfide are either of the rock-salt 

structure type or defect rock-salt type based upon a cubic 

closest-packed array of anions. It is interesting to exam

ine the structure types encountered for various stoichi-

om.etrles. 

The monosulfides of both crystallize in the rock-salt 
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from the monosulfide to a stoichiometry of LuS^ with 

random vacancies of the metal sites (1). In this work 

(LuS^ , the cations partially occupy the octahedral 
• J J 

sites via the population waves described above. Lutetium 

sesquisulfide, LuS^ is reported to crystallize in the 

a-AlgO^ structure type (22), R=^ with a = 6.722(2) and 

_c = 18.160(3)^. The corundum structure type (cc-Al^O^) is 

composed of a cubic closest-packed array of anions, similar 

to the rock-salt structure, but with the cations occupying 

two out of every three octahedral sites. 

A broad stoichiometric range of Sc^_^S is reported (12). 

The vacancies partially order at low temperatures to yield 

the space group ^ with a = 3»657 and _c = I7.91E. The 

cation vacancies in these materials are randomly distributed 

in alternating (111) planes of the parent cubic sublattice. 

O^cuiu-Luiii £> 0 u JL&ujL J. j-uc untï Cicj. cc u 1 uurv.— u & UJLUL; ouxc 

type (12), with a = 10.42, b = 22.10, and c_ = 7.37^, 

in which the cations occupy two out of every three octa

hedral sites, 

For lutetium and scandium sulfides, with stoichiom-

etries between the monosulfide and the sesquisulfide, the 

mexal vacancies are partially disordered over all octa

hedral sites. However, the metal vacancies of both 

sesquisulfides are ordered- The interchange of orthorhombic 
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and rhombohedral cells for corresponding stoichiometries 

of scandium and lutetium sulfides signifies a curious 

difference in the chemistry of these twn meteJs. 



www.manaraa.com

15 

SECTION II. THE CRYSTAL STRUCTURE OF 

3-R ^^1.06^2 

XJ.1 U j_ U_L 

Interest in transition metal chalccgenides has been 

recently sparked by the use of these materials as cathodes 

in secondary batteries (3,4). Cell reactions include the 

intercalation of Li"^ ions into the van der Waal s layers of 

these materials. However, the intercalation reaction is 

inhibited by the presence of parent metal ions in these 

layers (23). In order to acquire a better structural 

understanding of such systems, a single crystal x-ray 

structure determination of 3-R +x^2 undertaken. 

Although Morosin (24) has reported the single crystal 

structure 3-R NbSp: only powder studies have been reported on 

the structure of the metal-rich 3-R Nb^ +x^2 (' Fisher and 

Sienko {2.6] have rep or led Lhao Ihe 3-R 4-x^2 

has a metal rich limit of x = 0.1?. This stoichiometry 

~ ~ J «— — '-k y — -w. «i» ̂  ̂   ̂L-» /-* Vn »-> V» rr /-s yi v\ n T" t r T17 T TO 
L, v± J. c uV a C/ <a. ^ a. uiw CL v--j.i.Q.x su-wAi»-»-»- vj ncî. * w 

disxorxion is expecxed (2?); however? no such distortion 

has ever been reported for this material. 

TT "1 -m o-n T.ci 1 

A -»->"! -v^TT- 4- 1 f A QHt v O 1.1/^ "V A A1 Tnm ^ Tiro c 

aligned and indexed (13) on a four-circle diffractometer 
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designed and built in this laboratory. Lattice constants, 

a = 3*3285(4) and c_ = 17.910(4)^, were determined from a 

least-squares fit (14) to 13 strong, independent reflections 

measured at ±2 6 (20 > 25°) using graphite-monochromated Mo 

K radiation, X = 0.70954^. Reflections not meeting the 

condition -h+k+l=3n were the only systematic absences. 

This extinction condition is consistent with the space 

group R^^. Neither axial oscillation photographs nor 

incremental step scans taken out the <101>, <111>, <hlO>, 

and <hhO> lines showed any diffuse rings or super-cell spots 

as reported by Boswell, Prodan, and Corbett (28). 

Diffraction data were collected at room temperature 

using graphite monochromâted Mo radiation and the 

instrument described by Rohrbaugh and Jacobson (15). A 

total of 371 reflections were measured in the hkl, hkl, 

r i K ?  .  u l :  L . f c >  w j L O i i j . i i  S .  c  v  o u i i c j .  c  u j _  u w  u o - l i i i x  o a i  

ùj-stepscan technique. Three reflections were periodically 

remeasured during the course of data collection, but they 

showed no significant decrease in intensity. The data 

were corrected for absorption (29) (u. = 63.0 cm ~) , 

Lorentz, and polarization effects. The estimated variance 

in each intensity was calculated by: 

a! = Crr. + - (0.03 c,^)~ + (0.03 C;^)^ _i_ J. o _L  ̂
p 

-r (0.Ù3 Cj.yA)" 
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where C^p, Cg, and A are the total count, the 

background count, the net count, a counting time constant, 

and an absorption factor, respectively, and the factor 

0.03 represents the estimate of nonstatistical errors. The 

estimated standard deviation in each structure factor was 

calculated by the finite difference method (I6). The 

observed data (F > 3'^p) were averaged yielding 79 

independent reflections. 

The symmetry of the space group with Z=3 

requires that the atoms be located at sites of 3m 

symmetry with coordinates of the form (0,0,2). The 

principal niobium (Nbl) was fixed at x = 0.0, and the 

sulfurs were initially input with the positions of 

M-orosin (24) . The sulfur positions, and all thermal 

parameters were refined by full matrix least squares (30) 

to a conventional crystallo^raishic residual of R = 0.052. 

A difference map (31) indicated the presence of additional 

electron density between the van der Waals layers. Niobium 

(Nb2) was placed at this interstitial site with an 

occupancy factor of 0.1 and an isotropic thermal parameter 

identical to that of Nni. All variables including the 

occupancy factors of both niobium atoms were refined by 

full matrix least squares (30) to a final conventional 

residual R = 0.026 and weighted residugj. R = O-O3I-
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2 
The function minimized was Z lo] |F^ ] - |F^ | ] where w = 

Refinement using the inverse structure model yielded nearly 

identical results. The scattering factors used were those 

for from Thomas and Umeda (32) and from Tomiie 

and Stam (33) modified for anomalous dispersion effects 

(19). Unit occupancy of the sulfur atom sites was assumed. 

Refinement using neutral atom scattering factors (18) 

produced nearly identical structural parameters and a 

larger residual R = 0.030. Final structural parameters 

no peaks greater than 0.2 e . Selected bond distances 

and angles are listed in Table 3« A view of the cell is 

presented in Figure 2. 

Discussion 

•Tncs cs-nn czm crl oq 4 "n -ri -n o" T\; n 1 cn "rno ci il "Tnr^c: 

are in good agreement with those reported by iviorosin (2^). 

The sulfur-sulfur distances (3.311-3• ̂̂ ^3 A) indicate that 

the structure is made up of successive layers of closest-

packed anions. The sulfurs form a trigonal prism around 

Nbl. In contrast, the sulfurs in the coordination 

environment of the van der Ifvaals niobium, I\b2, comprise a 

distorted octahedron. 

In the structure of stoichiometric NbS^, the stacking 

secuence is . = = AbABcSCaC , . , where the capital letters 
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Table 2. Final structural parameters for 3H-N'b^ o6^2 

Atom Occupancy X ^11 ^33 

Nbl 0.97(1) 0 .0 0 . 0 3 0 ( 2 )  0.00156(4) 

SI 1.0 0 .2463(2) 0 . 0 3 0(3) 0.00129(10) 

S2 1.0 0 .4201(2) 0 . 0 3 0 ( 3 )  0.00140(11) 

Nb2 0.09(1) 0 .8171(9) 1-7(5) 

Table 3» Bond distances (S) and angles (°) for 3-R 
N'°1.06S2 

Nbl -SI 2.474(2) Nb2-Sl 2.577(11) 
Nbl -S2 2.471(2) Nb2-S2 2.234(8) 

Nbl -Nb2 3.276(16) SI -S2 3.311(5) 
( same lamina) 

Nb -Nb^ 3-3285(4) SI -S2 3.443(4) 
( interlamina) 

SI -Nbl--SI 84.53(6) SI -Nb2-Sl 80.4(4) 
S2 -Nbl--S2 84.65(6) S2 -Nb2-S2 96.3(5) 
SI -Nbl--S2 78=00(9) SI -Nb2-S2 91.1(1) 
SI -Nbl--S2 134.27(3) SI -Nb2-S2 1 6 8 . 9(7) 
Nbl -SI • -Nb2 81.0(3) 

^T-n i T. r-o! 1 3 T.i nn . 
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Figure 2. A view of 3-R Nb^ o6^2 Projected 

onto the (1120) plane with the 
ç_ axis vertical. 

The small and large circles 
represent niobium and sulfur atoms, 
respectively. The letters A, B, 
and C denote atoms with coordinates 
(0,0 , 2 , ) ,  ( 2 / 3 , 1 / 3 .  Z )  I  a n d  ( 1 / 3 ,  

r? \ •v*»oo'^o/^"rnTro>lTr 6-/ J 
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denote the sulfur sequence and the small letters denote 

the niobium sequence. The additional niobium atoms, 

designated by primed letters; go between the layers so 

as to give an octahedral arrangement yielding a stacking 

sequence . . . b'AbAc'BcBa'CaC .... These additional 

niobium atoms apparently move closer to one set of sulfurs 

in order to reduce repulsion effects from the Nbl type 

atom directly over it, i.e., in the . . . Ac'BcB . . . 

arrangement, c' is closer to the A sulfur layer increasing 

the c'-c distance. The Nb2-S distances are 2.234 (8) and 

2.577(11)S, and the shortest Nbl-Nb2 distance is 3.276(l6)&. 

The niobium-niobium distance in a layer is 3*3285(^)S. 

It is also of some interest to examine coordination 

geometry via the concept of bond ionicity. The fractional 

ionicity f^ as defined by Pauling (3^) is O.I83 for niobium-

C» 1 "I 1 "v-« 1—\ -v-> /-i T T f r - -'-Vsz-s 1 -t*-. , -v-» r— ^ 1 1 1 C O <—• -v* ^ ^ 4 /~w-» c 1 -t- o 

(001) plane-, the ionic radii for sijlfur and Nbl are 1.66 

and 0.818. respectively- From Gamble's plot of the ratio 

trigonal prismatic coordination for Nbl. For Nb2, if the 

shorter niobium-sulfur bond length of 2.23^^ is used, an 

effective metal radius of 0.5?--- is obtained; also within 

i O J- Ci.± uOv-t vj <3-111 C: _L \_/ v, v cXi i C v-t— C3-_i_ # 
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Whittingham and Gamble (23) report a lattice 

expansion of 0.42^ in the c direction for the intercalation 

reaction of lithium with 3-R NTdS^, or 0.14& "oer van der 

Waals layer. Although it is unclear how much confidence 

can be associated with the Nb2 radius as determined above, 

it is interesting to note that comparison to the Li"^ 

radius, approximately 0.7& (3^)» would predict almost 

exactly the observed expansion. 
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SECTION III. THE CRYSTAL AND MOLECULAR 

STRUCTURE OF BIS(Ô-CAMPHORQUINONEDIOXIMATO)NICKEL(II) 

Introduction 

Metal complexes of oxime ligands have been of interest 

for a number of years (36,37). These complexes have long 

been important in analytical chemistry (38).- Also, these 

complexes have served as model compounds for kinetic studies 

of biologically important systems such as vitamin (39) 

and oxido-reductase (40). Previous studies of complexes 

with optically active ligands (4l) have prompted this current 

study of bis(g-camphorquinonedioximato)nickel(Il), Ni 

(S-HCQD)^* Recently, the cobalt analog of this compound 

was reported to catalyze cyclopropanation reactions (42). 

mA-n-ro"i 

A tetrahedral shaped crystal, about 0.4 mm on an edge 

was mounted on a glass fiber and subsequently attached to 

an automated four-circle diffractometer. From five 

preliminary co-oscillaxion photographs taken at various 

X 2nd Ç settings, twelve independent reflections were 

selected and their coordinates were input to an automatic 

indexing algorithm (13). The resulting reduced ceil and 

reduced cell scalars indicated crthcrhombic symmetry. 
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This was confirmed by the mirror symmetry observed on 

oscillation photographs taken about all three axes. Layer 

line spacings were within experimental error of those 

predicted for this cell. A least squares fit (14) of the 

intensities (±26, 26 > 30°) of fifteen strong, independent 

reflections (±28), using Mo K radiation, X= 0.70954&, at 

2?°C; yielded a = 13=175(1); b = 13.652(2), and ç = 

12.031(3)%.  

