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A Structural Probe of Metal Displacement

L. D, Spaulding, C. C, Chang, Nai-Teng Yu,* and R, H, Felton*

Contribution from the School of Chemistry, Georgia Institute of Technology,
Atlanta, Georgia 30332. Received September 10, 1974

Abstract: Comparison of resonance Raman spectra of D4p and Dzg molecular forms of octaethylporphinatonickel(Il)
(NiOEP) indicates high-frequency bands at 1660, 1609, 1581, and 1524 cm~! are structure-sensitive. Upon deuteration at
the meso carbons two additional anomalously polarized bands appear with a concomitant decrease in intensity of the 1310-
cm™~! anomalously polarized line. The spectrum in solution is consistent with a planar NiOEP structure. Spectra of CuOEP
imply the existence of two molecular forms in this compound. An empirical correlation between the position of the anomal-
ously polarized line at ~1590 cm~! and the distance from the center of the porphyrin ring to the pyrrole nitrogen is applied
to hemeprotein resonance Raman data. It is inferred that out-of-plane displacements of the iron atom are 0.4 A in deoxy-

hemoglobin and 0.3 A in flucromethemoglobin,

The application of resonance Raman spectroscopy to bio-
logical!~S systems is an area of intense activity. The utility
of this technique as a structural probe of the chromophore
in hemeproteins has stimulated several studies’-!! on pro-
tein-free porphyrins and metalloporphyrins. Empirical cor-
relations between the positions of Raman lines and the
metal oxidation state or metal-to-porphyrin plane distances
exemplify some of the information accessible by resonance
Raman spectroscopy. Also, the appearance or shift of lines
permits identification of peripheral substituents, and the de-
pendence of the depolarization ratio of certain lines as the
wavelength of the incident radiation varies is interpreted as
evidence for electronic symmetry reduction,

In a preliminary communication'! we reported on the
structure-sensitive 1590-cm™! line and suggested that the
frequency of this line indicated whether the metal was in-
plane or out-of-plane. In the present work a more .detailed
examination of the influence of the porphyrin structure on
the resonance Raman spectrum is reported. It is found that
the above interpretation to be generally correct but, as an-
ticipated from a consideration of the scattering process,
must be modified to reflect directly a property of the por-
phinato core. From a study of metallooctaethylporphyrins
(MOEDP) it is possible to demonstrate an empirical correla-
tion between the ~1590-cm™! frequency and the distance
from the center of the porphyrin core to the pyrrole nitro-
gen atoms. By examining tetragonal and triclinic crystals of
NiOEP in which the molecular symmetry is D;'2 and
Dyp '3 respectively, a direct influence of structure on the
resonance Raman spectrum is demonstrated.

Experimental Section

Raman spectra were determined using a Spex 1401 double mo-
nochromator, Coherent Radiation Model 52G argon-ion laser, and
photon-counting electronics. Spectra were obtained using 0.5-1.0
mM solution of the porphyrin dissolved in either CH»Cl; or H»O,
in KBr pellets (0.5 mg of porphyrin/200 mg of KBr), or as a crys-
talline powder affixed to transparent tape. There were no differ-
ences in the spectra determined on the tape and in KBr pellets;
however, low laser power levels must be used on the crystalline
samples to avoid decomposition. Spectra were taken with 514.5-,
488.0-, and 457.9-nm irradiation. A rotating cell or platform was
used to prevent photodecomposition of the porphyrin during laser
irradiation. Peak positions are accurate to 2 cm™!. The depolariza-
tion ratio is p = I, /I, where I, and I are the intensities of light
scattered, respectively, perpendicular and parallel to the incident
polarization.

Materials. Dichloromethane was distilled from CaH, and stored
over molecular sieves. Other solvents, gases, and chemicals were
the highest quality available commercially and were not further
purified.

