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The Crystal and Molecular Structure of Nickel(II)octaethylporphyrin
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The structure of the nickel(II) complex of octaethylporphyrin, Cs¢H4:N4Ni, has been determined by the
heavy-atom method from diffractometer data and was refined by least-squares methods to an R value
of 0-077 based on F2, The cell is tetragonal and cell constants are a=b=14-93+0-01, c=13-84 + 0-01 A.
The space group is I4,/a, Z= 4. The nickel atom exhibits normal, square-planar coordination. The nickel-
pyrrole nitrogen atom bond distance is 1-929 (3) A, the shortest metal-nitrogen bond distance for a
metalloporphyrin found so far. The individual pyrrole groups within the macrocycle are markedly
noncoplanar; each lies at an angle of +14-2° to the nitrogen—nickel plane.

Introduction

The distortion of the porphyrin macrocycle from the
preferred planar configuration has been observed by
various investigators. Effects of geometric changes
upon a biological system are illustrated in the recent
report of Perutz (1970) on the geometric changes of
hemoglobin associated with oxygen binding. The ten-
dency to a tent-shaped molecule of a-chlorohemin was
reported by Koenig (1965). The possibility for non-
planarity was discussed by Hamor, Caughey & Hoard
(1965) who observed gentle ruffling of a nickel(Il)
deuteroporphyrin (NiDeut). The distortions caused by
close proximity of central hydrogen atoms in diacid
and metal-free porphyrins have been treated by Stone
& Fleischer (1968) and by Silvers & Tulinsky (1967).
The latter study observed a slight distortion of a pe-
ripheral pheny! group, attributed to packing forces.
With terminal ethyl groups, octaethylporphyrin
(OEP), like the more frequently studied tetraphenyl-
porphyrin (TPP), may have higher molecular sym-
metry than naturally derived porphyrins. However,
alkyl or aryl groups at the four methene carbon
atoms (e.g., TPP) may offer more steric opposition to
the ideally planar, macrocyclic conjugation of the por-
phyrin than the hydrogen atoms in this study. Also, by
choosing terminal alkyl groups, the packing forces at
the periphery of the porphyrin moiety should be limited
to van der Waals interactions. A potential source of
packing disorder (Hamor et al., 1965) from peripheral
methyl, ethyl, vinyl, etc., groups is avoided by the
choice of eight terminal ethyl groups on OEP. To study
the geometric changes in the macrocycle resulting from
the substitution of various metals and coordination

states, a series of investigations of metal complexes of
OEP was begun.

Experimental
Crystal data and data collection

Crystal data are as follows:

Nickel(IT) octaethylporphyrin, (NiOEP), C3sH 44N, Ni

(by difference synthesis, combustion analysis, and nu-
clear magnetic resonance).

a=b=1493+001, c¢=13-84+0-01 A; D,=1-19
gem™3, D,=1-16 g.cm™ [flotation in Ni(NO,),l,
Z=4, V=3085 A3, F(000)=1264, u=66 cm~! for
Mo Ko (0-71069 A) radiation.

Crystals were supplied by Dr David Dolphin, Har-
vard University. They were dark red, tetragonal di-
pyramids (2nd order). Crystal thickness ranged from
0-246 to 0-294 mm. The space group, /4,/a (No. 88),
was assigned on the basis of absent reflections, the ap-
pearance of the three-dimensional Patterson map, and
the successful solution of the structure. The cell con-
stants and intensities were determined on a Datex
automated GE quarter-circle diffractometer using a
Nb filter. Thirty-four reflections were used in the least-
squares determination of the cell constants and orienta-

tion matrix of the crystal. Measurements were made at
20°C.

Intensities

3127 reflections were measured out to a sin §/4 value
of 0-595 or 25°@; 1205 independent reflections with F?2
greater than 30(F?) were used for the analysis. Equiv-
alent reflections agreed to within 3-4 %. No absorption
correction was made. The appropriate Lorentz—polar-
ization factor was applied to obtain F? values.