Data were collected at room temperature on an 

automated four-circle diffractometer designed and built 

in this laboratory (15). The diffractometer is interfaced 

to a PDP-15 minicomputer in a time-sharing mode and is 

equipped with a scintillation counter. Graphite-

monochromated Mo K radiation was used for data collection. 

All data (11562 reflections) within a 26 sphere of 6o° 

in the hkl, hkl, hkl, and hkl octants were collected using 

an Lo-stepscan technique. As a general check on electronic 

and crystal stability, the intensities of three standard 

reflections were remeasured every 75 reflections. These 

standard reflections did not significantly decrease during 

the data collection period. The intensity data were 

corrected for Lorentz and polarization effects. No 

absorption correction was deemed necessary (y=9.3 cm 

O O Q O T r »-> -i-vi A. Ai. ^ w V CLJ- u- CLL is., 1 ^ J. 1 V* do Cu-u ^ ' 6. V ^ ̂  * 
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= C? + k^Cg + (0.03 0^)2 + (0.03 Cg)2 

where C^, Cg, and represent the total count, the hack-

ground count, and a counting time factor, respectively; 

the factor 0.03 represents an estimate of nonstatistical 

errors. The estimated standard deviation in each structure 

factor was calculated by the finite difference method (l6). 

The observed data (I > 2>Oj) were averaged yielding 2,253 

independent reflections. The systematic absence of 

reflections with hOO , h^2n; OkO, kr2n; and OOl, lr2n 

uniquely determined the space group to be 

Solution and Refinement 

The heavy atom was readily located on a Patterson 

map (31) • All other nonhydrogen atoms were located by 

successive structure factor (30) and electron density map 

(31) calculations. Hydrogen atom positions were calculated 

assuming 1.07A bonds and tetrahedral geometries. Full 

matrix least squares refinement (30) of positional and 

anisotropic thermal parameters for nonhydrogen atoms with 

"Tî V P.'i VriTTi TincîT'hîn'nc; H an c n r\y-\\rciy\ 4- 4 -y-o o ̂ n m 1 

R=0.072 and a weighted residual R =0.09^. A small secondary 
OJ 

extinction effect was noted, and the observed data were 

corrected using a coefficient of g=4.5 x 10 '. Three 

cycles of full matrix least squares refinement yielded 
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a final residual R=0.066 and a weighted residual 
p 

R =0.085. The function minimized was Z wl|F |-|P || 
CO o c 

p 
with weights of œ = l/a^ . The metal scattering factors 

used were those for Ni(ll) from Thomas and Umeda (32) 

corrected for anomalous dispersion effects (19). Scattering 

factors for the remaining nonhydrogen atoms were from 

Hanson et al., (18); hydrogen scattering factors were 

those of Stewart et al., (4]). The final structural 

parameters are listed in Table 4, and the bond distances 

and angles are listed in Table 5= A stereographic view 

(44) of the molecule is shown in Figure 3> and a 

stereographic view (44) of the unit cell is illustrated 

in Figure 4. 

Discussion 

The "hinent.flt.p li^an^R form s snuare Dlansr con

figuration around the nickel atom, coordinating to the 

metal via nitrogen and oxygen donor atoms rather than 

through N,N coordination common to other vic-dioxime ligands. 

This mode of coordination, which produces six-membered 

chelate rings, is believed to be due to the rigidity of 

v i i O  J - i l  U i  ^  C L i  1  a  V  ^  C  -  _ L ^ U . a .  C   ̂J • VL-LO 

AT Z  ̂̂  r\ r\ } I T\T <  ̂̂   ̂ AT o 1 Ooa/ziN 1 Q'h r\ f o ̂  
_L VV V C ; V -f ; CLiiU. C \ y J f 

" 1  Q C Q /  2 - L  ^  f  f Q  " 1  - v >  T T ^ l  - T f  1  r\ >-»T>n —  • w _ ^ 7 \ ~ T ' y  5  C J . -  i U .  .  5  ^  ^  c ^ - i  i  v - t  O  - u  —  i i -
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Table 4. Final structural parameters for 

(a) Final ])ositional parameters (X 10^) 

Atom X y 

Ni 
NI 88?  3) 1003  2 
01 ()31 3) 1944 2 
0 2 816  3) -  9 44  3 
N2 1778 3) -  872  3 
N3 - 842 3) - 1053  3 
03 - !5B9 3) -2000 2 
o4 - 858 3) 919  2 
N4 -1734 4) 812  4 
oil 3:!07 4) 215 4 
012 2172 3) 0 3 
CI 3 1747 4) 931 4 
ClU 2';66 4) 1675 4 
cij) 3387 5) 1450 5 
Cl6 3 8 3 6  4) 448 5 
C17 3048 4) 1271 4 
CI H 2305 6) 1246 6 
C19 3S'91 5) 1802  5 
CIO 3713 5) - 546 5 
C21 -3011 4) - 293 5 
C22 -20.53 4) - 50 4 
02] "1673 4) - 970 4 
024 -23.55 4) -1732 4 
02f) -23 45 6) -1733 7 
026 -2498 7) - 794 8 
027 -33.')3 5) -1217 4 
028 -3741 5) -1048 7 
029 -42:12 4) - 1768  5 
020  -3747  6) 520 6 

Ni(6-HCQD)g 

z 

-  2 2 9  4) 
124 4) 

- 554 4) 
-1020 4) 
449 4) 
160 4) 
632 4) 
1220 5) 

-1488 5) 
-1047 4) 
-  682  5) 
- 901 5) 
- 11 5) 
- 391 6) 
-1959 5) 
-2933 6) 
-2303 6 )  
-2219 7) 

2068  6) 
1369 4) 
1024 5) 
lj22 5) 
2781 7) 
3170 6) 
1492 5) 
309 6) 
2138 7) 
2233 11) 
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Tabic 'i. Continued 

(b) P'j.nal thorma]. parjiuneters;;^ (.( 10^) 

Atom ^22 9 ] ]  

Ni 32.6(3) '1-2.0(3) 66.^(^ 
Ml 44(3)  44(2)  84(4  
01  83(3)  41(2)  176(5  
02  42(2)  59(2)  142(4  
N2 50(3)  50(3)  131(5  
N3 39(2)  45(2)  95(4  
03  65(3)  43(2)  168(5  
04  51 (2 )  46 (2 )  112 (4  
N4 52(3 )  60 (3 )  119(5  
Oil 46(3) 62(4) 101(5 
C12 37 ( 2 )  54(3)  76 (4  
013 46(3)  43(3)  78(4  
C14 68(4)  49(3)  99(5  
Gl^ 66(4)  102(5)  92(5  
CI6  40(3)  101(5)  130(7  
CI7 54(4) 62(4) 78(4 
018 118(7)  123 (7)  97(6  
GI9 81(4)  73(4)  125(7  
CIO 94(5)  82(5)  145(7  
C21 72(4)  64(4)  137(7  
C22 51(3)  53(3)  86(4  
C23 40(3)  51(3)  72(4  
C24 50(3 )  59(4)  102(5  

®The Pi'i are defined by: 'J? = exp 

2hl3̂  ̂ 2kl̂ 2]) " 

12 13 23 

1.2(3  
9(2  
4(2  

-14(2  
0 ( 2  

-  5(2  
-  5(2  

0 ( 2  
0 (3  

-  7(3  
-  5(3  
- 1(2 
-  8(3  
-29(4  
-  7(3  

4(3  
-  5(6  
-11(4  

17(4  
-11(3  
-  4(3  
-  1 ( 2  
-  3(3  

3 .0 (3)  -5 .1  3 
1(3)  -  8  3 

45(4)  -24 3 
25(3)  -28  3 
33(3)  -22  3 

8(3)  - 9 3 
41(3)  -21 3 
32 (3)  -  5  2 
25(3)  - 13  3 
23(3)  •"10 4 

5(3)  -14 3 
8(3)  - 2 3 

31(4)  - 2 3 
18(4)  -39  5 

2(4)  .. Aj. 5 
18(3)  3 3 

3(6)  17 () 

41(5) 0  5 
42(6)  —42 5 
63(5)  -14 4 
18(3)  2 4 

2(3)  •" 3 3 
12(4)  13  4 

+ k^^22 * 1^^33 + 2hkPi2 
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Tabic 4. Continued 

Atom 2 ^2P 

86(5)  125(7)  112(7)  
C%6 133(8) 1 8 0 (1 0 )  69(5) 
C%7 54(3)  63(4)  100(5)  
C%8 75(5)  171(8)  105(7)  
C%9 53(4)  75(4)  l6 l (8)  
C%0  113 (7 )  68 (5 )  431 (21 )  

9l2 ^13 ^23 

-40(5)  
. 81 (8 )  

1 (3)  
- 36 (6 )  
10(3)  

-13(5)  

-15(5)  44(7)  
12(5)  - 19 (6 )  
10(4) 9(4)  

-21(5)  34(7)  
29(5)  4 (5)  

155(11)  - 23 (9)  

w 
o 
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Table 5- Continued 

C13 - 014 - 015 104.2(4) 022 - 021 - 020 116 .2 (6 )  
Cl4 - 015 - 016  103.6(5) 026 - 021 - 027 98.4(6) 
CI5 - 016 - 011 102.8(5) 026  - 021 - 020 118.2(8) 
012 - 011 - 016  102.7(4) 023 - 024 - 027 99.6(4) 
C12 - 011 - 017 100.8(4) 025 - 024 - 027 99.9(6) 
C12 - 011 - 010 118.2(5) 021 - 027 - 028 1 1 3 .7 ( 6 )  
016 - 011 - 017  100.7(5) 021 - 027 - 029 113.0(5) 
016 - 011 - 010 112 .9(5) 021 - 027 - 024 97.7(5) 
C28 - 027 - 029 107 .0 ( 6 )  N3 - 023 - 022 122.1(5) 
024 - 027 - 028 112.8(6) 

112.7(5) 
04 — N4 - 022 117.1(5) 

024 - 027  - 029 
112.8(6) 
112.7(5) 03 - N3 - C23 114.7(4) 

N4 — 022 - 023 132 .0(5) Ni - 04 — N4 129 .6(3) 
M 4 - 022 - 021 123.1(5) Ni - N3 - 02] 124.8(4) 
N3 - 023 - 024 130 .3(5) Ni - N3 - 03 120.4(3) 
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Figure 3. A stereoscopic viev: of Ni(5-HCQD)p. 
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Figure 4. A st(5 c eoscopic view of the unit cell of Ni( 6--HCQI)) g 

projected along the _c axis. 
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-léaT^ 

O ^ 6 0^ 6 



www.manaraa.com

Figur(5 5« Ô-Camphorquinone dioxime. 
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angles around the metal of Nl-Ni-02 93*9(2)°, N3-Ni-0^ 

9^.2(2)°, Nl-Ni-04 86.2(2)°, and N3-Ni-02 85.9(2)°. The 

four atoms coordinated to the metal are ±0.052A from a 

least squares plane of these atoms (0.4496x - 0.1073y * 

0.8868z = 0.0827)• The Ni-Nl-02 plane and the Ni-N3-04 

plane form an angle of 4.62°. 

In addition to metal-ligand bonding,the complex is 

stabilized by intramolecular hydrogen bonds. The two 

ligands and the metal form two stereochemically equivalent, 

five-membered, hydrogen-bonded chelate rings. If the ligands 

were to bond to the metal in a cis configuration (see 

Figure 6), they would form four- and six-membered, hydrogen-

bonded chelate rings. The hydrogen-bonded oxygens, 01-04 

and 02-03, are 2.<^86(5) and 2.498(6)& apart. There are no 

intermolecular hydrogen bonds. The molecules pack in the 

unit cell such that the shortest distance between metal 

atoms is 8.932À, precluding any metal-metal interactions as 

occur in the dimethylglyoximato complex Ni(HDMG)_ (^5). 