Octaethylporphyrin, HyOEP, was generously supplied by Pro-
fessors D. Dolphin and J. H. Fuhrhop. The Fe(III), Mn(III),
Co(II), Ni, Cu, VO, and Zn complexes were synthesized by con-
ventional techniques'* and purified by chromatography and re-
crystallization. Their electronic absorption spectra agree with pub-
lished spectra. The Sn(IV) complex was prepared using Dolphin’s
procedure,!® and the Zn porphyrin was obtained via Fuhrhop’s
preparation.!6 An aqueous solution of the protoporphyrin IX iron-
(III) ligated by cyanidel7 was prepared at pH 10.8 with a large ex-
cess of ligand. An optical spectrum of the solution agreed with the
published spectrum. The protoporphyrin IX iron(II) complexes
were formed!® by addition of excess dithionite to aqueous solutions
of the ligated ferric porphyrin. A solution of pyridine protoporphy-
rin IX iron(II) was prepared at pH 6.8 by solubilizing the porphy-
rin with 3% sodium dodecylsulfate. FellOEP(L);, L = imidazole or
pyridine, were synthesized by a procedure of Kobayashi.l?
CoMOEPX, X~ = Br~ or ClO4~, were obtained by bromine oxi-
dation or electrolysis.2?

Samples of the two crystal forms of NiOEP were obtained with
the conditions reported by Cullen and Meyer;!%13 however, the
preparation of the tetragonal form was contaminated with triclinic
crystals. The long needles, characteristic of the triclinic crystal,
were removed manually. Triclinic crystals were prepared with hex-
ane-dichloromethane solutions. Densities of the crystals agree with
reported values.

Octaethylporphyrin-meso-ds. This compound was prepared?!
from H,OEP-A4 by exchange in D2SO4-D,0. After one exchange
a minimum of 94% deuterium incorporation at the meso carbons
was observed (!H NMR spectrum).

Octaethylporphinato-meso-ds-nickel(II). The nickel was inserted
in pyridine solvent. Following metal insertion, the solution was
added to water and NiOEP extracted into CH»Cl,. The solution
was washed five times with water, dried over NaySOy, and filtered,
and NiOEP crystallized from a CH,Cl;-hexane solution. The
crystals were dried in vacuo at 150°, Deuterium incorporation at
the meso carbons was 1 (d), 4 (d2), 9 (d3), and 86% (dy).

Chlorooctaethylporphinato-meso-ds-iron(III). Synthesis is the
same as for the nickel compound, except DMF was employed as
solvent, Deuterium incorporation was 92% (mass spectrum).

Nitrosyletioporphyrinatocobalt. NO was bubbled slowly for 10
min into a CHCls solution of cobaltous etioporphyrin I. Stirring
was continued for an additional 30 min under the NO atmosphere.
Argon was bubbled through the solution to remove excess NO,
methanol was added, and after 2 days dark purple crystals were
formed. The crystals were filtered and washed with methanol: ir
(KBI‘) 1665 cm™! (NO) Anal. Caled for C33H36CoNsO: C, 69.94;
H, 6.56; N, 12.75. Found: C, 69.75; H, 6.23; N, 12.62.

Nitrosyloctaethylporphyrinatoiron. To a solution containing 20
mg of Fe'OEPCI, 12 ml of CHCl3, and 6 ml of CH30H, 50 mg
of NaBH, was added. NO was bubbled slowly through the solution
for 15 min. The solution was stirred under the NO atmosphere for
1 hr. The solution was filtered and reduced in volume to about 5 ml
on a steam bath, and 20 ml of CH3OH was added. After cooling,
the dark purple crystals appearing were filtered and air-dried giv-
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Figure 1. Resonance Raman spectra of crystalline and solution samples
of NiOEP-h4 (irradiated at 514.5 nm).

ing 12 mg (60%): ir (KBr) 1671 ecm™! (NO). Anal. Calcd for
C36H44FeNsO: C, 69.90; H, 7.12; N, 11.32. Found: C, 69.80; H,
7.00: N, 10.02.

