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measured by Brill & deBretteville (1955) with a
single crystal up to !=24. The geometry of our
apparatus did not enable us to observe the orders
above [=86. Since our z coordinates have been taken
to be the same as theirs, our calculated values for these
reflexions are the same and are expected to show the
same measure of agreement.

The investigation was carried out under the guidance
of Dr B. Dayal, to whom our thanks are due.
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X-ray Studies of the Bis- N-alkylsalicylaldiminates of Bivalent Metals.
I1. Structure of Bis- N-ethylsalicylaldimine-palladium

By Epoarpo FrRAssON AND CARLO PANATTONI
Centro di Strutturistica Chimica del C.N.R.-Sezione di Padova, Italy
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(Received 12 February 1963 and in revised form 10 April 1963)

In the course of the examination of the metal-complexes of N-R-salicylaldimines (R =alkyl), the
erystal structure of bis-N-ethylsalicylaldimine-palladium was determined by two-dimensional

Fourier methods.

The unit cell is monoclinic with lattice constants: ¢ =843, b=5-60, c=17-97 A; p=94°42"; Z =2,
The space group is P2,/c. The metal atoms are required to be at symmetry centres and the bonds
around the palladium are in a trans-planar arrangement. The chelate ring does not lie in a plane.

Introduction
In the series of complexes of bis-N-R-salicylaldimines
with bivalent metals with the general formula:

b= R
<\ -
\\c\ /c——o\M /N——— N

N N \

C——= c

L

C

the refined structure has been determined only for the

complexes of bis-N-methylsalicylaldimine with nickel
(Frasson, Panattoni & Sacconi, 1959) and copper
(Meuthen & Stackelberg, 1960; Lingafelter, Morosin
& Simmons, 1960).

Preliminary informations on the structure of numer-
ous complexes of the series with R=mn-alkyl have been
recently given by Frasson & Panattoni (1962). For
most complexes the square planar coordination was
demonstrated. Sacconi, Orioli, Paoletti & Ciampolini
(1962) have examined some complexes of the series
in which R=branched alkyl. For the isopropyl com-
plexes of nickel, copper and cobalt they found evi-
dence for tetrahedral coordination by comparing the
absorption spectra of these complexes with the spectra
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of the (normal) butyl complexes of zinc and cobalt,
which has been shown to be tetrahedral through X-ray
examination by Frasson & Panattoni (1961).

The strong dependence of the geometry of coordina-
tion on the structure of the ligand parts in the mole-
cule seems to be a very interesting feature of this
series of complexes. Therefore the structural study has
been extended to a large series of complexes of these
groups of homologues.

Experimental and crystal data

Bis-N-ethylsalicylaldimine-palladium was prepared
according to Sacconi, Ciampolini, Maggio & Del Re
(1960). Single crystals of the complex were obtained by
recrystallization from chloroform.

From precession-camera photographs it has been
found that the crystal belongs to the space group
P2,/c. The unit cell has the following lattice constants:

a=843+0-03, b=560+0-02, c=17-97+0-06 A;
[=94°42"+20" .
The pycnometric density is 1-546 g.cm—3; the density

determined by X.rays is 1-560 with Z=2. Owing to
the presence of only two molecules in the elementary
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cell the two palladium atoms must be located at
crystallographic symmetry centres, in 0,0,0 and
0, 4, } positions. Therefore the entire molecule must be
centrosymmetrical with respect to the palladium and
the four coordinate bonds from the palladium must lie
in the same plane. Weissenberg equatorial photographs
were taken with Cu Kx radiation, with monodimen-
sional integration of the diffractions and multiple-film
technique. The intensities were evaluated by means
of a photometric recorder and corrected by means of
the usual Lorentz and polarization factors.

Electron density projections and refinement
of the atomic coordinates

Electron-density projections on the three fundamental
planes of the structure were calculated with the signs
given by the heavy atom. The signs of ther eflexions
to which the heavy atom does not contribute were in
the first instance determined using the coordinates of
the light atoms found on the (010) projection and the
y/b coordinates calculated on the basis of both the
bond lengths and the supposed inclination of the
molecule. The projections on (010) and (100) were
chosen for successive refinement and the projection
on (001) was discarded owing to the overlapping of