The infrared spectrum of ni(ô-HCQD)^ taken in a K3r 
_ i  _ i  

pellet shows ansn-rp-ci on peaks at 1560 cm and 1690 cm 

(5j6)c Although the former peak is typical of nitrogen 

coordinated a-dioxime complexes, the latter peak is at an 

unusually high frequency, uncharacteristic of such com

pounds (7). Deuteration studies indicate that the band is 
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not associated with the OH groups but presumably arises 

from a vibration which has considerable C=N stretching 

character. This combination of absorption bands may allow 

easy identification of other complexes containing vic-

dioxime ligands coordinated through nitrogen and oxygen 

atoms. 
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SECTION IV. THE CRYSTAL AND MOLECULAR 

STRUCTURE OF THE HEXANUCLEAR COMPLEX 

/M4 ( . Axr7̂  • ? 1 /p r.Km . 
• — \ / 2 -—(—w ^ —— •—y — — — — — 

Introduction 

The reaction of bis(ô-camphorquinonedioximato)-

nickel(II), Nilô-HCQD)^» with silver nitrate in a mixed 

chloroform, water, and methanol solvent produces neutral 

molecular species with one silver per nickel complex. The 

infrared spectrum of the reaction product in a KBr pellet 

no longer shows an absorption band at 1690 cm ^ corresponding 

to the oxygen-coordinated oxime v (C=N) vibration found in 

Ni(ô-HCQD)2 (5i6). Instead a new band is observed at 

1615 cm"^ (8). A single crystal x-ray study was under

taken to determine the nature of this reaction product. The 

palladium analog of Ni(6-KCQD)^ reacts with silver nitrate 

to produce a similar product (8). Also the Ni(g-HCQD)^ 

T /"s "»«" -v^ ti*-* 4-Vn / T "T % \ AT /-i %.T c / i "T ^ 
O C (3.V% V C VY _L Vii Oili \ u_ _L J_ / ; \ -i- / 

salts to produce compounds with infrared spectra similar to 

the Ni(g-HCQD)^ * Ag complex (8). 

Experimental 

A green single crystal of approximate dimensions 

0.36 X 0.19 X 0.16 mm was selected and mounted directly on 

an automated four-circle diffractometer. Twelve 
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independent reflections taken from four preliminary 

cj-oscillation photographs at various ^ and <p settings were 

input to an automatic indexing algorithm (13). The 

resulting reduced cell and reduced cell scalars indicated 

orthorhombic symmetry. Subsequent axial oscillation 

photographs confirmed the mmm symmetry. The lattice 

constants (a = 15-990(5) . h = 38.-44(1), and £ = 13-437(5) 

R) were obtained from a least squares fit (14) of the 

precisely measured ±20 valves of thirteen independent 

reflections (20 > 20°) at 25°C using graphite-monochromated 

MoK^ radiation (x=0.7095^^). 

Intensity data were collected at 25°C on an automated, 

four-circle diffractometer designed and built in this 

laboratory (15). Graphite-monochromated Mo radiation 

was used for data collection. All data (4412 reflections) 

within a 20 sphere of 4c° in the hkl octant were measured 

using an w-stepscan technique. 

As a general check on electronic and crystal stability, 

the intensities of three standard reflections were measured 

every seventy-five reflections. These standards indicated 

considerable decay in the last lOjy qata. The decay, as 

measured from the standard reflections, was found by least 

squares methods to fit a quadratic pcl^Tiomial: y(x) = 

5979 '•" (-0.26l5)x (-C .OOO7267)x^^ where x and y are. 



www.manaraa.com

45 

respectively, the reflection number and the net intensity. 

All data collected after the first 3375 reflections were 

u,xvj.u.cu uj yt~Ôy — vj .-1'J ("+ jc xu ;x  ̂I —x xu ; 

2 X to correct for decay. 

The intensity data were then corrected for Lorentz and 

polarization effects. Although the linear absorption 

coefficient, u, was 14.47 cm ^, no absorption correction was 

deemed necessary because the data was collected only to 40° 

in 2 0 and because the transmittance was 0.80 ± 0.09« The 

estimated error in each intensity was found by: 

= C? +  k^Cg +  (0 .03  CgjZ +  (0 .03  0^)2  

where C^, Cg, an.d represent the total count, the back

ground count, and a counting time constant respectively, and 

the factor of 0=03 represents an estimate of nonstatistical 

errors. The error in each structure factor was calculated 

by the finixe difference mexnoa (16). A ooxaj. or juzi 

w V c \wL \ ^ U-J- J V_l. N-/X 10 C _L \_/J_ O CiV-» U LCI. CL-L. 

solution ai'iu refinement. The systematic absence of 

reflections with hOO, h^2n; OkO, kr2n; and 001, lr2n 

uniquely determined the space group xo be P, 0 . 0 . 0 .  

O W_J_ Ot CUiU, 11 C _L -Li iClliCl i V 

T}-, f. T)0>5i T.i nvi C; of" i i.- -,A:ci-r-o -r cj i i-i c o -f-r-z-vTri 

analysis of a sharpened three-dimensional Patterson map (31) 



www.manaraa.com

46 

The remaining nonhydrogen atoms, including disordered 

solvent atoms were found by successive structure factor 

/ "1 7 ̂ <4 Ci 1 O o "i~ "v̂  (̂ ">0 4-Tr r<n "y\ r» f "O 'I \ U" r̂  r-f 
\ — I / . <«», w '>_• w ^ w • ̂  W <"" • - w »,4_C C*.  ̂-L. N_/ • ̂  k-> y y # A i ̂  X.*. -L. W X 

positions were calculated using l.oyR bond distances and 

tetrahedral geometries and included in subsequent structure 

factor calculations but were not refined. Atomic positional 

parameters, anisotropic thermal parameters for the metal 

atoms, and isotropic thermal parameters for the remaining 

nonhydrogen atoms in the hexanuclear molecule were refined 

by block matrix least squares methods (1?) to a conventional 

residual R=0.107 and weighted residual R =0.12?. The 
0) 

function minimized was ZcallF I -| F t I ^ with weights , , 0 • C ' • 

u= 1/GTp . There were three possible solvent sites in the 

structure. Although two of the solvent sites exhibited 

peaks corresponding to disordered CHCl^ molecules, the 

vu. vc._Liic u. _LC:JDC» c:j_c:c oi. uii u.di£)Xoy* _L lie 

refined structure contained less solvent than was indicated 

"H'^r ol OTn^y^4"ol ov^ol C* TàrV-» n r\'r\ 4 C? Vno"» 4 i i o 'T CZ 
^ 1.*^ • • - • ^ ^ _L. <-> ^ V kX. V., V W OV-ZXllO _i_ w O O W J-

solvent during data collection. The decay observed in the 

standard reflections is consistent with the assumption of 

solvent loss. Thermal and occupancy factors for the solvent 

atoms were estimated from successive difference maps. The 

olor>"hv».'-N"n cr 4 -r ^ v-s/-\ "»^oc:Vc? 

larger thari l.C e /S-^. The scattering factors for Ag(I} 

and Ni(II; were those of Thomas and Umeda (32). The 
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scattering factors for the remaining nonhydrogen atoms 

were those of Hanson et al., (18). The metal scattering 

•f* n *h O T* "Tot̂  r>V>1 t*70>̂ o -Pî a <4 -prN-r» rM -» c 

dispersion effects (19)= Hydrogen scattering factors 

were those of Stewart et al., (43). The final positional 

and thermal parameters are listed in Table 6. Bond 

distances and angles are listed in Table 7; least squares 

planes are listed in Table 8. Stereoscopic views (44) of 

the cluster complex and the unit cell are illustrated in 

Figures 7 and 8, respectively. 

Discussion 

The unit cell consists of four hexanuclear molecules 

with CHCl^ molecules occupying interstitial sites. Each 

hexanuclear molecule consists of three Ni(ô-HCQD)2 groups 

/-j 4 >-> ^ ^ /Q ^ /—< V» "V-. —. ^ -C* -i- /-k ^ ^ ~ ^ ^ —-
w -W V ̂  » w. >» w w <w Ok  ̂ i ic« i i W ̂  o. V Win O • J. 1 1 O 

6-camphorquinone dioximato ligands coordinate to the Ni(11) 

atoms via nitrogen and oxygen donor atoms forming six-

O ̂-4. OiiC: J. Ci. W c:  ̂_Li 1.3 • 11 VJ vV C V C j uu 1J_ OiiC Ul. 

configuration found for the simple Nitg-KCQ^)? complex, the 

ligands bond to the nickel atoms in a cis configuration. 

Several interesting features of the structure are discussed 

below. 

zC Ct— 1 W _L 0J.J_VCX CL UWUlC» \J1. CLii LU i UCLJ-
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Table 6. Final structural parameters for /Nifd-HCQDjgAg/^ 

(a) Final, positional parainetens''̂  for /Ni( 6- HCQD) 2̂ ;̂  ̂

Ai;om X 

Agi  0 . ; :093(2)  0 .1705 (1 )  
Ap;2  0 .1 1 8 8 (2 )  0.1124(1)  
Ag;3  0 .4230(2)  0 .0530 (1 )  
Nil 0 .4713(^1) 0 . 1239 (2 )  
Ni2 0 .1326 (4 )  0 . 0568 (2 )  
Ni 3 0.3937(4)  0 .1704(2)  
101  0 .4422(18)  0 .0951 (7)  
102  0 .6 3 3 1 (19)  0 .1170 (8 )  
103 0 .  '5524(21)  0 .1625 (9)  
10 4 0 .3 7 0 0 (19)  0.1418(8) 
INl 0.4795(23)  0 .0620 (10 )  
IN 2 0.5747(25)  0 .1038 (9)  
IN 3 0.4795(23)  0 .1588 (9)  
1N4 0.3152(22)  0 .1676 (9)  
ICIO 0.56(56(37) 0.0005(15) 
ICll 0 .5 9 8 7 (27)  0.0218(11) 
1C12 0 .5451(29)  0 .0515(13)  
ICI3  0 .5972(27)  0.0710(11) 
1C14 0 .6786 (33)  0 .0491(14)  

B 

-0 .0952(3)  
-0 .1801(3) 
-0.2658(3) 
0 . 0159 (5 )  

-0  ,1905(5)  
-0  ,3759(^)  
.0.09#(23) 

0 .1003 (25 )  
0 . 1716 (26 )  

-0 .0279(23)  
- 0 . 1228 (29 )  
0  , , 0399 ( 2 9 )  
0 . 1187 (29 )  
0 . 0088 (26 )  

-0 .17^2(46)  
-0 .0934(34)  
- 0 . 0769 ( 36 )  
0.0084(32)  
0 .0180(40)  

5.0(7) 
6 . 2 ( 8 )  
7.4(9)  
5.3(7) 
5.4(9)  
5 .6 (9 )  
5 . 0 (9 )  
5 . 2 (8 )  
7.9(16) 
5 .0 (10 )  
4 . 9 (12 )  
4.6(10)  
6 .3 (13 )  

00 

'̂ Tlie isotropic thermal parEuneters are ].isted for ail nonmetal atoms. 
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Atom X y  

ICI 5 0.6392  
ICI  6  0 .5909  
ICI  7  O.6B34 
IC I8  0.7012  
IC I9  0.7529  
1C20 0 . 1959  
1C21 0.2937  
1C22 0 .3422  
1C23 0 .4188  
IC 24  0 .4175  
1C25 0 .4248  
IC26  0.3418  
1C27 0 .3221  
1C28 0 .2P53 
1C29 0 .2920  
201 0 .2441  
202  0 .0350  
203 - 0 . 0342  
204 0 .1677  
2N1 0 .2948  
2N2 0.1167 
2N3 0 .0271  
2N4 0 .1224  
2C10 0 .3948  
2C11 0 .2986  
2C12 0 .2535  
2C13 0.1661 
2C14 0 .1602  

35)  0 .o iyo  14-;  
13 )  32)  0 .0020  
14-;  
13 )  

38)  0 .0359  15)  
34)  0 .0579  14)  
33)  0 .0062  13 )  
34)  0 .2097  14)  
33)  0 . 2093  13)  
28 )  0 . 1816  12)  
27 )  0.1793  10)  
31 )  0.2034  12)  
35)  0 .2382  14)  
29 )  0.2432  12)  
28 )  0.2037  12)  
32)  0 . 1685  14)  
42)  0 .2307  17)  
17 )  0.0572  7)  
24)  0 . 0 0 0 6  10)  
22)  0 .0353  9)  
16 )  0 . 1016  7)  
22)  0 .0339  9)  
20)  0 .0143  8 )  
23)  0 .0614  10)  
23)  0 .1 2 6 9  9)  
33)  - 0 . 0268  13 )  
31)  -0 .0229  12)  
28 )  0.0089  11)  
28 )  -0  .0011  12)  
30)  - 0 . 0351  12)  

z B 

0.0848(44)  
0 .0047(39)  