Octaethylporphyrinatocarbonylpyridineiron(II). A mixture of 40
mg of Fe!"OEPCI, 6 ml of CH;0H, 1.2 ml of pyridine, and 12 ml
of CHCI; was refluxed under an argon stream for 20 min. Then 50
mg of NaBH4 was added and refluxing continued under a slow
stream of CO. After 3 hr, 25 ml of CH3OH saturated with CO was
added and the solvent removed by distillation. When the tempera-
ture reached 60°, 25 ml of CH30OH saturated with CO was added.
The solution was cooled in an ice bath and filtered, and the purple
crystals were washed with CH3OH and air-dried on the filter
yielding 35 mg (85%): ir (KBr) 1962 cm~! (CO). Anal. Calcd for
C42Hy4oFeNsO: C, 72.50; H, 7.10; N, 10.07. Found: C, 72.81; H,
7.49; N, 9.62.

Results

Spectra of the triclinic and tetragonal crystal forms of
NiOEP-meso-h4 together with the CH>Cl, solution spec-
trum are shown in Figure 1. Either crystal form when dis-
solved resulted in identical solution spectra. Reduced laser
power levels must be employed during recording of the crys-
tal spectra. The tetragonal form, containing a molecule of
nitromethane, was particularly sensitive to degradation; the
reduced power used is responsible for the decreased S/N
ratio shown in the spectrum. Similar spectral features are
displayed in Figure 2 for crystalline and solution sample
spectra of NiOEP-meso-ds. Comparison of spectra of the
triclinic crystals as a crystalline powder or embedded in a

larized lines (p) have p < 3, depolarized lines (dp) have p
= 3, and anomalously polarized (ap) lines are character-
ized by p > 3.

Enhancement of polarized line intensity by irradiation at
457.9 nm with concomitant diminishment of dp and ap line
intensity aids in the assignments listed and establishes in so-
lution spectra the presence of overlapping bands at 1600
and 1310 cm~!. Identification of lines is greatly aided by
examination of the NiOEP-d4 spectra in which, for exam-
ple, a shift of the 1603 (ap) cm™! band present in the
NiOEP-A4 solution spectrum exposes clearly an underlying
1602 (p) cm™! peak.

Besides band shifts, deuteration at the meso carbons in-
duces (1) the appearance of two new anomalously polarized
bands in addition to the four ap bands commonly observed
and (2) intensity changes in the ap bands. New ap bands
are noted at 1263 and 1202 cm™' with thé latter appearing
prominently in the 7, spectrum. A striking decrease in 7 |
intensity is seen in the 1313-cm™! (ap) vibration. These
changes are noted also in the FeOEPCI-dy4 spectrum (Table
10).