Table 1. Observed and calculated structure factors for bis-N-ethylsalicylaldimine-palladium

h ki Fo Fe hk 1 Fo [ hoko1 Fo Fe
100 154,8 149,8 10 6 40;1 34,0 3012 386 34,8
200 30,0 28,2 20 6 56,7 58,6 4012 32,7 3,6
300 59,1 60,6 30 6 52,8 59,2 5012 27,2 22,8
400 320 27,0 40 6 64,6 73,8 6012 20,5 220
500 31,6 31,4 50 6 29,9 28,6 7012 12,8 14,4
600 358 33,4 60 6 250 17,4 8012 12,7 150
700 33,9 32,6 70 6 30,7 36,0 0014 37,4 36,2
800 28,5 31,2 80 6 252 23,6 1014 37,7 458
900 19,7 20,0 90 6 200 21,2 2014 43,5 39,0
1000 13,7 13,6 0o 6 17,9 24,4 3014 26,1 30,4
002 820 79,6 ©00 8 56,1 50,6 4014 20,4 17,8
102 13,6 127,210 8 47,6 43,0 5014 21,1 16,0
202 18,6 139,2 20 8 452 39,2 6014 20,4 20,6
302 39,3 38,0 30 8 54;4 51,0 7014 14,2 15,6
402 39,6 31,4 40 8 64,2 68,0 80 14 6,5 11,6
502 33,6 33,2 50 8 50,9 56,8 0016 33,7 36,0
602 12,0 12,2 60 8 40,8 36,8 1016 33,3 35,2
702 27,7 29,8 70 8 22,3 19,6 2016 36,0 38,6
802 27,5 29,2 80 8 183 14;8 3016 352 37,0
902 156 1,6 90 8 11,6 12,0 4016 19,5 16,2
1002 12,8 13,2 0010 220 18,0 5016 24,2 19,4
004 88,4 93,4 1010 39,3 32,2 6016 153 19,4
104 25,7 -1¢,8 2010 50,2 43,6 7016 7,5 9,6
204 37,4 41,6 3010 49,1 49,2 0018 20,3 22,6
303 50,3 49,2 4010 38,0 41,4 1018 27,9 27,0
404 42,7 33,6 5010 21,8 21,8 2018 24,5 25,4
504 31,2 29,8 6010 34,6 354 3018 19,1 18,4
604 26,5 25,8 7010 24,77 30,8 4018 12,3 10,6
704 34,2 33,4 8010 14,5 9,8 5018 10,3 7,0
804 34,6 37,0 9010 6,5 5,4 6018 7,2 7,6
904 24,9 29,8 0012 41,8 380 002 17,7 14,4
1004 10,4 10,6 1012 295 27,4 1020 14,3 12,4
006 32,0 28,6 2012 21,5 14,6 2020 17,7 23,8
okl Fo Fc okl Fo Fe okl Fo Fe
00 2 81,1 81,7 o02 ¢ eo,7 780 04 0O 30,1 350
0o 4 94,8 956 02 2 50,2 52,7 C4 2 48,4 49,6
00 6 29,1 25,7 02 4 60,0 62,6 04 4 30,4 30,7
oo 8 58,7 486 02 6 657 66,7 04 b6 42,7 43,2
oco10 18,3 21,4 02 8 56,7 50,4 04 8 16,7 90
0012 43,3 41,0 0©021¢ é48,C 64,1 O041C 281 21,8
0014 355 33Cc 0212 27,0 36,4 0412 23,9 237
0016 252 32,8 0214 234 27,3 0414 255 22,9
01 1 9,9 9,3 0216 20,8 21,° 0416 19,8 20,4
ot 3 53,6 55,7 03 1 76,0 74,5 0418 16,4 15,6
Q1 5 58,0 58,7 03 3 43,8 389 0S5 1 250 256
61 7 399 5,5 03 5 41,2 386 05 3 252 27,1
01 ¢ 348 39,4 03 7 43,0 42,2 05 5 32,2 33,1
0111 42,7 50,2 03 9 31,7 23,4 05 7 22,9 20,1
0113 31,4 459 0311 43,5 393 05 9 255 26,8
o115 26,0 3,4 0313 239 21,5 0511 20,8 24,2
0117 21,1 32,4 0315 28,6 26,4 s o 12,3 c,4

