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The Crystal Structure of Di-z-allyl(dihydropentalenylene)dinickel
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The crystal structure of di-z-allyl(dihydropentalenylene)dinickel,
from three-dimensional single-crystal X-ray photographic data.

(CsHg)Niy(C3H;),, has been determined
The crystal of this compound is composed of

discrete molecular units in the monoclinic space group P2,/a, with two molecules per unit cell with dimensions

of a=8.4514-0.004, b=12.691+0.005, ¢c=5.9764-0.006 A, and f=108.8140.05°.

The calculated and observed

densities are 1.650 and 1.60 g-cm~3 respectively. The structure was deduced from a sharpened Patterson syn-
thesis and was refined by means of the least-squares method to the final R index of 0.121 for 1151 independent

non-zero reflections.

The molecule has a crystallographic center of symmetry; therefore, two nickel atoms which

are complexed in a sandwich fashion between the dihydropentalenylene ring and the n-allyl group take a trans

configuration.

The distances of the nickel atom from the ring carbons range from 2.03 to 2.27 A, the closest

approach being to the three non-bridging atoms of the five-membered ring. The orientation of the z-allyl groups
with respect to the nickel atom is similar to those found in other z-allyl complexes.

In the reaction of (dihydropentalenylene)dilithium
with allyl metal chlorides, Miyake and Kanai have
newly synthesized n-allyl-dihydropentalenylene com-
plexes of nickel, chromium, and zirconium.?) The
NMR spectra of the nickel derivative in CgDg and
benzene indicate the presence of the m-allyl group and
the dihydropentalenylene ring. In order to confirm
the configuration of the complex, the measurement of
the dipole moment was attempted; however, because
of its small value (4=0.65-40.5 D in benzene at 30°C),
no definite conclusion was obtained. Thus, it is not
certain whether the complex has a cis or a trans con-
figuration; therefore, a single-crystal X-ray structure
analysis of the complex was carried out in order to
determine the molecular configuration and the mode
of coordination of the z-allyl groups to the nickel.

Experimental

Di-gr-allyl(dihydropentalenylene)dinickel, (CgHg)Niy(CsHi),,
was prepared by the reaction of (dihydropentalenylene)-
dilithium and bis n-allyl nickel chloride. The complex was
recrystallized from an ether solution as extremely air-sensitive,
deep green monoclinic plates elongated in the b direction.
For the crystallographic analysis, the crystals were sealed

TABLE 1. CRYSTAL DATA

Di-z-allyl(dihydropentalenylene) dinickel, NiyC;H;q
Molecular weight: 301.6
Monoclinic
a=8.45140.004A
5=12.69140.005
¢=5.9764-0.006
B=108.8140.05°
V=606.77A3
D,,=1.60 g-cm™3, D,=1.650 g-cm™3 for Z=2
Systematic absences, A0/ with A=2n+-1
0k0 with k=2n-+1
Space group Cy%,—P2,/a (No. 14)
Linear absorption coefficient for CuKx: y=48.9 cm™1

* Present address: Ehime Laboratory, Toray Industries, Inc.,
Masaki, Ehime.

1) A. Miyake and A. Kanai, Angew. Chem., 83, 851 (1971);
Angew. Chem. internat. Edit., 10, 801 (1971).

into thin-walled glass capillary tubes, under an argon atmos-
phere; therefore, no serious crystal decomposition was found
during the collection of the intensity data. The unit-cell
dimensions were obtained by the least-squares procedure from
measurements on Weissenberg photographs around the b and
¢ axes. The density was measured by flotation in an aqueous
solution of zinc chloride at 25°C. The crystal data are
summarized in Table 1.