In Figure 3 the resonance Raman spectra are given of (a)
CuOEP crystals embedded in a KBr pellet obtained from
D. Dolphin, (b) CuOEP crystals prepared from CH>Cl,-
hexane solution, and (c) a solution spectrum of CuOEP.
The same solution spectrum was obtained with either
CuOERP preparation. Also, the spectrum shown in Figure 3a
was observed when the same crystal sample was irradiated
without the KBr support. The most striking feature is the
multiplicity of lines shown in Figure 3a when compared to
the simpler crystalline or solution spectrum. By analogy to
the spectral shifts observed in the NiOEP spectra, we con-
clude that CuOEP sample supplied by D. Dolphin is a mix-
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Table I. Resonance Raman Spectra of NiOEP4
NiOEP triclinic (D) NiOEP tetragonal (D,4) NiOEP soln (CH,CL,)
H D H D v
1660 (s, dp) 1650 (s, dp) 1641 (s, dp) 1634 (s, dp) 1654 (s, dp) 1647 (s, dp)
1602 (s, 7p) 1595 (s, p) 1600 (s, p) 1600 (s, p) 1602 (s, p)
1609 (s, ap) 1588 (s, ap) 1590 (s, ap) 1571 (s, ap) 1603 (s, ap) 1584 (s, ap)
1581 (m, dp) 1586 (s, 7) 1573 (m, dp) 1572 (s, dp) 1575 (s, dp) 1578 (s, dp)
1524 (m, p) 1519 (m, p) 1512 (m, p) 1509 (m, p) 1519 (m, p) 1514 (m, p)
1491 (w, dp) 1480 (w, dp) 1480 (w)
1466 (w, dp)
1408 (m, dp) 1406 (m, dp) 1404 (m, dp) 1407 (m, dp) 1408 (s, dp) 1408 (s, dp)
1393 (w, ap) 1395 (s, ap) 1396 (s, ap)
1382 (s, p) 1382 (s, p) 1382 (s, p) 1384 (s, p) 1382 (s, p) 1383 (s, p)
1334 (w) 1334 (w) 1313 (m) 1329 (m, dp)
1311 (m, ap) 1312 (w, ap) 1311* (m, ap) 1312 (w, ap) 1310 (s, ap) 1314 (m, ap)
1274 (w, dp) 1274* (w, dp) 1276 (w, dp)
1258 (w, dp) 1259 (w) 1258* (w, dp) 1260 (w) 1260 (w, dp) 1263 (m, ap)
1219 (w, dp) 1218* (w, dp) 1219 (s, dp)
1202 (w, ap) 1204 (w, ap) 1202 (s, ap)
1184 (w, dp) 1185 (w, dp) 1187 (m, dp)
1160 (m, dp) 1159 (m, dp) 1160 (m, dp) 1161 (m, dp) ~1160 (over- ~1160
lapped with a
solvent band)
1139 (w, p) 1136 (w, p) 1138* (w, p) 1139 (w, p) 1140 (w, p) 1141 (w, p)
1124 (w, ap) 1127 (w, ap) 1120 (s, ap) 1129 (s, ap)
1108 (w) 1109 (w) 1107* (w) 1109 (w) 1110 (w) 1111 (w)
1025 (m, p) 1025 (m, p) 1025 (m, p) 1025 (m, p) 1025 (s, p) 1025 (s, p)
958* (w) 959 (w) 964* (w) 965 (w)
943* (w)
904* (w) 899* (w)
844* (w)
802* (w) 769 (w) 803* (w) 798 (w) Masked by solvent
773 (w) 774% (w) 773 (w)
761% (w) 763 (w)
749%* (w) 755 (w) 749% (w)
673* (w) 686 (w) 673% (w) 680 (w)
668 (w) 609* (w) 667 (w)
551% (w)
526%* (w)
481% (w)
353* (w) 349 (w) 352% (w) 348 (w)
276* (w) 274 (w) 283%* (w)
242 (w)
225% (w) 236 (w) 243% (w) 219 (w)

a Spectra were taken with crystalline samples excepting lines marked by an asterisk; these were measured with a sample in KBr support.

ture containing two molecular forms of CuOEP. We have
been unable in this laboratory to prepare a sample which
exhibits the 1660 (dp), 1605 (ap), and 1513 (p) cm™!
bands. That a simple solution spectrum is found when this
sample is dissolved obviates impurity contamination.

Generally, the spectra of the metalloporphyrins were
taken with KBr pellets for uniformity of comparison and to
reduce the fluorescence background of complexes contain-
ing a closed-shell metal. Exceptions are four iron protopor-
phyrin IX complexes which were examined in aqueous solu-
tion and low-spin iron(II) complexes. The latter were pre-
pared by reduction of a CH,Cl, solution of the ferric form
with methanolic NaBH4 or aqueous sodium dithionite solu-
tions. Manipulations were carried out in an oxygen-free en-
vironment.

Discussion

Description of the Scattering Process. Peticolas’ theo-
ry*?2 of Raman scattering yields the following expression
for the scattering tensor near resonance.

[ 8H )
M, “i(ﬁ)o[A>Mzkj<l[£[0>
S, +Q—v +inMy, —v + 1)

)

a,-j =

Heré M, is the electronic dipole moment element along /
= x.,y.z for transitions from the ground electronic state g to
an excited electronic state u; v, and vy are the excitation

frequencies to the excited states x4 and X; v and Q are the in-
cident photon and vibrational frequencies, respectively. 7 is
a damping constant. Vibronic coupling between excited
states is effected by the operator (aH/a£)o with ¢ the vibra-
tional coordinate. The matrix element (1/£§0) is the vibra-
tional transition moment in the ground state g.