-0 .0830(48)  
-0 .1699(43)  
-0 .0904(40)  

0 .1276(42)  
0 .1471(39)  
0 .0903 (36 )  
0.1414(30)  
0.2243( 36 )  
0.1791(43) 
0 .1119 (37 )  
0.2568(34) 
0.2991(39) 
0.3259(53) 

- 0 . 2207 (20 )  
- 0 . 2628 (30 )  
-0.1395(27) 
-0 .1442(20)  
- 0 . 2699 (28 )  
- 0 . 2601 (25 )  
-0.1374(28) 
- 0 . 1081 (29 )  
-0.3559(39) 
-0.3757(38) 
- 0 . 3081 (36 )  
-0.3125(38) 
-0.3694(37) 

.7  15)  

.4  13 )  
•  5  1 6 )  
.3  14)  
.9  1 3 )  
.9  14)  
.3  13)  
.9 11)  
.3  10 )  
.2  12)  
.4  14)  
.5  12)  
.8  11 )  
.4  13)  
.4  19)  
.2  6)  
.5  10 )  
.4  10 )  
.5  7)  
.2  9)  
.5  9)  
.9  8)  
.9  9)  
.3  13)  
. 0  12)  
.5  11 )  
. 0  11 )  
.3  12)  

7  
6 
7 
7  
6 
6 
6 
5 
4  
5  
8 
5 
4  
6 
9 
4  
7  
8 
4 
5  
5  
3  
4  
6 
6 
4 
5  
5  
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Atom X 

20 L 5 0 . 1 7 9 0  
2016 0.2642 
2017 0 . 2 ^ 8 8  
2 0 1 8  0.2574 
2019 0.2474 
2020 0.0064 
2021 - 0 . 0 2 0 7  
2022 0.0456 
2023 -0.0004 
2024 - 0 . 0 9  '59 
2025 -0.0732 
2026 - 0 . 0 2 0 7  
2027 -0.1014 
2028 -0. 1 0 0 3  
2029 -0.1334 
30 L 0.4007 
302 0.5043 
303 0.4149 
3 0  4 0.31')4 
3N1 0.4524 
3 N 2  0.4 7'51 
3N3 0 . 3 7 2 0  
3N4 0 . 2 6 7 1  
3 0 1 0  0.5395 
3 0 1 1  0.5639 
3012 0.4991 
3 0 1 3  0 . 5 1 0 7  

y 

-0.0217(14) 
-0.0143(15) 
- 0 . 0 5 2 2 ( 1 6 )  
- 0 . 0 8 6 8 ( 1 6 )  
-0.0628(14) 
0.1843(13) 
0.1459(14) 
0.1213(13) 
0.0882(11) 
0.0944(11) 
0.0948(14) 
0. 1 3 2 8 (14) 
0.1357(13) 
0 . 1 3 8 9 ( 1 2 )  
0.1483(15) 
0.1247(7) 
0.1934(8) 
0 . 2 3 4 3 ( 8 )  
0 . 1 7 0 6 ( 8 )  
0.0974(9) 
0.1645(8) 
0 . 2 1 6 2 ( 8 )  
0.1947(10) 
0.0397(14) 
0 . 0 7 6 2 ( 1 1 )  
0 . 1 0 5 7 ( 1 2  
0.1379(14) 

34 
39 
37 
42 
34 
33 
34 
30 
2 6  
29 
38 
35 
34 
32 
37 
18 
19 
22 
18 
22 
20 
19 
23 
34 
2 8  
28 
36 

z B 

-0.4662(42) 
-0.4752(48) 
-0.3372(46) 
-0.4012(53) 
-0.2316(42) 
-0.0426(41) 
-0 .0266(41) 
- 0 . 0 8 1 8 ( 3 8 )  
- 0 . 0 8 7 1 ( 3 3 )  
-0.0466(35) 

0.0663(45) 
0 . 0 8 3 6 ( 4 3 )  
-0.0798(41) 
-0.1850(39) 
- 0 . 0 2 3 0 (45) 
-0.3379(21) 
- 0 . 5 3 0 6 (24) 
- 0 . 4 7 2 3 ( 2 5 )  
- 0 . 2 6 9 3 ( 2 2 )  
- 0 . 3 6 3 2 ( 2 8 )  
-0.4718(24) 
-0.4004(24) 
- 0 . 2 3 5 6 ( 2 8 )  
-0.4584(42) 
-0.4849(33) 
-0.4437(36) 
-0.4910(43) 

7 . 6  14) 
8 . 7  17) 
8.4 1 6 )  
9.2 18) 
7 .4 15) 
6. 14) 
6.8 14) 
5.7 1 2 )  
4.1 10) 
5.0 11) 
8 . 5  1 6 )  
6.8 14) 
6.1 14) 
6.2 1 3 )  
8 . 5  1 6 )  
4.8 7) 
5.7 8 )  
6.8 8) 
5.2 7) 
5.2 9) 
3.7 8 )  
3.2 7) 
4.7 9) 
6 . 7  14) 
4.5 10) 
4.9< ,11 
6.5( 15) 
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Atom X 

3014 0.5769 
3015 0.6617 
3016 0.6442 
3017 0.5593 
3018 0.4772 
3019 0.6:206 
3020 0.1713 
3021 0.2108 
3022 0.2678 
3023 0.3136 
3024 0.2921 
3025 0.2035 
3026 0.1468 
3027 0.2739 
3028 0.3526 
3029 b 
1011(0.4) 

0.2323 3029 b 
1011(0.4) 0.5515 
1012(0.4) 0.6120 
1013(0.4) 0.5310 
1014(0.25) 0.6:242 
1015(0.25) 0.5138 
1016(0.25) 0.5787 
10,31(0.4) 0.5533 

30) 
31) 
33) 
36) 
33) 
32) 
38) 
26) 
27) 
30) 
30) 
41) 
30) 
33) 
36) 
33) 
27) 
22) 
24) 
31) 
32) 
34) 
73) 

^^Only about I.3 GHClg was 

EJ.emontal analyset; indicated 2 

y B 

c .1313(11) 
0.1254(13) 
0.0913(14) 
0.0953(14) 
0.0913(13) 
0.0758(13) 
0.2504(16) 
0.2565(10) 
0.2237(11) 
0.2354(12) 
0.2748(12) 
0.2728(16) 
0.2599(12) 
0.2838(13) 
0.2812(15) 
0.3215(14) 
0.2176(12) 
0.1534(9) 
0.2004(9) 
0.1758(13) 
0.2174(13) 
0.2081(14) 
0.1934(30) 

0.5723(34) 
0.5082(38) 
-0.4515(41) 
-0.5972(46) 
-0.6463(40) 
0.6605( 3 9 )  
•0.1438(45) 
-0.2434(32) 
-0.2734(34) 
-0.3633(36) 
-0.3695(37) 
•0.4115(52) 
-0.3211(38) 
-0.2640(41) 
-0.1931(45) 
-0.2598(42) 
-0.2676(34) 
-0.2148(26) 
-0.0690(28) 
•0.1071(40) 
-0 .0980(41) 
-0.2846(40) 
-0.1930(95) 

5.2 11) 
6.1 13) 
5.9 14) 
7.7 15) 
7.4 14) 
6.4 13) 
9.4 17) 
3.9 10) 
4.9 11) 
5.6 12) 
5.6 12) 
9.8 18) 
5.9 12) 
6.6 14) 
7.8 15) 
7.4 14) 
7.0 
7.0 
7.0 
7.0 
7.0 
7.0 
7.0 

observed on sin electr'on denisty difference map. 

1/2 CHCl^ molecules. 
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Table 6. Continued 

Atom 

1012(0.4) 
2013(0.4) 
2014(0.25) 
2015(0.25) 
2016(0.25) 
2032(0.25) 
103(0.55) 

X 

0.1438(21) 
0 . 1 0 9 5 ( 2 1 )  
0.0774(34) 
0.2171(37) 
0 . 1 3 7 8 ( 3 6 )  
0.1883(121)  
0 . 5 1 8 7 ( 3 7 )  

ft Q 
(b) Anisotropic thermal parameters (X 10 ) of the heavy atoms 

y z B 

. 1 5 2 7(9) -0.4040(26) 7.0 
.0815(9) -0. 4 3 4 0 ( 2 6 )  7 . 0  
. 1 0 2 2 ( 1 3 )  - 0 . 3 7 8 5 ( 4 1 )  7.0 
. 0 9 2 2(15) -0.4421(45) 7.0 
.1528(14) -0.4734(43) 7.0 
.1171(51) -0.4164(152) 7.0 
. 3 2 7 0 ( 1 6 )  -0.3466(44) 7.0 

La 
IV) 

Aë'il 
Ag':2 
Aë':3 
Nil 
Ni2 
Ni3 

11  

396(18) 
400(16) 
411(1?) 
390(30) 
404(30) 
429(31) 

22 

6 9 ( 3 )  
5 8 ( 3 )  
6 7 ( 3 )  
5 8 ( 5 )  
5 5 ( 5 )  
5 7 ( 5 )  

'The Pi.) are defined by: 

2hiPj * 2^1^23) 

^33 ^12 

! 1 1 
1 

X
D

 

LO
 

^23 

8 0 5(29) 3(6) -48(20) 18(9) 
7 1 8 ( 2 6 )  0(6) 24(19) 3 2 ( 8 )  
7 9 3(29) 0(7) -41(21) 24(3) 
709(47) -6(11) 8(34) -2(14) 
6 7 6(45) -7(10) -44(33) 18(14) 
633(44) 1 3 ( 1 1 )  -55(31) -2(14) 

= exp -(h^p^^ + 
^22 ^^^33 2hkpi2 + 



www.manaraa.com

53 

Table 7. Bond distances 
ZNiCô-HCQD)^ • 

(a) Distances and angles 

(S) and angles (°) for 

Ai/3 

"between metal atoms 

Agi 
Ag2 
Ag2 

Agi 
Nil 

Ag2 
Nil 
Ni3 

Ag2 
As2 

Ag3 
Ni3 

3.059(5) 
3.616(7) 
3 . 6 5 1 ( 8 )  

1 7 8 . 1 ( 2 )  
103.2(2) 

Ag2 
Ag2 

Nil 
Ni2 

Ag3 
Ni2 

-  Ag2 -
- Ag2 -

Ni2 
Ni 1 

3.052(7) 
3 . 6 6 8 ( 8 )  

130.3(2) 
126.5(2) 

("b) Interatomic distances for /Ni(ô-HCQD)g ' A^^ 

Nil Ni2 Ni3 

Agi 
Agi 
Ag2 
Ag2 
Ag3 
Ag3 
Tvi — 
M 
In 
M 
02 
01  
O "i 
04 

- N4 
- 04 
- 04 
-  0 1  
-  0 1  
- N1 

- -J "i 
- 04 
- N2 
- N3 
- 03 
- 04 
_ AM 

- N4 
- n? 