The three-dimensional intensity data were collected from
equi-inclination Weissenberg photographs taken with Ni-
filtered CuKa radiation. The multiple-film technique was
used, and zero to seventh layers about the b axis and zero to
fifth layers about the ¢ axis were recorded. The intensities
were estimated visually by comparison with a calibrated

TaBLE 2. THE ATOMIC COORDINATES OF DI-7-
ALLYL(DIHYDROPENTALENYLENE ) DINICKEL,
ALONG WITH ESTIMATED STANDARD
DEVIATIONS IN PARENTHESES

Atom x/a /b zfe

Ni 0.2400( 2)  0.0447( 2)  0.2436( 4)
C (1) 0.0310(20)  0.0080(22) —0.0969(22)
C(2) 0.1818(24) —0.0534(24) —0.0510(28)
C(3) 0.2015(26) —0.1100(26)  0.1537(28)
C(4) 0.0828(24) —0.0789(24)  0.2633(26)
C (5) 0.4234(30) 0.1453 (30) 0.2298 (34)
C(6) 0.3192(28)  0.1835(28)  0.3535(32)
C(7) 0.3078(34) 0.1255(32) 0.5489 (34)

TaBLE 3. THERMAL PARAMETERS (A?) IN THE FORM OF

exp {— (By1h?+ Byok® - Byl + Byshk+ Byshl+ Bogkl) }
(each multiplied by 104, estimated standard deviations
in parentheses)

Atom By, By By B, B, B,;

Ni 33(2) 10(1) 106( 5) —10( 2) 16(5) — 8(4)
C (1) 42(14) 8(5) 85(30) —12(14) —30(34) — 7(22)
C(2) 22(16) 6(6) 85(38) — 1(16) 26(40) —20(27)
C(3) 24(17) 5(7) 69(39) —18(17) —60(42) 30(28)
C (4) 30(15) 3(6) 55(35) —15(16) —11(38) 2(25)
C (5) 46(21) 15(8) 152(49) —40(22) 54(53) —21(34)
C (6) 46(20) 3(7) 144(49) 2(19) 1(51) —26(31)
C (7) 90(27) 15(8) 143(50) —43(25) 119(61) —55(35)
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TABLE 4. OBSERVED AND CALCULATED STRUCTURE FACTORS
The table gives k, k, 10 [Fy|, and 10F in blocks of constant /.