In metalloporphyrins with D4, molecular symmetry the
excited states are E, symmetry.?? The medium intensity,
visible Q bands and intense B (Soret) band characterizing
the electronic absorption spectra arise from configuration
interaction.

Vibrations of ajg, asg, big, or byg symmetry can appear in
the resonance Raman spectrum corresponding, respectively,
to polarized, inversely polarized (p = «), and depolarized
lines. The increase in intensity of a;z (polarized) modes as »
increases toward vp is ascribed? to the 4 = A = B state term
in eq 1. However, appearance of the remaining vibrations
requires a mixing sequence, u # A. Their intensity is max-
imized when the factors in the denominator of eq 1 are each
at a minimum, that is, when v is at a frequency of the 0-0
or 0-1 electronic transition. Predicted maxima are observed
in hemeprotein?* and in nickel or copper mesoporphyrin IX
dimethyl ester spectra!® upon irradiation of the Q band.
Reference to the symmetry indicators of McClain?® shows
that lowering of molecular symmetry from Dgy to Dag will
not induce mixing of the antisymmetric tensor component
with the isotropic or symmetric components. Thus, classifi-
cation of a line as polarized, depolarized, or anomalously
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Table II. Resonance Raman Spectra of FeOEPCI and CuOEP
FelllOEPCI (KBr) FelllIQEPCI soln (CH,CL,)
H D H D CuOEP crystal CuOEP soln (CH,CL,)
1630 (s, dp) 1620 (s, dp) 1632 (s, dp) 1620 (s, dp) 1638 (s, dp) 1638 (s, dp)
~1525 (s, p) 1585 (m, 7) 1593 (s, p) 1591 (s, p)
1568 (s, ap) 1552 (s, ap) 1567 (s, ap) 1553 (s, ap) 1585 (s, ap) 1584 (s, ap)
1562 (s, dp) 1560 (s, dp) 1561 (m, dp) 1560 (s, dp) 1569 (s, dp) 1570 (s, dp)
1486 (m, p) 1523 (w, p) 1473 (7 1505 (m, p) 1504 (m, p)
1457 (w, dp)
1454 (m, p)
1407 (s, dp) 1403 (s, dp) 1407 (s, dp) 1406 (s, dp) 1405 (m, dp) 1406 (s, dp)
1393 (m, ap) 1393 (m, ap) 1394 (m, ap) 1394 (w, ap) 1395 (w, ap)
1378 s, p) 1375 (s, p) 1376 (s, p) 1376 (s, p) 1379 (s, p) 1379 (s, p)
1312 (s, ap) 1313 (m, ap) 1308 (s, ap) 1315 (w, ap) 1316 (m, 7 1316 (s, ap)
1279 (w, p) 1262 (m, p)
1267 (w, ap) 1267 (w, ap)
1214 (m, dp) 1213 (m, dp) 1213 (w, dp) 1208 (w, dp)
1203 (s, ap) 1204 (w, ap)
1189 (w, dp) 1189 (w, dp)
1160 (s, dp) 1158 (s, dp) 1159 (s, dp) 1159 (s, dp) 1162 (m, dp) ~1160 (masked by CH,Cl,)
1141 (m, p) 1139 (w, p) 1138 (m, p) 1137 (w, p)
1126 (m, ap) 1129 (w, ap) 1126 (w, ap) 1130 (w, ap)
1028 (m, p) 1028 (s, p) 1028 (w, p) 1030 (m, p) 1025 (m, p) 1025 (m, p)
964 (m, p) 965 (w, p)
937 (w, p) 935 (w) 958 (w)
812 (w) Masked by solvent 805 (w) Masked by solvent
786 (w) 783 (w) 767 (w)
752 (m, p) 751 (w)
736 (w)
676 (w) 686 (w) 679 (m)
354 (m, p) 353 (w, p) 358 (w)
310 (w) 322 (w)
274 (w) 274 (w)
220 (w) 233 (w) 232 (w)
% (605 ] ized vibration or, in cases of low molecular symmetry, mix-
1638 Cull) OEP ; ing of the scattering tensor components.2
. w1 | ‘ Nickel and Copper Porphyrins. Comparison of the recent-
@ Kgr : 158 ly reported!© resonance Raman. spectrum of nickel meso-
R ! porphyrin IX dimethyl ester with NiOEP (Dan solution)
- ‘|/5¥n L N | shows close correspondence for the majority of observed
1 { lines; this result is anticipated since all §-pyrrole carbon
P i atoms are substituted by alkyl or effectively alkyl groups
‘ - (propionic acid ester). A shift of ca. 4 cm™! in the peak
"6g5 310 maxima of solution spectra of the two nickel compounds is
kL ascribed to the differing solvents employed: carbon disulfide
T P e and methylene dichloride. The present results, however,
el ‘ st point to an unresolved component at 1313 cm™! which over-
r— B o Cra T - === laps with the 1310 (ap) cm™! line used previously as an ex-
U e ‘ ample!®?7 for which dispersion in p was interpreted in
w05 terms of reduced molecular symmetry. The 5-cm™! shift ob-
: SR . 138 served in CH,Cl, solution spectra (Figure 4) of nickel etio-
D e A ) porphyrin I clearly indicates structure in this band. The ob-
b h ' Sl | served behavior of p increasing to a maximum as v passes
g Gl ! through the Q 0-0 and 0-1 bands, then decreasing as v falls
1638 s between »q and vg could be equally as well explained by ac-
i MSOG ! cidentally degenerate polarized or depolarized and inversely
1 '59||5m ' 1316 polarized lines. In the earlier studies this possibility was
e ‘ noted, but no evidence was found of two components in
L - e e 1310-1313-cm™! line. Since the spectral pattern observed
P -7 in solution indicates D4y symmetry for NiOEP (vide infra),
. ! ! . — we doubt that wavelength dependence of p for this band
1600 [Le]o] 1600 oo cm!