N1 - C12 

2.20(4) 
2.94(3) 
2.48(3) 
2 . 3 8(3) 
2.83(3) 
2.15(4) 
1 n i / o " y V _/ / 
1.86(3) 
1.85(4) 
1.93(4) 
2:38(5) 
2.31(4) 
1.46(5) 
1.41(5) 
1.34(5) 
— ^ J) i \ D } 
1 . 2 8 ( 6 )  

2.18(4) 
2.81(3) 
2.50(3) 
2.50(3) 
2.93(3) 
2.18(4) 

1 . 9 2(3) 
1 = 9 0 ( 3 )  
1 o), / \ _L • -r -r y 
2  :  4 0  (  5} 
2.34<4) 
-n »-N Q / J • V 
-L • 

1.31(^) 
i /i -! /• cr\ -1. . -T-J. \ _J J 
1.40(5) 
1.27(6) 

2.30(4) 
2.89(3) 
2.54(3) 
2.5^(3) 
2.94(3) 
2.20(4) 

1.S3\3) 
1 . 9 0(3) 
1.85(3) 
-1 O \ 

2.26(4) 
2.41(4) 
1.33(4} 
1.29(5) 
1 }, I, r h\ 
- • J 
. vY Ivy 
1.35(6) 

ea 
hi corresponds to the metal atoms labelled at the top 

coluiTvn.. 
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VÎ T-I 

0-d" 
1-1 T-I 

Ov-^ 
vO CM 
^Ar - I  

T-I 

o a 
I I 

CM 

hO^-
< o 

I I 

CV) 

T-I UO 

o < 



www.manaraa.com

55 

Table 7* Continued 

Nil Ni2 Ni3 

Ag2 01 î.'i 114.6(13) 115.2(13) 112.3(13) 
01 - M - 04 75.9(13) 77.2(12) 80.5(13) 
01 - M - N2 96.4(15) 91.6(13) 91.9(13) 
04 - M - N3 9 1 . 6 ( 1 5 )  93.2(14) 90.4(14) 
N2 - M - N3 9 6 . 0 ( 1 6 )  9 8 . 7 ( 1 6 )  97.3(14) 
01 - M - N3 167.4(14) 1 6 8 . 3 ( 1 5 )  170.7(15) 
04 - M - N2 1 7 1 . 3 ( 1 6 )  1 6 6 . 5 ( 1 3 )  172.0(14) 
M - 01 — NI 127.6(24) 132.4(23) 134.2(24) 
M - 04 - N4 133.7(25) 1 2 8 . 9 ( 2 3 )  131.4(27) 
M - N2 - 0 2  124.8(27) 177.3(25) 121.1(23) 
M - N3 - 03 1 2 0 . 0(27) 124.3(28) 121.4(24) 
M - N2 - 013 124.1(31) 1 2 8 . 2 ( 3 1 )  126.4(35) 
M - N3 - 023 1 2 3 . 0 ( 3 1 )  125.7(31) 1 2 8 . 3 ( 3 0 )  
01 - NI - C12 1 1 9 . 0 ( 3 8 )  112.3(34) 110.4(32) 
Ni - 012 - C13 128.5(43) 135.7(43) 130.2(44) 
NI - 012 - Cil 131.3(45) 122.8(39) 117.2(37) 
N2 - 013 - 012 1 2 0 . 8 ( 3 8 )  118.3(42) 125.8(52) 
N2 - 013 - 014 133.5(40) 132.3(42) 128.6(48) 
02 - N2 - 013 110.6(35) 114. 0 ( 3 6 )  112.4(38) 
Cil - 012 - 013 9 9 . 8 ( 3 6 )  1 0 1.4( 3 6 )  111.8(40) 
C12 - 013 - 014 104. 0 ( 3 6 )  1 0 8 . 0 ( 3 8 )  105.6(42) 
C13 - 014 - 015 95.7(38) 97.8(40) 1 0 3 . 0 ( 3 8 )  
Cl4 - 015 - 016 97.1(43) 110.9(49) 103.3(38) 
C15 - Cl 6 - ni 1 - l i n  ^  ̂  7 i  "1  \  _L w # \ -f _L / 103.8(50) •1 *1 n r\ ( ) t *^\ 

J-J.U # u \ ^ % y 

i <c - Cil - V_LO 102 = 306) 99.5(39) iOO . 1 ( 3 6 )  
C12 - Cil - 017 104.0(40) 94.7(38) 8 8 . 5(33) 

CIO "1  <  ^ / h < \ i < C / : y C 0 \ L1.J , 
Clô - Cil - Cl? 100.7(41) 103.4(43) 9 8 . 0 ( 3 8 )  

— Cil — V J.V < r \  X  /  ] ,  \  Muy • ûv, "Yv ; -4 X-\ /^ / l , f' \ 

C17 - cil - 010 127.3(46) 118.3(42) 127.7(40) 
013 - ci^ - Cl? 99.0(42) 100.5(41) 1 An ç<( M,i \ — WW # \  "V  j_  j 
015 - 014 - 017 107.7(45) 104.3(44) 9 8 . 7 ( 3 8 )  
cil - Cl? - 014 99.8(46) 95.9(43) 101.6(42) 
Cl8 - Cl? - 019 103.1(46) 105.5(48) 106.0(46) 
04 - N4 - 022 112.4(34) "1  on  n  /  c  <  \  i gn g / 0 0 \ — cv • c % , 

N4 - 022 - 023 -t 0  ̂/ J. /-s > — • 0 \. T/C } -1 /-N r~T \ 
J 

0  /  I  .  ̂  \  
-L^U . ̂ ^ j 

N4 - 022 - 021 123.0(41) 1 3 0 . 9 ( 4 4 )  127.2(40) 
H3 - C23 - 022 -1  0 f 11 r\ \ 

J \ "fV ) 
A A r\ /-> / \ J. J. y . y \ s-u y 

N3 — 023 — 
W k m» \ , M \ 

^ 1 —- y "v A P. / ~ \ — / 134.1(43) 
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Table 8. Least squares planes^ for /Ni(Ô-HCQD)^ * a£/ 

Atom D'^ Atom 

Plane 1: Nil-I01-104-1N2-1N3 
0.^553x + 0.6283y + 0.63082 - 6.3268 = 0 

Nil -0.0377 IN2 0.0261 
101 -0.0102 1N3 -0.0064 
104 0.0283 

Plane 2: N12-201-204-2N2-2N3 
-O.259IX + 0.46l9y + 0.84822 - 2.636 = 0 

Ni2 -0.0059 2N2 0.0986 
201 -0.01165 2N3 -0.0924 
204 0.1163 

Plane 3% Ni3-3Gl-304-3N2-3N3 
O.715OX + 0.2574y - O.650OZ - 2.9148 = 0 

Ni3 -0.0102 3N2 -0.0245 
3 0 1  - 0 . 0 2 2 5  3N3 - 0 . 0 1 9 1  
304 0.0274 

Plane 4: Nil-Ni2-Ni3-Ag2 

Nil 0.0013 Ni3 
Ni2 0:0016 Ag2 -0.0043 

9 
1 o Û O O "V* O ri -r" 1 n w  — -w -L. ^  

— — ' CL — V ^ ^ -»• -- NW NA kZ/ \_/ ^ ^ W / I V/ 

v/here x, y, and z are Cartesian coordinates. 
T-N 

= distance (A) of the given atom from the fitted 
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Figure ?. A stereoscopic view of /Ni( 6-HCQD) . 

The thermal ellipsoids are drawn at the 50% 
and Hy/o probability levels for the metal and 
nonmetal atoms, respectively. 
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Figure 8. A stereoscopic view of the unit 
cell of /NÏ(5-HCQD)2 ' 

projected along the _c axis. 
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core for the molecule. The Agl-Ag2-Ag3 angle is 178.1(2)°. 

The short silver-silver distances, Agl-Ag2 3*059(5)^ and 

A r— ^  A f "  *0 "O C" O '' C N /-» » ^ /—» » J— /—« ^<v-i /-s -«s-, s 1 \ "1 -• ^ \ -v^ •» \ <-* 
_v " ^ / m. ; o c» v o s-ziuc; iiic vclju — mo ^c;,_i_ u_i.i vOj. cxo oj_wxxo # 

0 
The Ag-Ag distance in inetallic silver is 2.895(^6). 

Although there are no other "bonding interactions between 

the nickel or silver atoms, these metals form an interesting 

nearly trigonal bipyramidal arrangement. The angle between 

the Agl-Ag2-Ag3 line and the Nil-Ni2-Ni3 least squares plane 

is 89.7°. The nickels are distorted from three-fold symmetry, 

Nil-Ag2-Ni2 130.3(2)", Nil-Ag2-Ni3 103-2(2)̂ , and Ni2-Ag2-

Ni3  1 2 6 . 5 ( 2 ) ° .  

In each hexanuclear molecule, the linear chain of 

silver atoms is parallel to the ligand coordination planes 

of each Ni(g-HCQD)^ group. The Ag2 atom is coordinated to 

the 01 and 04 oxime oxygens of each nickel group, forming 

'vi'iircc 2OU.Ï—rii6iu00i''^0. Cii.0_Lir2.11.^5 « j.ric ^vcir0.^6 siiVGI"—oxy^^ii 

lov-^cr-rV> 4 c O lj,0 l"" ^ ̂  1 T*T-î-r>siv-\ -rV. o v^pvicro r>-P ûcr—Pi "nrN-nncj 

f  9.1 <— ? . RRc "^1 T^OTi nr-T.o n i tn "hno 1 i f o yci -hi f lL ' 7 - ^ r i ]  .  H-n l  \ r  TVi g 

 ̂  ̂/-V i •'V T V- ' /-% /-V r-  ̂ V-. I". m 
i i-L cLooiiiO i\ J. cu iu. v v._Li ic. oc uw cuiu. 

u ^ C: w v C: O uiic: v/ ut u C: O v C ̂  CLwwiiihD cS. »r. ; 

pyramidal configuration. The average silver-nitrogen bond 

length is 2.20(4)2, comparable to other Ag-N bonds (2.11-

0 ^ 1 ̂  ̂ v-»QT^rNv-»-ro/-> iv-i -rVic. 1 4 f — ̂  ) OVio ni 

01 -".gj- ana. j-igj cric ^easx scuares p_Laiies uci^neo. uy 
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1N4-2N4'-3N4 and 1N1-2N1-3N1, respectively, are both O.52S. 

Although the molecular structure of the Ni(6-HCQD)p 

complex; a reactant in the preparation of this duster 

complex; has been described as having a trans configuration 

of (S-HCQD ligands (6), the structure of the hexanuclear 

molecule reveals a cis configuration around each nickel 

atom. The average nickel-nitrogen distance of 1.86(4)A 

is comparable to the average 1.855(4)^- found in the Ni 

(5-HCQD)2 complex (6). However, the average nickel-oxygen 

distance of 1.8?(3)A is considerably larger than 1.830(4)A 

found for NiCg-HCQD)? (6). This lengthening is presumably 

due to the coordination of Ag2 to these oxygens. The 

silver-oxygen coordination and the cis configuration of 

ligands affect the bond amgles around the nickels. The 

01-Ni-C4 angles (75.9(1), 77.2(1) and 80.^^1)°) are 

than 85°) in the three nickel anion groups. The nickels 

deviate from least squares planes composed of ?^:i-0l-04-

T\T _ T\i 1 r r\ / I r\ r\ r\ ^ i~\ r\ ^ — V ,c- — 
- —. - • ^ \J w « ^ w 5 w .5 w/ » V/ s»» >»»' J X ^ ^ ^ uiiLi. V. C- C W MO* 

The average C-C (1.53#), C=N (1.28%), and %-0 (1.38°) 

distances in the ligands correspond v/ell with those found 

in the structure of Ni(5-HCQD)^ (6). 
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coordinated to both silver and nickel atoms. The other 

V (C=N) absorption, which probably arises from the oximes 

v>n-hv»ncrciv^ 4- r\ 4*-'Ko 4 r\ Ir o 1 c; 

unchanged at 1560 cm ^, as previously/ reported for 

NiCô-HCQD)^ (5). 

The cis configuration of ligands imposes interesting 

constraints upon the intramolecular hydrogen bonds. This 

configuration forms six-membered, hydrogen-bonded, chelate 

rings. The 02-03 distances (2.38(5) .• 2.4-0(5) , and 2.2?(4)A) 

are shorter than the 2.4oX distance reported for the 

dimethylglyoximato complex NiCHDMG)^ (45). The average 

N2-02-03 and N3-03-02 angles are 99.4° and 98.7°. 

respectively. 

The hexanuclear molecules tend to pair up through van 

der Waals type interactions between molecules along the 

-L WJ. V.4. vv iD m ! ) , UW UliC C.VVJL O # J. ilC j_ C di. C CZ_L 

two sites for CHCl- molecules near each hexanuclear 

TT, nl PPlll P? "h n WP "/PT* . "Mn P no -riirc o-xn -hVi a rvl 

c?  o  c  ̂  cU iU  v i i c  i 3w j_vC i iu  o j_uo i r )  \  cd  vc j_  u i i cu i  J )  •  - vn .  j 

1 n <̂ v-> 1 i r Tr/->v-\ i n T f,  ̂ 4 /-s /-i AT 
vv- Wi J »* CUli. V CS-ii «« <S.CL-L O ^ ^ ̂  _L11 V C CLVv U _L VllO • IN U 

evidence for intermolecular hydrogen bonding was found. 
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SECTION V. THE CRYSTAL AND MOLECULAR STRUCTURE 

OF CIS-DICHLOROBIS(METHYLDIPHENYLPHOSPHINITE)-

PALLADIUM(II) 

Introduction 

Palladium(II) forms square planar complexes of the 

type LgMX^ where X represents a monodentate uninegative 

anion and L a monodentate ligand with a lone pair of 

electrons. These complexes have received considerable 

attention because they serve as model systems for square 

planar substitution and isomerization reactions and 

because these reactions proceed at rates which are 

conveniently measured by conventional techniques (53)* 

Complexes of sterically hindered phosphines have been 

found to undergo reactions which, as a class, may be 

"  î  - n  t . —  .  r  r  1 _  0  2""R. n  n  —  r n  c s ^  T. ^ ori n t.'î nn s' 

(53)* Many of these complexes, which undergo internal 

metallations, are very good catalysts for selective 

VicroY-> r\ f  c; p-i-T i v p  "h Ci cr p  vn 4 n c? it "K c: "H p "T o o ( O ̂ , 

Recently- these complexes have been found to catalyze a 

number of reactions including alcohol carbonylation (10) 

and the stereocontrolled introduction of an acyclic unit 

onto cyclic organic systems (e.g., steroids) (5^)- The 

C rmrnl cir n i s—ni n 1 nr̂ nni <s — { -moTn-vrl Hi •n'h o-nirT -nn r\ c-rvVi i -n i +0 'I _ 

palladi-aiu(II) , PdCl(OI'le)Ph^, has been showri to 



www.manaraa.com

66 

catalyze the carboxylation of certain olefins (11). A 

single crystal x-ray study was undertaken to determine 

•i-V\ o •hnv'o nf "fh i pmrn-vl ov . 