FO FC H

K K FO FC M K FO FC K FO FC H K FO FC
2 8 295 168 1osos2 1 1 48 48 5 139 -131 2 2 419 414
3 8 153 11 23 121 13 311 32 -34 5 229 -276 3z 285 282
48 3 3 118 107 S0 165 134 6 192 159 4 2 260 256
5 8 4 3 343 212 511 210 252 6 201 -176 5 2 196 -222
6 8 5 3 165 75 .1 11 131 -118 6 165 -128 6 2 193 -203
‘18 € 3 168 152 .2 || 49 -34 6 47 16 -1 2 257 298
-¢ 8 T3 176 215 30 71 -12 6 16l 157 -2 z 426 -519
3 8 3 21 67 .41 vy -T1 6 T 5T -3 2 331 -3
‘4 8 3 191 -116 -5 11 11 28 6 117 -150 -4 2 413 3717
5 8 3 127 13 -5 11 83 63 6 21 -5 2 339 296
68 3 115 -B4 745 Il -2 6 35 -20 -6 Z 448 -436
T8 3 431 312 012 334 329 6 43 22 -7 2 215 -192
ch A 3 40 42 112 107 -119 6 32 45 -8 2 204 200
9 8 3 186 -166 212 354 -370 6 loo 8 -9 2 138 155
n 9 479 3 73 0 312 82 12 6 136 -153 -10 2 260 -204
19 658 3 102 97 412 463 509 6 188 -18l o3 38 -9
2 9 3 107 -130 -3 12 193 207 6 147 145 13 154 121
39 30 3 121 -142 212 387 -380 7 457 421 2 3 129 74
4 9 288 4 209 -196 -3 12 46 -59 7 28u -225 3 3 143 -149
5 9 4 646 e3¢ -4 12 337 354 7 286 -228 4 3 168 198
[ 4 525 460 -512 124 137 7 210 i 5 3 25 51
4o 4 763 -704 -6 12 332 -336 7 2.5 231 6 3 162 -220
-2y 4 369 -278 013 178 185 778 -0 -1 3 147 -136
-3 9 463 4 .481 426 113 52 71 7 252 -264 -2 3 23 6
e R O O O S .
I -2e2 413 212 253 P be - -
6 9 412 4 131 -145  .413 108 -124 7 318 -ﬁw -6 3 72 -31
50 4 563 -613 .5 13 154 119 7 30 6 -7 3 292 -255
s 9 4 49 445 014 269 259 7 118 95 .9 3 79 19
i M S R TR e TN ik
- 214 240 -257 - 5
5 10 4 420 -362 314 216 235 7 421 387 I 4 457 -325
610 4 8 45 .y 14 352 384 ¥ T 4y 39 2 4 333 -323
-1 10 4 359 336 -2 14 408 -437 [} l:ll -133 3 4 501 " 561
-2 10 4 264 -264 -3 14 201 -223 1 8 191 157 4 4 267 280
-3 10 4 311 -344 -4 44 285 333 2 8 165 -l3v 5 4 326 -338
-4 10 4 51 6T -514 213 2719 3 8 8y -89 6 4 106 -101
-5 10 5 200 -125 “215 le4 196 4 8 196 207 -1 4 454 449
-6 10 5 426 326 3 8 9 11 -2 4 387 -349
i I IS dia 2 e
3 - - -
1 n 5 226 -186 0 0 142 -121 -3 8 T4 39 -5 4 303 234
211 5 85 40 2 0 310 230 -3 8 190 -133 -6 4 lel -127
31 5 166 154 4 0 229 -200 -3 8 3 27 -7 4 308 -291
AR
i 5 - - ‘a0 - -
-? 1 5 180 10 20 1 -:o -8 g 48 -39 -0 4 102 -113
-3 13 S 46 18 -6 0 141 -136 -9 8 118 122 0 5 112 5
-5 11 5 53 -1T -10 0 165 -180 0 g 5wu 47y 1 5 118 -8l
-6 11 5 209 160 0 1 261 241 19 e -::_l' g : e -gg
-1 5 57 - 3 9 - -
[ 5 2a1 -222 3 3 913 T4 s o9 3w 382 45 15z 140
312 5 265 -202 3 1 449 -384 49 ez 2 5 5 119 132
412 5 121 206 41 178 147 59 3 2 6 5 121 -140
512 5 27 5 1 434 423 -1 9 422 371 -1 5 69 -57
612 5 93 -143 6 1 140 -141 -2 g 178 -131 -2 5 68 -37
-2 12 6 201 155 7 1 188 -211 -3 9 403 -376 -3 5 212 -l62
-3 12 6 736 111 -1 1 765 -870 -4 9 262 208 -4 5 49 26
-4 12 6 35 -38 -2 ) 200 -212 -5 9 291 263 -5 5 68 39
-5 12 6 559 -494 .3 | 437 451 -f; g ﬁ:‘j -:;; -g -‘; ¢ g:
-6 12 6 208 163 .4 1 268 214 - - - -
013 6 288 234 -5 1 619 -664 -8 9 94 92 -8 5 127 -115
113 6 45 -22 -6 1 170 -135 -9 5 50 -33
213 € 175 -192 -7 1 331 309 0 6 176 -164
313 6 44 36 -8 )| 56 30 1 6 373 -322
413 6 762 -897 -9 1 262 -288 3 6 410 440
513 6 32 -9 -10 1 30 -49 4 6 46 36
-1 13 6 857 1012 v 2 126 -107 5 6 267 -310
-2 13 6 583 -561 1 2 205 -122 -1 6 419 374
-313 6 184 -I71 2 2 308 245 ~§ R 42;' “:
-113 6 403 403 3 2 65 14 - -
-5 13 6 32 22 4 2 117 -107 -4 6 174 ;g:
-6 13 6 251 -235 5 2 188 190 -5 6 369 28
214 6 103 -109 ¢ 2 205 210 -7 6 394 —fgz
-1 14 7 25 <18 -1 2 176 -134 8o 432
-2 14 7 140 96 -2 2 162 -113 -g !; :la:g 55
- 7 220 172 -3 -
3:; 7 153 16 : : 15:, ﬁ 1.7 245 :f:ﬁ
115 7 192 -159 .5 2 137 87 z 1 120 6
215 7 209 211 -6 2 243 -222 3 7 151 166
315 7 134 <154 -7 2 49 2 4 7 141 _:0;
-1 15 7 283 221 -8 ¢z 14 84 ! '7' :Zg 108
-2 15 7 35 43 -9 2 17 1A 3 e
-3 15 7 101 73 -10 2 92 -li6 '57* :" :g: les
7 223 -174 0 3 503 450 - !
L2 7 101 -93 1 3 472 447 -8 j', 6: _Z:
7 169 -170 2 3 510 -482 -9 6
7 155 16} 3 3 482 -355 0 8 367 -335
H 7 51 -3l 4 3 502 466 y 8 “3se
4 0 8 523 422 5 3 314 361 § : s 3%
6 0 8 628 565 6 3 250 -281 4
8 0 8 321 -27 7 8 101 -117 _: : 15 s
-2 0 8 250 -208 -1 3 477 -d6s I+ -
4 0 8 343 325 -2 3 480 -483
-3 8 203 -232
-6 0 8 310 275 -3 3 330 313 35 s %
8 o 8 177 -202 -4 3 423 424 -
..5 o 8 671 -553 .5 3 348 -306 _2 : g?‘;‘ -'I’gg
01 8 446 -382 -6 3 300 -265 .
8 575 451 7 197 179 27 8 346 -309
1 a3 -8 8 208 177
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$ (VT P8 i
4 8 -345 -10 96 - . .
s 1 8 330 354 0 4 170 105 _g H i e
£ TR SN DEl
- 9 115 -0 3 4 53 -53 - M
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N o 285 Tles & 4 137 1z 2 0 37 -307 210 282 36e
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- 9 93 -90 7 4 44 -T6 -
1 B iadw dal oo
. 9 216 125 .z 4 341 -272 - 62
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12 9 111 -zf -5 4 163 1_:’: -N‘; Yfgt: —fig
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10 481 -
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intensity scale. The usual Lorentz and polarization correc-
tions were applied to 1151 independent intensities. The
crystals used for the intensity measurement had dimensions
of 0.12%0.25x0.15 and 0.13x0.15x 0.30 mm for the b-axis
and c-axis Weissenberg photographs respectively, which were
cut out from large crystals. No absorption correction was
made.