Determination and refinement of the structure

Positions for the nickel and nitrogen atoms were found
from the three-dimensional Patterson map; nickel is
at a special position (a), a location with 4 site symmetry.
Approximate starting positions for the macrocyclic car-
bon atomic positions were obtained by superimposing
a porphyrin skeleton on the nickel and nitrogen posi-
tions using the computer graphics program DISPLAY
(Meyer, 1970). A three-dimensional Fourier synthesis,
phased on the ring atoms, permitted the remaining
carbon atoms to be located.

Full-matrix least-squares refinement, minimizing the
function >w(F2—F2)? was carried out first with all
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isotropic thermal parameters and finally with all heavy — The refinement converged with R=3|4FZ%.|/>|F% =
atoms anisotropic; hydrogen atoms were located from 0077 and R'=[Dw(4F2%..q)/2F3)"/*=0-137, where
a difference synthesis and were refined isotropically. AFZ,,o=||F2 sl — | FZarcl]-

Table 1. Miller indices, Fy, F2,
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A correction for anomalous dispersion was made for
the nickel atom, 4F'=0-4 to 0:3; AF""=1-2 to 11 (In-
ternational Tables for X-ray Crystallography, 1962).
Scattering factors from International Tables, Vol. IV
(in the press), were used; nickel was assumed to be in
the zero ionization state.

Hydrogen positions adjacent to terminal ethyl car-
bon atom C(8) had shifted into a distorted tetrahedron
compared with the normal carbon-hydrogen geometry

STRUCTURE OF NICKEL(II)OCTAETHYLPORPHYRIN

of the other terminal ethyl carbon atom, C(7). There-
fore, before the last refinement cycle, more reasonable
positional parameters were chosen for the three hydro-
gen atoms, H(18), H(28), H(38). Additional refinement
resulted in a slight decrease (0-005) in the R value to
the final value of 0-077 and a renewal of the distorted
carbon-hydrogen geometry. All other bond lengths and
angles are normal. The highest point in the difference
(F,— F.)synthesisis0-16 e.A~*and is found at the posi-

Table 2. Fractional atomic coordinates and standard deviations

U is in the from exp (—272 3 as*as*h:h;Uss). 104, Hydrogen B values (x 10) are in column Uy;.
Y

x y z Un Uz Uss Uz Uis Uz
Ni 0-0000 0-2500 0-1250 282 (8) 282 (8) 300 (5) 0 0 0
N 0-1290 (1) 0-2420 (1) 0-1246 (1) 319 (14) 325 (14) 327 (14) 12 (11) 140 —-1(11)
C(1) 0-1896 (2) 0-:3092 (2) 0-1022 (2) 304 (17) 376 (18) 336 (17) =28 (14) 46 (13) —13(14)
C(2) 0-1811 (2) 0-1677 (2) 0-1458 (2) 320017) 391 (18) 279 (17) 14 (14) 2(13) —29 (13)
C@3) 0-2803 (2) 0-2761 (2) 0-1074 (2) 338 (18) 431 (20) 358 (19) =315 32(14) —66(14)
C(4) 0-2757 (2) 0-1892 (2) 0-1371 (2) 310 (17) 451 (20) 343 (19) 15 (14) 5(14) —73 (15)
C(5) 0-3625 (2) 0-3287 (3) 0-0821 (3) 355 (21) 465 (25) 673 (28) —36 (18) 52 (20) —-29 (21
C(6) 0-3508 (2) 0-1239 (2) 0-1537 (3) 326 (19) 512 (23) 516 (24) 39(18) —-59(17) -3(19)
C( 0-3826 (4) 0-3268 (4) —0-0240 (4) 840 (43) 712 (37) 821 (40) —184(34) 432 (35 —49 (31)
C(8) 0:3752 (4) 0-0710 (4) 0-0640 (4) 800 (43) 706 (35) 809 (41) 347 (33) —13(32) -174(32)
C9) 0:1471 (2) 0-0836 (2) 0-1621 (2) 363 (19) 372 (19) 376 (18) 77(16) —12(15) 53 (15)
H©O) 0:186 (2) 0-038 (2) 0-180 (2) 16 (8)
H(15) 0-404 (3) 0-309 (3) 0-114 (3) 26 (11)
H(25) 0-:360 (2) 0-388 (2) 0-106 (2) 12 (8)
H(16) 0-332 (2) 0-085 (2) 0:209 (3) 17 (8)
H(26) 0-398 (2) 0-161 (3) 0:178 (3) 18 (8)
H(17) 0-332 (3) 0-351 (3) —0-060 (4) 36 (13)
HQ27) 0:433 (3) 0-356 (3) ~0:041 (4) 46 (13)
H@37) 0-390 (3) 0-266 (4) —0-047 (4) 53 (14)
H(18) 0:319 (6) 0-026 (5) 0-047 (6) 86 (25)
H(28) 0:378 (5) 0-101 (5) 0-013 (6) 93 (26)
H(38) 0-420 (6) 0:042 (6) 0-080 (6) 52 (28)