Experimental 

The palladium complex was recrystallized from a 

saturated solution of 1:1 chloroform and carbon tetra

chloride. A yellow crystal of approximate dimensions 

0.1 X 0.1 X 0.2 mm was chosen for data collection. From 

four preliminary CJ oscillation photographs Taken at various 

X and (p settings, nine independent reflections were 

selected, and their coordinates were input to an automatic 

indexing algorithm (13). The resulting reduced cell and 

reduced cell scalars indicated monoclinic symmetry. Axial 

oscillation photographs confirmed the mirror symmetry 

v\ /"> ^ 1 ^ c V 1 c M c O X r o1 O T r v I -1 -yn O Yicrc! TatO'T'O 

within experimental error of those predicted for this cell. 

The lattice constants, a = 12.539(6). b = I3.741(4), 

 ̂ C Ll'y (  ̂̂   ̂ - Q /J, Ac/ ̂  ̂ ^ ^ Ci 4- T^Tin 4 V-, d 

a least squares fit (14) to 12 strong, precisely-measured 

(±29) reflections at 25°C using graphite-monochromated 

Mo radiation (X=0 . 70954X) . 

Intensity data were collected at 25^C using an 
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in this laboratory (15)• Graphite-monochromated Mo 

radiation was used for the data collection. All data 

(5053 reflections) within a 2e sphere of 50° were 

measured in the hkl and hkl octants using an w-stepscan 

technique. 

As a general check on electronic and crystal stability, 

the intensities of six standard reflections were remeasured 

every seventy-five reflections. Only one of these six 

standard reflections decreased substantially during the 

data collection period. Since the intensities of the 

remaining five reflections remained nearly constant through

out the data collection period, no decay correction was 

applied to the data. The data were corrected for Lorentz 

and polarization effects. No absorption correction was 

applied because the linear absorption coefficient was 

= 10:5 and t.-r-pmsm" tt^incG was T - C.S^ ± C.C6. 

The estimated variance in each reflection was calculated by: 

0^ = c_ + 2C_ + (0.03 CL)^ + (0.03 C=)^ 
J- j. ID i ^ 

where and are ~he "oxal and background counts, and 

the factor 0.03 is an estimate of nonstatistical errors. 

The estimated standard deviation in each structujre factor 

was determined by the finite difference method (16). The 

observed data (I > 3'?j) were averaged yielding 2150 

independent; observed reflections. The sysxemaxic absence 
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of reflections with OkO, kr2n and h01, h+lr2n uniquely 

determined the space group to be 
'̂ l/n 

Solution and Refinement 

The coordinates of the palladium, phosphorous, and 

chlorine atoms were readily located on a three-dimensional 

Patterson map (31)= The remaining nonhydrogen atoms were 

determined from subsequent structure factor (1?) and 

electron density map calculations (31)• Block matrix 

least squares refinement (1?) of the positional and 

thermal parameters yielded a conventional residual 

R = 0.113 and a weighted residual R = C.I3S. All but 

three of the nonhydrogen atoms were refined anisotropically 

Hydrogen atom positions were calculated assuming 1=078 bond 

distances and tetrahedral geometries for the methyl hydroge. 

The hydrogens were included in subsequent refinements, 

but their positional and thermal parameters were net 

varied. Refinement cycles were carried out until the shift 

in the positional parameters of the nonhydrogen atoms were 

less than 0.1 of the corresponding estimated errors. The 

hydrogen positions were recalculated after each set of 

cycles. Finally three cycles of full matrix least squares 

refinement (1?) were carried cut. The final conventional 

residual was R = 0.108 and weighted residual R = 0.135-
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2 The function minimized was Z w||F^| - | with weights 

0) = The scattering factors for the nonhydrogen 

atoms were those of Hanson et al., (l8) corrected for 

anomalous dispersion effects (19). The hydrogen scattering 

factors were those of Stewart et al., (43). The final 

structural parameters are listed in Table 9- Selected 

bond distances and angles are presented in Table 10. 

Stereoscopic views (44) of molecule and the unit cell are 

illustrated in Figures 9 and 10, respectively. 

Discussion 

The complex has approximately cis square-planar 

geometry around the palladium. However, there are small 

but significant distortions from this geometry since 

both the Cll-Pd-C12 ana Pl-?d-?2 bond angles have opened 

X pnc :  /  .  S  uè  C u  1  V 0  j .  V  .  j .  i  011' l  u r  u :  :  c  u i .  c  o  c2_L  

value of 90°. The chlorine and phosphorus atoms are 

distorted (± 0.14 to ± 0.15°) from a least squares plane 

of these atoms, with PI and Gil shifted to one side of 

the plane and P2 and C12 shifted to the other side of 

the plane. 

The palladium-phosphorus bonds in this compound 

(Pd-Pl 2.230(7)% and Pd-P2 2.244(6)R) are shorter than 

those found in cis-PdCl- ( Pi^le -Ph) - : Pd-P 2-?ôO(?)2. (55) 
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Table 9. Final s Iructurcil parameters for PdClg /T(0Me)Ph2_7, 

(a) Final positional parameters 

Atom 

P d  .0.0748 2 )  
G i l  0 . 1 0 9 6  6 )  
C12 "0.13 52 6 )  
P I  "0.2531 5) 
P2 "0.0'458 6 )  
0 1  -0.1119 13) 
02 -0.1310 16) 
CIA 0.1109 2 3 )  
C2A "0.4351 2 9 )  
C3A -0. 4 5 1 6  1 8 )  
C4A - 0 . 3 9 1 3  34) 
C5A - 0 . 2 9 1 0  33) 
C6A -0.2'451 20) 
C7A - O . 2 S 5 5  28) 
GIB -0.3238 18) 
C2B -0.3913 1 9 )  
C3H -0.4457 22) 
C4B "0. 4 3 8 0  31) 
C5B - 0 . 3 7 0 2  27) 
C6B "0.3159 22) 
C I C  0 . 0 7 7 3  18) 
C2C 0.1,548 20) 
C3C 0 . 2 4 7 1  27) 
C4C 0.2684 24) 
C5C 0.1985 21) 
G6C 0 . 1 0 9 6  22) 
G7C - 0 . 1 4 9 1  22) 

y 

0.1592 
0.1269 
0.0293 
0.1617 
0.2918 
0.1769 
0.3790 
0.04J5 
0.0150 
-0.0701 
0 . 1 2 5 0  
0 . 0 9 8 2  
0 . 0 1 1 6  
0.2285 
0.2424 
0.3139 
0.3744 
0.3614 
0.2916 
0.2306 
0.3509 
0.3806 
0.4306 
0.4534 
0.4274 
0.3747 
0.4385 

1 )  
5) 
4) 
5) 
4) 
11) 
11)  
1 6 )  
20) 
15) 
21) 
22)  
19) 
22) 
14) 
16) 
18) 
1 9 )  
24) 
18) 
14) 
15) 
24) 
19) 
20) 
16) 
19) 

0 . 1 6 3 7  
0.1701 
0 . 2 6 0 2  
0 . 1 4 5 8  
0 . 0 8 2 6  
0 . 2 3 3 3  
0 . 0 8 0 9  
0.1034 
0 . 1 2 3 5  
0 . 0 8 8 3  
0 . 0 3 3 8  
0 . 0 1 3 2  
0 . 0 5 2 1  
0 . 3 0 9 8  
0 . 0 6 7 0  
0 . 0 9 3 8  
0 . 0 3 2 9  

- 0 . 0 5 5 9  
-0.0841 
-0.0238 
• 0.1114 

0 . 0 5 2 6  
0.0754 
0 . 1 6 2 6  
0.2244 
0.2015 
0.1502 
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Table 9- Continued 

Atom X y 

CIL) -0.0^77(20) 0.2689(16) 
C2D -0.0285(24) 0.1764(18) 
G3D - 0 . 0 4 5 1 ( 2 8 )  0.1554(21) 
C4D - 0 . 0 7 1 0 ( 2 8 )  0 . 2 2 8 3 ( 2 7 )  
C5D - 0 . 0 9 8 8 ( 2 7 )  0 . 3 1 5 2 ( 2 2 )  
C6D - 0 . 0 8 2 2(26) 0 . 3 3 8 1 ( 1 7 )  

z 

-0.0346(12) 
-0 .o64o(1 6 )  
- 0 . 1 5 5 8 ( 1 9 )  
- 0 . 2 1 4 9 ( 1 7 )  
-0.1848(15) 
- 0 . 0 9 7 1 ( 1 5 )  
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Table 9' Continued 

(b) Finjil thermal paxameters^ 

Atom ^22 ^33 

Pd 82(2) ^4(1) 37(1) 
U1 78(6) 78(51 76(4) 
U2 96(7) 65(4j 51(3) 
PI 64(5) 64(4) 34(2) 
P2 86(7) 44(3) 40(2) 
01 7 5(15) 03(1^) 41(7) 
02 118(21) 50(10) 71(9) 
CIA 94(26) 51(14) 41(10) 
C2A 182(41) 79(21) 42(12) 
C3A 5.6(4) 
C4A 167(43) 7 1 ( 2 0 )  60(14) 
C5A 176(48) 68(2%) 60(15) 
C6A 46(22) 7 8 ( 1 9 )  7 8(15) 
C7A 186(44) 113(25) 44(12) 
CIH 3.3(4) 
C 2 B  5 2 ( 2 0 )  5 2 ( 1 5 )  6 1 ( 1 2 )  
C 3 B  8 2 ( 2 7 )  5 1 ( 1 6 )  1 1 8 ( 2 3 )  
C4B 157(41) 46(18) 8 6 ( 1 9 )  

'̂ Tlie anisotropic ":hermal parameters 

+ 2hkPi2 + 2hlBi2 + 

for C3A, CIH, and C2C are isotropic B values 

^23 

- 4(1) 0(1) 2(1) 
-15(4) 10(4) 11(3) 
- 7(4) 2(3) 18(3) 
9(4) 4(2) 0(3) 

- 3(4) 0(3) 0(2) 
- 5(11) 13(8) -  6(7) 
14(12) - 8(10) - 1 6 ( 8 )  

0 ( 1 6 )  10(12) 15(9) 
6(24) 9(17) 15(13) 

- 3 2 ( 2 5 )  -24(20) 1 0 ( 1 3 )  
5 ( 2 6 )  -12(20) -13(14) 

2 8 ( 1 7 )  10(14) 2(14) 
- 9(25) 11(17) -25(14) 

-10(14) - 4(12) 0(10) 
41(16) -23(19) - 4(15) 
10(21) -55(21) 10(14) 

are defined by T = exp 

2klp^«) . The thermal parameters 
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Table 9. Continued 

Atom Pli  Pg;: ^33 

C')B 110(34) 90(22) 64(15) 
C6B H3(27) 72(17) 56(12) 
CIG 62(20) 41(13) 54(11) 
C2C 4.8(4) 
030 119(34) 98(27.1 87(19) 
C4C 83(29) 83(19) 87(18) 
C^C 33(23) 99(21) 73(15) 
C6C 89(26) 64(15) 70(14) 
C 7 C  8 1 ( 2 8 )  7 2 ( 1 9 )  8 9 ( 1 7 )  
CID 74(24) 54(lt)  39(10) 
02 D 118(30) 68( 18,) 63(13) 
C3D 149(37) 85(23) 68(l6) 
C4D 118(36) 132(29) 52(14) 
C^D L')6(38) 87(22) 41(12) 
C6D 198(41) 45(14) 48(12) 