Structure Determination

Since the unit-cell contains two molecules with the
space group of P2,/a, it is necessary for each molecule
to lie on a crystallographic center of symmetry. The
position of the nickel atom was readily deduced from a
three-dimensional sharpened Patterson synthesis. The
carbon atoms were found on successive Fourier syn-
theses phased initially by the nickel atom. The in-
clusion of these atoms in the structure-factor calcula-
tions reduced the conventional agreement index,
R(=X|F,|—|F.|/32|F,]), from 0.36 to 0.28. The
structure thus obtained was refined by the isotropic
least-squares method; the R index fell to 0.20 after a
few cycles of this refinement. The structure was further
refined by several cycles of positional and anisotropic
thermal parameters refinement, which led to the final
R index of 0.121 for all the non-zero reflections. A
difference Fourier synthesis was then computed in an
attempt to find the positions of the hydrogen atoms.
Some peaks appeared at or near the expected positions,
but not all the hydrogen atoms could be located.
Thus, contributions from the hydrogen atoms are not
included in the structure-factor calculations. Through-
out the refinement of the structure, equal weights were
employed for all the reflections, and the atomic scattering
factors were adopted from the International Tables for
X-ray Crystallography.? The main part of the cal-
culations was performed on the IBM7040 and 360
computers, with the use of the ERFR2 program for
Fourier synthesis®¥ and the HBLS program for struc-
ture-factor and least-squares refinement calculations.®
The positional and anisotropic thermal parameters,along
with their estimated standard deviations, are listed in
Tables 2 and 3 respectively. The final observed and
calculated structure factors are given in Table 4.