hokt Fo fe h k| Fo fFc hkl Fo Fe
3020 12,6 14,0 -80 6 12,2 5,2 -2 014 32,8 34;6
402 7,9 54 -90 6 13,7 11,6 -3014 10,1 -10,8
00 22 9,9 1,8 -10C 6 14,6 14,2 -4 014 8,7 - 3,4
1¢22 10,0 40 -10 8 763 752 -5014 27,8 29,4
2022 4,1 5,0 -20 8 66,0 61,8 -6014 22,5 24,6
-30 8 59,2 60,8 -7 014 21,5 23,6
-10 2 64,5 59,2 -40 8 528 588 ~-8014 17,3 19,8
-20 2 650 58,4 -50 & 342 37,2 -1016 16,6 150
-30 2 53,8 52,¢4 -50 & 30,2 32,4 -2016 11,6 9,8
-40 2 62,2 61,4 -70 & 15,7 16,4 -3 01 22,2 24,8
-50 2 79,1 85,6 -8 0 & 16,4 16,4 -4 016 27,3 25,8
-60 2 44,9 50,0 -20 &8 22,2 256 -5016 19,3 22,4
-70 2 19,8 20,4 -100 8 10,3 12,4 -6016 17,5 22,0
80 2 28,6 25C ~-1010 456 62,8 =7016 18,6 19,6
-90 2 24,3 21,6 ~2010 52,6 56,2 -80 1 4,7 5,8
-100 2 16,5 188 -3010 33,4 284 -1018 21,4 21,0
-10 4 94,6 9,4 ~4010 50,9 53,6 ~2018 34,4 36,0
-20 4 33,2 26,4 -5010 454 50,4 -3016 27,4 30,0
-30 4 951 990 ~6010 30,8 350 -4C18 17,2 16,2
-40 4 83,4 87,6 -7010 281 33,2 -5018 19,5 21,8
-50 4 46,2 46,2 -201C 19,7 23,0 -5018 10,5 12,8
-60 4 331 296 -9010 13,9 18,0 ~7018 4,7 5,4
-70 4 20,3 17,2 -10010 3,9 12 -102 21,5 18,4
-80 4 259 27,0 -1012 394 23b,8 22020 19,5 19,6
-50 4 18,7 20,4 -2012 4546 47,2 -3C20 20,7 24,6
-100 4 10,8 846 -3012 39,3 43,6 -~4020 14,6 14,6
~10 6 93,8 90,2 -4012 258 2,4 -5020 6,5 7,6
«20 & 69,2 65,6 -5¢12 18,9 16,0 -6 0 20 6,1 10,0
-30 6 59,2 57,6 -5012 27,4 29,6 -1022 9,5 14,8
-40 6 53,6 54,4 -7012 255 30,6 -2C22 12,4 14,2
~-50 6 44,8 47,0 -83012 12,5 156 -3 0 22 7,9 15,0
-60 6 36,7 37,4 -9012 18,9 17,6 -4022 6,7 8,6
-70 6 16,3 -11,8 -T 014 37,5 41,4 .
[ Fo Fe okt Fo Fe [ Fo Fe
06 2 157 11,5 02 1 29,6 26,7 04 5 g,8 4
o6 4 206 185 02 3 296 27,2 04 7 7,8 6,5
06 & 20,1 20,1 02 5 20,3 22,2 04 9 120 ~14,3
o6 & 157 17,2 02 7 7,7 7,0 041 7,9 8,3
o610 13,9 155 02 9 11,0 10,6 0413 3,2 2,8
cé12 157 17,2 0211 3,2 2,9 0415 58 6,1
07 1 12,3 13,7 0213 2,5 2,86 0417 0,0 -0,4
¢c7 3 16,4 11,4 0215 4,4 4,9 05 2 0,0 ~0,4
¢c7 5 157 18,9 03 2 159 9,2 05 4 0,0 0,0
01 2 66,7 =692 03 4 21,6 23,1 05 6 6,1 -5,7
01 4 23,9 -29,1 03 6 10,8 9,7 05 8 56 =59
01 6 11,0 -12,9 03 & 4,6 5,2 05 1C 5,9 =6,5
01 8 15,2 -14,4 0 31Cc 29,6 -3C5 0512 5,4 5,3
0110 9,0 - 9,1 0312 10,9 -11,7 06 1 6,6 6,1
0112 11,0 11,6 0314 4,6 - 4,1 06 3 0,0 -0,2
0114 9,4 g8 041 48 -52 06 5 50 4,0
0116 4,8 5,1 c4 3 51 4,5 06 7 3,4 3,2
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Fig. 1. Electron density projection on (010) for bis-N-ethylsalicylaldimine-palladium.
Contours at 2, 4, 6, 8, 10, 12, 14, 16 . A2,

Fig. 2. Electron density projection on (100) for bis-N-ethylsalicylaldimine-palladium.
Contours at 2, 4, 6, 8, 10, 12, 14, 16 e.A~2.