Table 3. Anisotropic and isotropic temperature factors
Factors are of the form: exp [—3(3 hshjai*a;* Bij))
ij

A B2 B33 J:3¥) B3 Ji7X)

Ni 223 (1) 2:23 (1) 2:38 (4) 0-:00 (0) 0-00 (0) 0-00 (0)

N 2:52 (11) 2:57 (12) 2:59 (11) 010 (9) 012 (9) —0-01 (9)

C(1) 2-41 (14) 2:97 (14) 2:66 (14) —-0-22 (12) 0-36 (11) -0-11 (11)
C(2) 2-53 (14) 309 (15) 221 (14) 0-12 (12) 0-02 (10) 023 (11
() 267 (14) 3-41 (16) 283 (15)  —025(12) 026 (11)  —0-53 (12)
C4) 2:45 (14) 3-57 (16) 271 (15) 0-12 (12) 0-04 (11) —0-59 (12)
C(5) 2-:81 (17) 3-67 (20) 5-32 (23) —0-29 (14) 0-41 (17) —-023(17)
C(6) 2:58 (16) 4-05 (19) 4-08 (20) 0-31 (14) —-0:47 (14) —0-02 (15)
C(D 6:63 (34) 5-63 (30) 649 (32) —1-45 (27) 3-41 (28) —0-39 (25)
C(8) 6-32 (34) 5-58 (28) 6-39 (32) 2:75 (26) —0-11 (26) —1-38 (26)
Cc©) 2-87 (15) 2:94 (15) 2:97 (14) 062 (13) —0-10 (12) 0-42 (12)

Table 3 (cont.)

B
H(9) 1-60 (0-8)
H(15) 264 (1-2)
H(25) 1-28 (0-8)
H(16) 1-73 (0-8)
H(26) 1-85 (0-8)
H(17) 3-65 (1+4)
HQ7) 467 (1-4)
HG7) 5:31 (1-5)
H(18) 8-68 (2:5)
H(28) 922 (2:6)
H(38) 524 (2:8)

tion of the nickel atom. The ratios of final shifts to
standard deviations were less than 0-1, except for the
Z parameters of C(8) and H(38), which had values of
09 and 3:8. Due to the fact that the other hydrogen
positions behaved normally, the reasons for the un-
usual behaviour of the atoms about C(8) are not clear.
Further refinement did not seem to be justified.

The weights (w) were defined in terms of the statis-
tical variances of the count as o(F?)=[¢? (count)+
(0-05 F2)]'2, w=1/6*(F?). The final value of the stan-
dard deviation of an observation of unit weight is
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S=[S(4F? .s/0(F2[(m—n)]'2=2-07, for m=1205 re-
flections and #n=138 variables.