Results and Discussion

The principal interatomic bond distances and angles,
along with their estimated standard deviations, are
listed in Tables 5 and 6. A perspective view of the
molecule is shown in Fig. 1, along with the atomic
levels. Figure 2 represents the front and side views
of the asymmetric unit of the molecule in order to show
the mode of coordination of carbon atoms to the nickel.

2) “International Tables for X-ray Crystallography,” Vol. 3,
Kynoch Press, Birmingham (1962).

3) W. G. Sly, D. P. Shoemaker, and J. H. Van den Hende,
ERFR2 Two and Three-Dimensional Crystallographic Fourier
Summation Program, 1962.

4) T. Ashida, HBLS Universal Crystallographic Computation
Program System (I) p. 65, The Crystallographic Society of Japan,
1967.
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The molecule has a crystallographic center of sym-
metry; therefore, two nickel atoms take a frans con-
figuration, with a nickel-nickel distance of 4.31 A. The
nickel atom is bonded to the carbon atoms of the di-
hydropentalenylene ring and of the z-allyl group in a
sandwich fashion. The nickel-carbon distances for the
five-membered ring range from 2.03 A to 2.27 A, the
closest nickel-carbon approach being to the non-bridg-
ing atoms of the ring. The mean Ni-C distance of
2.146 A and the perpendicular distance from the nickel
atom to the best plane of the ring carbons of 1.75 A
can well be compared with the corresponding ones
observed in (7-C H;)Ni(P(CgH,;);) CeH;,® (7-CiH;)Ni-
(P(CgHj;)3)CeF5,9 and other m-cyclopentadienyl nickel

TABLE 5. PRINCIPAL INTERATOMIC LENGTHS ALONG
‘WITH THEIR ESTIMATED STANDARD DEVIATIONS
IN PARENTHESES

Bond Length Bond Length
Ni-C(1) 2.27(3)A C(1)-C(2) 1.44(3)A
Ni-C(2) 2.08(3) C(2)-C(3) 1.38(3)
Ni-C(3) 2.03(3) C(3)-C4) 1.42(3)
Ni-C(4) 2.08(3) C4)-C(1") 1.45(3)
Ni-C(1’) 2.27(3) C(1")-C(1) 1.43(3)
Ni~-C(5) 2.03(4) C(5)-C(6) 1.41(4)
Ni-C(6) 1.92(4) C(6)-C(7) 1.41(4)
Ni-C(7) 2.01(4)

TABLE 6. PRINCIPAL BOND ANGLES ALONG WITH THEIR
ESTIMATED STANDARD DEVIATIONS IN PARENTHESES

Angle
C(1)-C(2)-C(3) 107.2(1.2)°
C(2)-C(3)-C(4) 111.3(1.2)
C(3)-C(4)-C(1") 105.5(1.2)
C(4)-C(1)-C(1) 107.9(1.2)
C(1")-C(1)-C(2) 107.5(1.3)
C(5)-C(6)-C(7) 118.5(1.5)
C(5)-Ni-C(7) 73.5(1.1)

Fig. 1.

A perspective view of the molecule.

5) M. R. Churchill and T. A. O’Brien, J. Ckem. Soc., A, 1969,
226.
6) M. R. Churchill and T. A, O’Brien, ibid., 4, 1968, 2970.



726

I (oo

|c7 [V

Fig. 2. (a) Front and (b) side views of the asymmetric unit
of the molecule showing the mode of coordination of carbon
atoms to the nickel. Center of symmetries are shown by
dots.

complexes.” ') The dihydropentalenylene ring car-
bons are nearly coplanar. The best plane through
the five-membered carbons of the ring is defined, with
respect to the crystallographic axes, by this equation:

0.6605x + 1.1647y + 0.4975z = 0.0218.