^23 

53(23) 
2(17) 

27(14) 

14(24) 
47(20) 
16(18) 
61(17) 
50(19) 
13(15) 
42(20) 
18(24) 
25(26) 
4(23) 

16(21) 

-36(17) 
- 1(13) 
-  6 ( 1 1 )  

18(19) 
- 1 1 ( 1 8 )  
- 4(14) 
-30(15) 

0 ( 1 6 )  
-12(11)  

34(15) 
16(18)  
13(16) 

-  4(15) 
28(16)  

18(15) 
- 4(12) 
-  6 ( 1 0 )  

- 4(18) 
- 2(15) 
11(14) 
19(12) 

-19(15) 
-  8 ( 1 0 )  

12(12)  
-38(16) 
-10(17) 

3(13) 
- 4(12) 
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Table 10. Bond distances (R) and angles (°) for PdClg 

ZP(0Me)Ph2_72 

(a) Bond distances 

Pd - Cil 2.349(8) Pd -  Cl 2 2.358(6) 
Pd - PI 2.230(7) Pd - P2 2.244(6) 
Pi - 01 1.582(16) P2 -  02 1.6o4(19) 
PI - CIA 1.871(24) P2 - CIC 1.767 (23) 
PI - CIB 1.808(20) P2 - CID 1.801(19) 
01 - C?A 1.44o(30) 02 -  C7C 1.364(31) 
CIA - C2A 1.304(45) CIC -  C2C 1.430(32) 
CIA - C6A 1.401(36) CIC -  C6C 1.430(32) 
C2A - C3A 1.393(35) C2C -  C3C 1.366 (40) 
C3A - C4A 1.387(40) C3C - C4C 1.363(42) 
C4A - C5A 1.370(58) C4C - C5C »-s 0 ^ 1 . \ 

1 . jou ; 
C5A - C6A 1.428(40) C5C -  C6C 1.351(37) 
CIB - C2B 1.379(31) CID - C2D 1.374(33) 
CIB - C6B 1.396(30) CID — C 6D 1.386(31) 
C2B - C3B 1.380(36) C2D - C3D 1.419(37) 
C3B - C^B 1.368(47) C3D — C^B 1.365(43) 
C4B - C5B 1.373(47) C4D - C5D 1.334(47) 
C5B - C6B 1.378(38) C5D - C6D 1.365(32) 

(b) Bond angles 

m 1 _ "DX -  Cl 2 92 .3(2) Cil - Pd -  P2 88 .5(3) 
PÎ -  Pd -  P2 97 .3(3) C12 - Pd - PI 82 .9(2) 
Pd - PI - 01 115 .5(6) Pd -  P2 -  02 118 .6(7) 
"D̂  _ pi_ - ClA 112 .6(9) Pd -  P2 -  CIC 114 .5(7) 
Pd - PI -  CIB 121 . 5 ( 8 )  Pd -  P2 - CID 114 .1(8) 
PI  - 01 -  C7A 123 . 6 ( 1 7 )  P2 -  02 -  C7C 126 .0(16) 
r \  <  \J — Ti -1 i\ 

~ w j-n. A 0 . C ( 10"; 02 - P2 - CIC 103 =2(1 0 )  
0 1  - PI - CIB 103 .6(9? 02 - P2 - CID 99 .2(10) 
vlA - PI -  CIB 98 .6(10) r» 1 n -  P2 - CID 105 .4(11) 
PI -  ClA -  C2A 120 .9(19) P2" -  CIC -  C2C 127 .0(16) 
PI -  ClA -  C6A 115 .5(20) P2 -  CIC -  C6C 121 .0(18) 
PI -  CIB -  C2B 121 .5(15) P2 - CID -  C2D 119 .5(16) 
PI - CIB -  C6B 120 .6(17) P2 - CID -  C6D 122 . i ( iy)  
r\ C h "1 A w -4.n. 0 0 A 1 00 — ^ 00 > n Ar - CIC - C2C 112 r  0 ( 20 ) 
ClA -  C2A -  C3A 121 .4(25) CIC -  C2C - C3C 126 .2(20) 
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Table 10. Continued 

74 

C2A - G3A - G4A 116.9(26) G2C - C3C - C4C 117.1(28) 
C3A - C4A - C5A 123.0(27) C3C - 040 - 050 120.8(27) 
04A - 05A - 06A 118.5(28) C4G - 050 - O6O 121.4(25) 
C5A - 06A - GlA 116.3(26) 050 - 060 - 010 122.1(24) 
C6B - CIB - C2B 117.8(19) 06D - OlD - C2D 117.8(19) 
OIB - 02B - C3B 120.9(22) OlD - 02D - 03D 119-3(22) 
02B - 03B - 04B 120.5(26) 02D - 03D - 04D 120.1(26) 
03B - 04B - 05B 119.5(28) 03D - 04D - 05D 119.2(25) 
04B - C5B - 06B 120.3(26) 04D - 05D - 06D 121.0(26) 
C5B - 06B - OIB 120.8(24) 05D - 06D - OlD 121.4(23) 
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Table 11. Least squares planes^ for P^iCl^ 

/̂ (0Me)Ph2_72 

Atom D 

Plane 1: C11-C12-P1-P2 
-O.OOOlx + 0.595% + 0.8034z = 3.2446 

Pd 0.044 PI -0.153 
Cil -0.143 P2 0 = 14-5 
Cl2 0.151 

Plane 2; C1A-C2A-C3A-C4A-C5A-C6A 
-0 .3293X + 0.5052y -  0.7977z = 0 .3532 

CIA 0.029 C4A 0.002 
C2A -0.014 C5A 0.013 
C3A -0 .002  C6A -0 .028  

Plane 3: C1B-C2B-C3B-C43-C5B-C6B 
-0 .7629% - 0.6443y - 0.0544-2 = 0 .9664 

CIB -0.007 C4B 0.018 
C2B 0.008 C5B -0.016 
C3B -0.014 C6B 0.011 

'• M ^ ""s ri ) t r*. ^ r'J.bUitî *4" ; V _L V — ——w W 
-0.4838x + 0 .8636y -  0. l4l8z = 3 .5006  

CIC 0.022 C4C 0.0 
C2C -0.005 C5C 0=020 
C3C -0.006 c6c -0.031 

rj.£uiet> are u.cj_j-ncu. as w-x ~ '^-y 

X, y, and z are Cartesian coordinates. 

"D represents the distance (£) of the given atom from 
:he plane. 
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Table 11. Continued 

 ̂+r,Tn Tl 

Plane 5: C1D-C2D-C3D-C4D-C5D-C6D 
0 . 9 6 2 0 X  +  0 . 2 5 6 %  -  0 . 0 9 4 1 2  =  0 . 4 4 5 6  

CID 
C2D 
C3D 

0 . 0 1 6  
-0 .001 
-0.037 

C4D 
C5D 
C6D 

0 . 0 6 1  
-0.046 

0  . 0 0 7  
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Figure 9. A stereoscopic view of PdCl2/P(0IVIe)Ph2_72 • 

The thermal ellipsoids are drawn at the 
.50% probability level. 
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Figure 10. A stei^eoscopic view of the unit cell of 
PdClg/P(0Me)Ph2_/p projected along the b axis. 
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and trans-Pdl^CPMe^Ph)2> Pd-P 2.333(7)^ (56). Also the 

palladium-chlorine bonds (Pd-Cll 2.3^9(8)^ and Pd-C12 

? . Ir^vicrci"»^ +V(0'>^ +VI/->oq -PrsTTv-»«^ nv-, one?—."Dr^OI 

(PMe^Ph)^; Pd-Cl 2.362(3)8 (55) and trans-PdCl^ (DMSO)^, 

Pd-Cl 2.287(2)^ (57)' These results generally agree with 

those expected from a strong "trans effect." That is, the 

bond trans to a strongly "trans-directing" ligand, such as 

phosphorus, is weaker and therefore longer than a bond 

trans to the less "trans-directing" chlorine. These results 

also confirm the fact that phosphinite ligands exert a 

stronger trans effect than do phosphine ligands. 

The phenyl rings of the two phosphinite ligands pack 

so as to minimize repulsions between the ligands. There 

are no carbon-carbon interactions between the two ligands 

of less than 3 -^2^. Phenyl ring B on phosphorus PI and 

A is-'A i.j a- ^ a-/ \^xx J. IVV W L4.D J. 6, CS.J- v _l_ CL_1_ J. ̂  G_L. JL X v-*t-I- wii 

a TI i TI + or-T-i"i pr-i C3 3 -n xrl o n f 

The n'Oen"'nf f-'hp m 1 —PH-HI ? o-ncl n was . 

I -4- "L-. ̂   ̂ .V»  ̂ v» «—« ««  ̂ yC T f î  \  ̂̂  O ̂ "v* «->. -«m, f*. —. v» " - y-»« -t-ii  w A Lt O -I- ^  ^ w _L ^  \  ̂  ̂  J '- 'J.i .C VLÎZ) 

1 4 T-Nool- cr O c; 4- r\ r\Tn-r\-y~C) C!<Z 4-"^ <3 _"D o 
^ C*.* * S.A •»> ^ O, v-" ^ i. WW CLO V- i w -L. X V-A. W_l_ C^UL• 

Although there are no intermolecular hydrogen bonding 

interactions, there are a number of distances between the 

chlorines and the carbons (C11-C6C 3-^^(2)2, G12-G6A 

O c ^ 'X 9 „ — J /-nr-iA ^ \ 0 \ ..1. 1 ~i_i_ -
CLiivu. zL — w ^ n J» • y-^ \  j J n  J YYii_L\_ii c _L c c a v::cu.i viic 
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sum of the van der Waals radii (3^)• Perhaps these inter

actions and the weakened Pd-Cl bonds permit the Cll-Pd-C12 

ajngle to open. 

The carbon atoms in the phenyl rings show no significant 

deviations from the corresponding least squares planes 

(see Table 11). The average bond angles in the four 

phenyl rings are 119 «9°, 120.0°, 119.9°, and 119-8°, in 

good agreement with the expected value of 120°. The 

average bond distances in the four rings, I .38O,  1 .379» 

1.387, and 1.37^A, are all a bit shorter than the expected 

value of I.396S (34). These results and the apparently 

large thermal motion as illustrated by the carbon thermal 

ellipsoids suggest that the ligands may be librating. 

The crystal packing forces are entirely of the van der 

Waals type. The closest palladium-palladium distance is 

ÛM 75 TO "T* -rr^ry 1 O' rryr* mcT-ol —TnoT^l î  "res r* T 7 DT) R _ 
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SUWiARY 

The single crystal x-ray characterizations of five 

inorganic compounds with novel bonding features were 

described. The metal atoms of Lu^S^ form periodic 

occupation waves throughout the primarily rock-salt 

structure. The metal atoms in 3-R Nb^ o6^2 two 

interesting points; the principal metal site is not 

completely occupied, and the metal in the van der Waals 

site is distorted from octahedral coordination by dis

placement along the three-fold axis. The structure of 

bis(ô-camphorquinonedioximato)nickel(Il), Ni(6-HCQD)2' 

is the first reported structure in which the vic-dioxime 

ligands coordinate to the metal via nitrogen and oxygen 

donor atoms. A novel hexanuclear cluster complex, with 

three silver atoms forming a linear backbone, is the 

structurally characterized reaction product of Ni(ô-KCQD) 

and AgixO^ . The structure of cis-dichlorobis(methyldiphen 

phosphinite)palladium(II) is the first reported square-

planar palladi'um complex in which phosphinite ligands are 
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APPENDIX: FOUR, A GENERAL CRYSTALLOGRAPHIC 

FOURIER PROGRAM 

Introduction 

Fourier transforms are valuable tools for both the 

solution and refinement of crystal structures. A report 

is available (58) which describes the operation and use 

of a program written in the FORTRAN programming language 

for the calculation of two- and three-dimensional, discrete 

Fourier transforms. The program has been designed to 

calculate a Fourier map for any space group. Much of the 

theoretical basis for this program is detailed in the 

report of an earlier Fourier pro-ram written by Rogers 

and Jacobson (59); however, the implementation in the 

current program is completely different. The newer program 

performs the section and line summations using regular 

1 ^ -V) w, 4— ^ ^ w, n c 'V-» ^ i i T" 1 ^ 4 f— V/ VI.L J. ^ n J. _i_ i 1CL u_ Z) -i-o CLu. u. -L, \-/ v -k. i. u. ^ 

a fast Fourier transform algorithm. (If the fast Fourier 

algorithm were to be used for the first two summations, 

—.— - - — — - — — __ 2— ,— — — — _ — — — — ^ . _n ^ ^ ^ _ _ . — _ i M i ' f ' T t  ;  T  ,  r  *  r  «  » — •  i  r  1  r  •  > »  v ; '  •  i * i  f  i  ;  i  i  r  i  •  »  > _ >  r  r  >  ^ t '  r i / • i r ' • r i > t j i i : 1 r • ' \ i 

unnecessary calculations would have to be performed.) 