Table 2. Atomic coordinates for
bis-N-ethylsalicylaldimine-palladium

z/a y/b zfc
Pd 0-0000 0-0000 0-0000
o —0-1461 —0-0620 0-0759
N 0:0941 0-2480 0-0552
C(1) —0-1811 0-0800 0-1319
C(2) —0-2941 —0-0100 0-1819
C(3) —0-3347 0-1200 0-2381
C(4) —0:2501 0-3333 0-2600
C(5) —-0-1313 0-4180 0-2149
C(6) —0-0938 0-2950 0-1520
C(7) 0-0355 0-3760 0-1080
C(8) 0-2349 0-4150 0-0299
C(9) 0-3831 0-2900 0-0567

maxima occurring in this projection. After the intro-
duction of the contribution of the light atoms in the
calculation of the structure factors F¢, the experimen-
tal structure factors F, were compared with the F.

and therefore were put on an absolute scale. By the
same procedure the thermal factor was calculated
(Debye—Waller factor —2-88 A2 for the metal and
3-00 A2 for the light atoms). For the refinement of the
atomic coordinates Cochran’s method of difference
synthesis (1951) was followed. The refinement proce-
dure resulted in the following values for the reliability
factors: R=0-10 for the Ok! reflexions and B=0-09 for
the ROl reflexions. Table 1 lists the observed and cal-
culated structure factors for bis-N-ethylsalicylaldi-
mine-palladium. The final atomic coordinates are
given in Table 2. The electron-density projections on
(010) and (100) are shown in Fig. 1 and 2.

Crystallographic computing

To correct the intensities and to calculate structure
factors and Fourier syntheses we used the Olivetti
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Elea 9000 computer. The crystallographic programs
were previously studied by some of us (Panattoni,
Frasson & Mammi, 1960a, b; Panattoni & Frasson,
1961; Frasson, Grubissich & Panattoni, 1961). The
calculation of the atomic form factors follows the
method of Vand, Eiland & Pepinsky (1957) and the
subsequent modification of Forsyth & Wells (1959).
The program of calculation of the structure factors
used the general formula:

in2
F(hkl) =n > fiexp (—Bi 2;2—6) cos 27t (hxs + ky: +12;) ,
?

which is valid for centrosymmetric space groups. An-
other program for non-centrosymmetric space groups
completed our set of structure-factor programs. The
introduction of the general formula will mean no
appreciable loss of time, owing to the introduction of
all the equivalent positions not correlated by centro-
symmetry operations. In the case of bis-N-ethylsali-
cylaldimine-palladium the calculation of every struc-
ture factor with twelve atoms and two equivalent
positions requires 1} seconds. Also for the two-dimen-
sional Fourier synthesis we have resolved the problem
with two programs, i.e. one program for centrosym-
metric space groups and one for non-centrosymmetric
space groups. In this case the general formula was
replaced by the one containing the products of tri-
gonometrical functions. There must be indicated the
number of structure factors which will be associated
with one particular trigonometrical function (cos cos;
sin sin; sin cos; cos sin), and the number of structure
factors which will be associated with another trigono-
metrical function. The structure factors must be ar-
ranged according to this program of calculation.

Estimation of accuracy

The accuracy of the proposed coordinates was calcu-
lated by the method of Cruickshank (1949). On the
projection on (010) all the atoms give well resolved
maxima, and good values of p and go can be evaluated ;
on the projection on (100) the values of p and g have
been calculated only for the well resolved maxima.
In Table 3 the values of ¢ for the atoms along the
various directions are listed.

Table 3. Standard errors of the atomic coordinates

o(z) a(y) o(z) a(r)

0 0:013A 0011A 0014A 00224
N 0-015 0-013 0-011 0-023
(1) 0-032 0-008 0-026 0-042
C(2) 0-020 0-012 0-023 0-033
C(3) 0-032 0-012 0-020 0-040
C(4) 0-051 0-013 0-031 0-061
C(5) 0-024 0-013 0-021 0-034
C(6) 0-028 0-022 0-023 0-042
C(7) 0-022 0-013 0-016 0-030
C(8) 0-015 0-012 0-021 0-028
C(9) 0-028 0-013 0-029 0-042

Average 0-025A 0-013A 00214 0036 A

Description of the structure

In order to evaluate the planarity of the molecules
the mean plane was first calculated neglecting the
ethyl group. The deviation of the nitrogen atom from
this mean plane was found to be very strong and
certainly greater than the standard error. This atom
therefore was also discarded in the calculation of the
mean plane, because of the probable distortion due to
the steric influence of the ethyl group. The equation
of the mean plane of the remaining atom is:

1-1646x—0-8404 +2=0 .
Table 4. Atomic coordinates of

bis-N-ethylsalicylaldimine-palladium
referred to the axes &, n, ¢

& 7 ¢
Pd 0-0000 0-0000 0-0000
0 —1-1141 1-5897 0-0675
N 1-5280 0-9988 0-2842
() —0-7027 28642 —0-0351
c(2) —1-7595 3-8065 00718
c(3) —1-4701 51511 —0-0342
C(4) —0-1129 55997 0-0001
C(5) 0-9269 4-6322 —0-0055
C(6) 0-6480 3-2783 —0-0071
c(7) 1-7264 22826 0-0652
c(8) 3-0246 0-4196 0-3359
c(9) 3-2402 0-0514 1-7509

Table 5. Bond lengths and angles

Pd-N 1-86+0-02 A / 0-Pd-N 91°
Pd-O 1-04 ¥ 0-02 PA-N-C(7) 133
0-C(1) 1-32+0-04 Pd-0-0C(1) 129
C(1)-C(2)  1-40+0-05 0-C(1)-C(6) 123
C(2)-C(3) 1-40+0-05 C(1)-C(6)-C(7) 1225
C(3)-C(4) 1-42+0-07 C(6)-C(7)-N 121-5
C(4)-C(5) 1-42+0-06 C(7)-N-C(8) 103
C(5)-C(6)  1-39+ 0-05 C(8)-N-Pd 124
C(1)-C(6)  1-40+0-05 C(1)=C(2)-C(3) 120
C(6)-C(7) 1-49%0-05 C(2)-C(3)-C(4) 120
C(7)-N 1-31 +0-03 C(3)-C(4)-C(5) 118
N-C(8) 1-69+ 0-03 C(4)-C(5)-C(6) 121
C(8)-C(9) 1:47+0-05 C(5)-C(6)-C(7) 119
C(6)-C(1)-C(2) 122
N-C(8)-C(9) 107
9
3 2 \ 7
CT“EO“ N 3\ C
N /> A S
4 g \ N CT39 A~
L 119° AN /\? 2
1257 1250 & o I~ C4
6 A3L.C v,
& 1215133, | o~ 1 Qo ‘?/
c—=+N 124 - XA0.C
7 3
\ 5
8C\c
9

Fig. 3. Bond lengths and angles in the molecule of
bis-N-ethylsalicylaldimine-palladium.
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A new set of atomic coordinates has been calculated
with respect to three orthogonal axes &, #, { with the
origin on the Pd-atom; & and # lie in the mean plane
of the molecule, ¢ being normal to this plane. Table 4
lists the atomic coordinates of the atoms referred to
the axes &, %, {. Fig. 3 shows bond lengths and angles
in bis-N-ethylsalicylaldimine-palladium. The fact that
the angles of the six-membered chelate ring add up
to 720° notwithstanding the distortion is due to the
approximation errors. In Table 5, bond lengths and
angles are listed together with the related standard
errors.

Discussion of the structure

The most noticeable feature of the complex is the non-
planarity of the chelate ring. The same phenomenon
was noted with the first complex of this series, bis-N-
methylsalicylaldimine-nickel, for which the structure
examination was made by Frasson, Panattoni & Sac-
coni (1959). In that complex the whole part of the
chelate ring from the C(6) atom to the palladium
atom seems to be involved in the distortion in such a
manner as to create a pyramidal structure of the
bonds of one carbon atom of the benzene ring. In the
present case we have no reason to suppose that the
distortion of the chelate ring is not the same as that
found in the nickel-methyl complex of this series not-
withstanding the low departure of the C(7) atom from
the mean plane. A mean plane calculated for the
atoms Pd—N-C(7)-C(6) and C(8) forms with the mean
plane of the rest of the molecule an angle of 8°20".

In the nickel-methyl complex this angle was about
13°.

Therefore we deduce that there is a relatively high
possibility that the chelate ring can change its struc-
ture to accomodate itself to the structure of the crys-
tals. We propose to check this possibility by examining
other complexes of this series with longer alkyl chains,
in which it seems reasonable to suppose that steric
hindrance will be greater. The bond distances in the
chelate ring are similar to those found in bis-N-

methylsalicylaldimine-nickel and bis-N-methylsalicyl-
aldimine copper except for the metal-involving bonds,
the lengths of which are increased as a consequence
of the increased radius of the metal. The differences
between corresponding bond distances in the chelate
ring of the complexes cited do not exceed 0-05 A. On
the other hand, noticeable divergences of values can
be found on comparing the bond angles in the chelate
rings of the three similar compounds. An extended
discussion on this point with more elements will be
presented with the next paper of this series, in which
the structure of the bis-N-butylsalicylaldimine com-
plexes of copper, nickel and palladium will be pre-
sented.

The form of the benzene ring is a regular hexagon.
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