The observed and calculated squared structure fac-
tors are listed in Table 1. The final positional and
thermal parameters from the last cycle of refinement
are given in Table 2. The final thermal parameters
are shown in Table 3. Table 4 lists the root-mean-square
components of thermal displacement along thel princi-
pal axes of the thermal ellipsoids. Bond lengths and
angles are shown in Table 5. Fig. [ illustrates the num-
bering sequence. Fig. 2 is a stereo view to illustrate the
nonplanarity of the macrocycle.

Table 4. Root-mean-square thermal displacement in A
along the principal axes of thermal-motion ellipsoids

Ni 0-1682 (25) 0-1682 (25) 0-1734 (16)
N 0-1741 (42) 0-1809 (42) 0-1852 (41)
c(1) 0-1642 (51) 0-1863 (49) 0-2003 (48)
C(2) 0-1648 (53) 0-1786 (50) 0-2002 (49)
Cc(3) 0-1763 (52) 0-1826 (50) 0-2200 (48)
C(4) 0-1721 (53) 0-1790 (50) 0-2212 (48)
C(5) 0-1842 (56) 0-2162 (59) 0-2623 (57)
C(6) 0-1740 (57) 0-2260 (54) 0-2328 (56)
c(7) 0-1924 (68) 0-2634 (71) 0-3620 (87)
C(8) 0-1915 (72) 0-2823 (73) 0-3397 (79)
C(9) 0-1642 (58) 0-1959 (50) 0-2143 (51)

Table 5. Bond distances and bond angles

* Corrected for thermal motion.

Ni—N 1929 3) A Ni—N—=C(1) 127-4°
N——C(1) 1-386 (4) Ni——N-—C(2) 1275
N-—C(2) 1-387 (4) N—C(1)-C(9") 1240
C(1)-C(3) 1-444 (5) N—C(2)-C(9) 1240
C(1)-C(9) 1-372 (5) N—C(1)-C(3) 110-7
C(2)-C(4) 1-453 (5) N—C(2)-C(4) 1106
CQ2)-C(9) 1373 (5) C(9)-C(2)-C(4) 125-1
C(3)-C(4 1-362 (5) C(9)-C(1)-C(3) 124-9
C(3)-C(5) 1-498 (5) C(1)-C(3)-C(4) 107-1
C(4)-C(6) 1-504 (5) C(2)-C(4)-C(3) 1066
C(5)-C(7) 1499 (8, C(6)-C(4)-C(3) 1287
C(5)-C(7) 1-528* C(5)-C(3)-C(4) 1277
C(6)-C(8) 1-515 (7) C(2)-C(4)-C(6) 124-6
C(6)-C(8) 1-545% C(1)-C(3)-C(5) 1252
C(9)-H(9) 0-93 (4) C(3)-C(5)-C(7) 112:6
C(5)-H(15) 0-82 (5) C(4) -C(6)-C(8) 113-0
C(5)-H(25) 0-95 (5)

C(6)-H(16) 1-00 (4)

C(6)-H(26) 0-95 (5)

C(7)-H(17) 0-98 (6)

C(1)-H(27) 0-90 (6)

C(1)-H@A37) 0-97 (6)

C(8)-H(18) 1-11 (9)

C(8)-H(28) 0-84 (9)

C(8)-H(38) 0-83 (10)

The following computer programs were used:
DATAPH (Lorentz-polarization), ESORTH (sorting
and averaging data), JIMDAP (version of Zalkin—
Fourier summation program), LINUS [modification of
the Busing, Martin & Levy (1962) ORFLS least-squares
program], ORFFE (function and error, Busing et al.,
1964), O RTEP (thermal-ellipsoid plot) (Johnson, 1965),
and DISPLAY (Meyer, 1970).
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Discussion of the structure

The five atoms in the pyrrole group [N(1), C(1), C(2),
C(3), C(4), Fig. 1] deviate by 0-01 A or less from the
best-fit plane passing through them (Table 6); thus,
the planarity of the pyrrole group is maintained. With
respect to this plane, the bridging methene atoms are
—0-158, —0:178 A from the plane. The two indepen-
dent pyrrole carbon to methene carbon bond lengths
are essentially equivalent, C(1)-C(9)=1:372 A; C(2)-
C(9)=1-373 A.