A number of features have been included in this program 

which should facilitate its implementation. All 
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calculations are carried out in one program, reducing the 

chance of user input error. The output permits a great 

deal of flexibility. The map may be oriented in any of 

six orientations with grid sizes of l6, 32, 64, or 125. 

Printed maps may be in the form of two, three, or four 

digit number output, or two or three digit base 36 

character output. Also Patterson maps can be automatically 

scaled by the computer, if desired. Maps are written to 

disk, one line at a time, as the integer representation 

of each line. The program was written in the FORTRAN 

programming language to simplify any changes necessary in 

the transfer of the program to other computer facilities. 

The next sections present a mathematical derivation and a 

detailed description of the program. 

rZ a "xn d -T) o 1 'PioQ.'-*'r->nr̂ "r"îr̂ 'n 

The electron density at a particular point (x^y^z) 

may De written in rne form: 

p ( x , y , z )  =  -  z z ? C h k £ )  exp( - 2 - i h ^•r) 
' —œ —00 — CO 

h  k  £ 
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with h^ • r_ - (hx+ky+ilz) and F = A+iB. Separating 

F(hk&) into its Friedel-related components permits the 

summations over one of the indices, say 2, to be carried 

out from 0 to », 

PCX JY JZ) = i E EE CA+iB)exp(-27Tiĥ  «r) + (2) 
CO OD CO 

E E E 
—CO «.CO 0 

ri k £ 

(A-iB)expC-27Ti(-h^ - r ) ) 

Writing the exponentials in their trigonometric forms. 

equation (2) becomes 

p ( x , y , z )  1 
V 

oo OO CO 

E E E 
.00 —œ 0 
h k £ 

•iB) ( cos2 nh'" r - ^•r) 

f  n _  ̂  n \  s2-h T: •Î V—V o ««V >-i = r) (3) 

p(x,y,z) = ? E 
n 

(A cos/un *r r + 3sin2Tih^*r) ( 
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Factoring the trigonometric terms speeds up the 

calculation. The results of the summation over one index 

-V-» — ,4 - - f. 1 "I ^ ^ o C O "»0 o ^ ^ 1 ^ CT O A 
dl'C Oct-LVJU.-LCLl/CrU. J. Vl' a ^ _ L V C : A I  ^J, V Cc Jw vt . u. ^ v*.... ^ 

recalled each time a summation over another index is 

calculated. Let C, = cos27Thx, = sinBirhx, etc. 

00 CO CO 

p ( x , y , z )  =  ^  [  Z  Z  A C C ^ C ,  o - S ^ S  g )  +  
V Q IX A J A. il it J ~ 

h k & 

B(S. C. .  + C, S. .) (5) 

00 CO oo 

p(x,y,z) = I Ï E ! A{C C^C,-C^S^S,-Sj,C^S^-Sj,^Sj^C,) 
CO CO [J 

h k 2 

"f- ̂  c\ o *1 o V-» 4- c ". /* V-\ T/- w  ̂ A  ̂IT V \ A i''* Vi  ̂ o j" Ty 0 A o o 

likewise for B, Stating these terms explicitly rather than 

including them in the summation^ and accounting for the 

even and odd nature of the cosine and sine functions yields 

equation (7). 
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00 CO 00 

z  z  z  
0 0 0 
h k I 

2_ 
V 

+ /-^Chk&)-AChkA)+A(hk&)+AChkA2/C^S^S 

+ /pAChk&)+A(hk&)-A(hk&)+A(hk&y7S^C^S% 

+ / -AChk%)+A(hk%)+AChk%)-A(hk%)/S.S .C.  (7  
— — n K ^ 

+ /^^hk&)+B(hk&)+B(hk&) + B(hk2)/C^C^Sj 

/^^hk&)+B(hk&)-B(hk&)-B(hk&2/&,nS^C2 

/ M l  o u - v  ) _ r t i  n ; ^ v ,  I  +I n L/- V. i — M i  nw y. i /> i,,. t,,  .  

Lhk%)+MLhk&j 

This is only one of the possible choices of four data 

octants out of eight which can be chosen so that none of 
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If the sum of the four structure factor terms in 

equation (7) are labeled A^, A^, A^, B^, B^, and 

B|, 5 respectively, then it is possible GO factor 

equation (7) as follows: 

CO CO oo 

pCx,y,z) = ̂  Z Z {/rZ(AiC,+BTS 27C.C 
N Q O  0  

h k Jl . 

+ / UA^S.+BjCji/C^S, 

/ CB) 

SL 

In this case, the summations over ^ are carried out first. 

This results in a two-dimensional series with a constant 

value of z. If the results of the summations over i are 

designated CC, CS, SC, and SS respectively, then equation 

(6) becomes 

p 

- — K K— n — K 
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The final summation over h may be carried out assuming 

that the results of the k summations are designated 

COR and SIR, respectively. 

p ( x , y , z )  =  ^  Z C O R . C ^  +  S I R ' S ^  ( 1 0 )  

h 

The program requires the information from a 

Friedel-unique hemisphere of data. However, for crystals 

with monoclinic or higher svmmetrv. the crvstallosraohicallv 

unique data is less than a hemisphere. The remaining 

octants of data are generated within the program by 

applying space group symmetry. 

Symmetry operation "a" operates on atoms at r^ 

according to the following 

—j -a'-j ^ -a • ^ 

Symmetry relations of this type enter the electron 

density expression through the exponential term, 

exo/ —2tt1 « T" + T 17. rhi? t cr'-m 

generates a new reciprocal lattice vector 

that 

y 
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A consequence of the space group symmetry is that the 

magnitudes of the structure factors with the vectors h 

and n are equal. 
—a 

Returning to the example described by equation (2), 

the vector h represents those vectors in the summation —a 

with negative h and/or k indices. Hence, equation (2) may 

be expressed as follows: 

M pCx,y,z) = ̂  S 

n 

(r+T )7 + F (-h)exp/^2ni(-h^ )' — —11— -—11 — — n 

(13) 
— —n— 

in which the summation over n represents the inclnsinn of 

all (N) relevant symmetry operations. The factor M is a 

multiplicity term dependent upon the particular h and the 

Laué symmetry. Equation (13) becomes less formidable when 

it is realized that the term expC-27ïih^^ • ̂ ) is really a 

phase shift applied to ?Ch) to generate F(h^). Defining 

^ ^ N x-s ^ T#. ^ ^ ^ ^ ^ w—. \ ^ ^ 
V CLj. 14. V wx uixv- _yiia.bo \ j  1. \LL j CIO viicix u iiC 

^ r \ ^ ^ ^ .ij -i— A ^ r \ _ » Y V o j.ca.G.u^u u V Y V-iy u J 

Z Z Z {FCh, ) 
0 0 0 
h k 2 

exo/—2"in n 
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This type of phase shift is applied to all reflections 

internally generated by the program. 

The orientation of the map is coordinated with the 

symmetry. A rotation matrix, corresponding to the chosen 

orientation, is multiplied into each of the rotation 

matrices. After this point in the program the h, k, and 

I indices are referred to as IR, IS, and IT corresponding 

to the across, down, and section summations, respectively. 

To save memory, the IR, IS, and IT integers are packed 

into one variable IRST. 

Program Details 

A block diagram of the program is illustrated in 

Figure 11. Principal control is transferred from the 

main calling routine to four subroutines. Control 

information is written out in the subroutine STRT. Through 

the subroutine SETUPF, crystallographic data are input, and 

coefficients are determined and written to a temporary file. 

If necessary, the data are sorted by the subroutine QSORT. 

Finally t-he Fourier series calculations are carried out-

through the subroutine COMPF, A detailed description of 

the calculations is presented below. 

The program begins by inputting control information and 

J LVli UilC _L W. o _L ̂  C C CliiU. VllC W U. U V u. u 
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field width. These tests are included to terminate program 

execution before improper Fourier calculations might be 

made. Control is then transferred to STRT for the print 

out of control information and the determination of the 

orientation parameters. As described above, program 

control is then transferred to the routine SETUP?. 

This routine begins by reading in symmetry information 

in a free format. The routine TRANSL then converts the 

character image symmetry information to rotation and 

translation matrices R and T . The symmetry matrices —n —n 

are printed out and chen transformed according to the 

chosen orientation. A reflection with the hkl indices 

(000) is included in the data set, if requested. The 

reflection data is read in, one reflection at a time, and 

processed by the subroutine SYMP. 

SYM? calculates and writes the appropriate A^ through 

A,, and B_ through B,. terms of ecuation (7) onto a temporary 

disk file. The A and B coefficients can, at present, 

represent any of seven different types of Patterson or 

Tri o nlrl 1 i c; ca a n pi r .̂ r 'n o 

r > ' n  1  o  ^-nn T*rr> f-o-n n- i T -  4- n o 0 r> H r ,  Tno 

multiplicity factor for each reflection is determined by 

the routine MULT. The number of data for each value of IR 

are calcu: 

array IN. 



www.manaraa.com

101 

After all reflection data are read in and processed, 

control is returned to the main calling routine. If 

automatic scaling is requested, the program computes a 

scale factor for which the origin peak is set to two times 

the largest number that can be printed with the given field 

width. The subroutine QSORT is then called if the data has 

not been presorted. (Data with orthorhom.bic or lower 

symmetry may be presorted first on the absolute value of 

the index corresponding to the summation down the page, 

then on the absolute value of the index in the across 

summation.) 

The routine QSORT sorts the data based upon IKST 

according to the algorithm of R. C. Singleton (60). 

Because of array limits, the data are grouped in units of 

700 or less based upon the IR index of each reflection. 

After each group is sorted, data with the same IRST are 

combined. All data in a given group are then written 

a temporary disk file. After all the data have been sorted, 

program control is transferred to the routine COM??. 

 ̂1 ̂  n V-N ̂   ̂ -VO ̂  /-\ V, vsn ̂  -vn /-»  ̂  ̂ <-» -v»* s o 1 ̂  ̂  ̂ s /-» j.wv.AV-.i.LS-. w Wi-ii. J.' * CLiC." 

at the beginning of the routine and stored in the arrays 

COSA, SINA, and S. The section and down summations are 

computed as described in equations (S) and (9), respectively. 
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The temporary results of the section summation are stored 

in the arrays CC, CS, SC, and SS. These arrays are 

dimensioned to hold up to 700 values, a practical number 

for crystal structures of small molecules. 

The final summation is carried out by the routine 

FFT. This routine is an adaptation of a one-dimensional 

XCLOU X*WU.J.-LCi L/j. CLiiWJ. WJL ill J. w _L y # J." J. J. -uù O ̂  ^ ̂  ̂  

operate on a complex variable array yielding a transformed 

complex array. However, since the resultant function of 

crystallographic Fourier maps is real, the array input 

into FFT is compressed, reducing the size of the transform 

by a factor of two (62). Because of the modulo character 

of the fast Fourier transform, data with an IR index 

greater than or equal to half of the across grid size are 

not included in the summation. 

After each line is calculated and scaled it is written 

Ù0 tne appropriate outpuz unit(s). As described above, 

data written to disk are written in integer representation. 

If printer output is requested, the routine LINOUT is called. 

This routine converts the c'.;r,n;;r, t.o the 

number or character value and accumulates these values in 

a character array, When the entire line has been converted 

and stored, it is printed. Grid points which have values 

^.ess ^nan ^ne user spec-i—^eG m^nzmum are reo^aced wxtn 
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blanks, and those grid points with values greater than the 

maximum allowed by the field width are replaced with 

asterisks. 

Conclusions 

The program FOUR offers a versatile yet simple means 

for performing two- and three-dimensional Fourier series 

calculations. The program can be used with any space 

group symmetry. The program permits a wide range of map 

types and output modes. 
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