The average displacement of atoms from the mean
plane is 0.03 A, with the maximum deviation of 0.05 A
for G(3). The mean carbon-carbon bond length of
1.424 A, and the mean bond angle of 107.9° in the
dihydropentalenylene ring, are comparable with those
expected for the five-membered conjugated ring systems
and are similar to the corresponding values found in
n-cyclopentadienyl rings.1?

As far as the allyl group is concerned, the mean
distance of 1.99 A of the carbon atoms of the =-allyl
group from the nickel atom resembles those found in
other allyl complexes of nickel'®-?% and palladium.16-29

7) R.M. Tuggle and D. L. Weaver, Inorg. Chem., 10, 150 (1971).
8) M. R. Churchill and T. A. O’Brien, J. Chem. Soc., 4, 1970,
161.

9) O. S. Mills and B. W. Shaw, J. Organometal. Chem., 11, 595
(1968).

10) W. Oberhansli and L. F. Dahl, Inorg. Chem., 4, 150 (1965).

11) L. F. Dahl and C. H. Wei, ibid., 2, 713 (1963).

12) P.J. Wheatley, “Perspectives in Structural Chemistry,” Vol.
1, ed. by J.D. Dunitz and J. A. Ibers, John Wiley, New York
(1967) p. 1.

13) M. R. Churchill and T. A. O’Brien, Inorg. Chem., 6, 1386
(1967).

14) M. R. Churchill and T. A. O’Brien, Chem. Commun., 1968,
246.

15) A. Sirigu, Chem. Commun., 1969, 256; Inorg. Chem., 9, 2249
(1970).

16) A. E. Smith, Acta Crystallogr., 18, 331 (1965).

17)  W. E. Oberhansli and L. F. Dahl, J. Organometal. Chem., 3,
43 (1965).

18) G. R. Davies, R. H. B. Mais, S. O’Brien, and P. G. Owston,
Chem. Commun., 1967, 1151.
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The mean carbon-carbon bond length of 1.41 A is
within the range of those previously determined, and
the bond angle of 118.5° is comparable with the values
of 119.6° for dimeric 2-carboxyethyl-z-allylnickel bro-
mide!® and 118.9° for bis(1,2-diphenylphosphino)-

Fig. 3. The crystal structure projected along the b axis.
Small and big circles represent nickel and carbon atoms,
respectively.

o
O

Q
Q

O
)
o
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Fig. 4. The crystal structure projected along the ¢ axis.
Small and big circles represent nickel and carbon atoms,
respectively.

19) R. Mason and D. R. Russel, ibid., 1966, 26.
20) Y. Kitano, T. Kajimoto, M. Kashiwagi, and Y. Kinoshita,
J. Organometal. Chem., 33, 123 (1971).
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ethane-w-metallylnickel bromide.’¥ The equation for
the best plane containing the z-allyl carbon atoms is:
0.7066x + 0.6097y + 0.4419z = 4.2586.

The dihedral angle between this plane and that con-
taining the carbon atoms of the dihydropentalenylene
ring is 18.2° (Fig. 2), which is comparable with the
corresponding value found in bis(cyclopentadienyl)-
2,2'-bi-z-allyl-bis(nickel).2D

The molecular arrangements in the crystal viewed

21) A, E. Smith, Inorg. Chem., 11, 165 (1972).
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along the b and ¢ axes are illustrated in Figs. 3 and 4
respectively. The crystal is built up of individual
molecules of (CgHg)Niy(n-C;Hy),, with the adjacent
molecules held together by van der Waals forces. All
interatomic contacts less than 4.0 A were calculated.
There are no abnormally short distances.

The authors are grateful to Dr. Akihisa Miyake and
Mr. Atsuo Kanai for their kindness in supplying the
compound, and to Mr. Susumu Arai for his aid in the
reflection-data collection.