Table 6. Distance from the mean plane passing through
(a) nickel and four pyrrole nitrogen atoms, (b) five atoms
in pyrrole ring

(a) ()]
Ni 0-000 A —0-026 A
N —0-006 —0-002
(1) —0-316 0-011
C(2) 0-288 —0-007
C@(3) —0-244 —0-015
C(4) —0-167 0-013
C(5) —0-594 —0:091
C(6) 0-398 —0-003
C(9) 0-514 —0-158

Likewise, the independent bond lengths, angles, and
internal geometry of the pyrrole group show a close
relationship, so that the pseudo mirror plane perpen-
dicular to the pyrrole ring and passing through the
nitrogen atom is maintained. The terminal ethyl car-
bon to carbon single (sp?) bond lengths refine to
1-499 (8) and 1:515 (7) A. The inordinate shortening
of these bonds can be partially attributed to thermal
motion. When the bond distance is averaged over the
thermal motions, assuming the terminal atoms [C(7),
C(8)] are riding on the methylene carbon atoms [C(5),
C(6)), these distances are calculated (ORFFE) to be
1-528, 1-545 A.

Another feature of this structure is the virtual plan-
arity (+0-006 A) of the nickel and coordinated nitro-
gen atoms (Table 6). Thus, the square-planar coor-
dination of the complex is maintained.

A distinguishing feature of this structure is the non-
planarity of the macrocycle. As Fig. 2 illustrates, the
adjacent pyrrole rings and the pyrrole rings vis-d-vis
make an angle of 14-2° to the N-Ni coordination sys-
tem and, therefore, the planes are at an angle of 28-4°
to each other. Methene carbon atoms are +0-51 A
from the mean N-Ni plane. This may be compared
with a displacement of +0-06 to —0-07 A from the
mean plane of the porphine skeleton in NiDeut.

A folding of the macrocycle about lines joining op-
posite methene carbon atoms in NiOEP is reminiscent
of the 13° inclination between the planes composed of
pyrrole rings A-B and C-D in a-chlorohemin (Koenig,
1965), or the 9 to 19° angles between planes com-
posed of pyrroline rings A-B and C-D in the corrin
nuclei of vitamin B,, (Hodgkin, 1964), and its coen-
zyme (Lenhert, 1968). More flexibility is evident at the
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methene carbon bridge .han within the pyrrole ring.

Stone & Fleischer (1968) exclude packing forces as
a major factor. They attribute the nonplanarity of the
porphyrin diacid to the steric repulsion of the central
four hydrogen atoms and the electrostatic repulsions
of the pyrrole nitrogen atoms, which have been as-
signed a formal charge of +3. In this study, the coor-
dination of the nickel atom is definitely square planar.
No unusually short intermolecular contact distances
are observed. However, if the pyrrole groups were con-
strained to assume a planar configuration, hydrogen
atoms H(15), H(25), H(16), H(26) of methylene carbon
atoms C(5) and C(6), which are now in a staggered

STRUCTURE OF NICKEL(II)OCTAETHYLPORPHYRIN

configuration, would be brought into close proximity
with similar atoms of adjacent molecules. Close con-
tacts could be relieved only by rotations about the
C-C o bonds [e.g., C(3)-C(5)], which in turn would
bring the terminal methyl hydrogen atoms [H(17)-- -,
H(18)...] into an unfavorable position with respect to
their neighboring H atoms of molecules above and
below. Thus, one can argue that in the course of min-
imizing contacts with neighboring molecules, while
packing as efficiently as possible (a density of 1-16
g.cm? is not all that large), the porphyrin group is
forced into a somewhat strained, nonplanar configura-
tion. An attempt to estimate the forces and couples of

Fig.2. Stereo view of NiOEP viewed 30° from the Z axis as rotated about the Y axis.
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various atoms (Nyberg, 1970) was abandoned, due to
difficulty in determining the appropriate value for the
metal atom and due to the ill-determined hydrogen
positions of H(18)-H(38).

That nonplanarity is not an attribute of the OEP
molecule is demonstrated by the perfectly planar con-
figuration of the macrocycle in the dichlorooctaethyl-
porphinatotin(IV) structure now being refined in this
laboratory by Dr David Cullen (Cullen & Meyer,
1971).

Collins & Hoard (1970) have recently discussed bond
strains in the porphyrin skeleton. Several points in
their excellent paper may be enlarged upon as a result
of this study. First, the Ni-N bond distance (Table 7)
of 1:929 (3) A is slightly (0-031 A) shorter than the
value of 1-960 (4) A reported by Hamor et al. (1965)
for NiDeut and predicted by Collins & Hoard to be
the minimum metal-nitrogen bond distance in a metal-
loporphyrin. The nickel-methene carbon, C(9), dis-
tance is 0-047 A shorter than the distance reported for
NiDeut. The nitrogen-to-a-carbon distances agree
within one standard deviation, as do the a-carbon-to-
P-carbon distances. The p-carbon-to-f-carbon dis-
tances vary by 2-4 standard deviations. Thus, the ge-
ometry of the pyrrole group is largely unchanged.
However, the pyrrole rings appear to be shifted toward
the nickel atom by about 0-03 A. As Collins & Hoard
point out, and as reviewed by Sacconi (1968), the nor-
mal Ni-N bond length f_r diamagnetic, square planar
nickel(Il) ion varies from 1-84 to 1-92 A, depending
on stereochemical constraints. Thus, the 1-929 A bond
here is not markedly different from the 1-92 A bond
reported by Braun & Lingafelter (1966) for the bis-
(N-isopropylsalicylaldiminato)nickel(II) complex. Al-
though the nickel-nitrogen bond length in NiOEP is
longzr by 0-017 to 0-061 A than the compressed ring
system in nickel(II) corrin (Dunitz & Meyer, 1971), it
compares closely with the Ni-N bond lengths (1-87-
190 A) in the sterically more relieved nickel(II) A/D-
seco-corrinoid (Currie & Dunitz, 1971) or the similar
1-83-1-89 A distances in the nickel(II) C/D-seco-cor-
rinoid complex (Dobler & Dunitz, 1971).

Table 7. Comparison of bond distances between this
structure and NiDeut (Hamor et al., 1965)

NiOEP NiDeut
Ni--—N 1-929 (3) A 1-960 (4) A
Ni--—C(9) 3-355 (4) 3402 (4)
N—C(1), C(2) 1-386 (4) 1-383 (3)
C(1)-C(9) 1:373 (5) 1-375 (4)
C(1)-C(3) 1-444 (4) 1-447 (3)
C(2)-C(4) 1-453 (4) 1-447 (3)
C(3)-C(4) 1-362 (5) 1-350 (5)
N—N 2:728 2772

Another measure of the macrocycle’s degree of com-
pression is the distance between adjacent pyrrole nitro-
gen atoms. The 2:728 A distance here is 0-04 A less
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than the average distance of 2-772 A in NiDeut, but
it is greater than the (2:65-2-62 A) distance between
nonbonded nitrogen atoms in the less planar nickel(II)
corrinoid complexes (Currie & Dumtz, 1971). Thus,
if the macrocycle is to relieve the strain built up by the
inward shift of the pyrrole groups, bond angles and
especially the planarity will clearly yield before bond
lengths (e.g., nitrogen to a-carbon or a-carbon to
methene carbon) are greatly affected. The C(1')-C(9)-
C(2) bond angle of 124-1° in NIiOEP is quite similar
to the 122:1-125-2° (average 123-9°) angles reported
for NiDeut.

Thanks are due to Dr David Dolphin for excellent
crystalline samples, to Dr Walter Hamilton and as-
sociates at Brookhaven National Laboratory for the
use of their facilities for part of this study, and to Dr
David Cullen for assistance with the illustrations. This
research was supported, in part, by the Robert A.
Welch Foundation of Houston, Texas.
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