Figure 3. Resonance Raman spectra of CuOEP (irradiated at 514.5
nm): (a) sample supplied by D. Dolphin; (b) sample obtained from
CH,Cl,-hexane solution; (¢) CHCl, solution sample of a or b.

polarized is valid in D24 symmetry. The term anomalously
polarized (ap) has been introduced to indicate an apprecia-
ble | component in a line which has 7| > I|. The I| com-
ponent for an ap line may be due to accidental degeneracy
of an inversely polarized line with a depolarized or polar-

implies lowering of electronic symmetry.

By altering the structure of NiOEP (Table I1) it is pos-
sible to identify those resonance Raman bands which dis-
play frequency shifts. Reference to Table I yields the obser-
vation that the high-frequency bands are structure-sensi-
tive; in the NiOEP-#4 complex of D4y, molecular symmetry
the 1660-, 1609-, 1581-, and 1524-cm™! lines are shifted to
1641, 1590, 1573, and 1512 cm™!, respectively, in the Dyg
form. Similar shifts are noted in the NiOEP-d4 complexes.
Below 1500 cm™!, with the possible exception of the 958-
cm™! band, lines are not structure-sensitive.
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Figure 4. Resonance Raman spectra of etioporphyrin I nickel(II) (irra-
diated at 514.5 nm): (a) crystalline sample; (b) CH,Cl, solution sam-
ple; (c) crystals in KBr support.

Table III.  Average Bond Lengths (&) in Nickel Porphyrins
Bond NiOEP¢# D, 4 NiOEP,b D,
Ni-N 1.929 (3) 1.958 (2)
C,-N 1.386 (2) 1.376 (6)
Ca—Chy 1.372 (2) 1.371 (4)
Ca—Cp 1.449 (5) 1.443 (3)
Cp-Cy 1.362 (5) 1.346 (2)

aReference 12; averaged, chemically equivalent bonds. » Refer-
ence 13. ¢Figures in parentheses are root mean square standard de-
viation of the average. Numerical value refers to least significant
figure.

Preliminary results of a normal coordinate analysis of
NiOEP (D) by Abe, Kitagawa, and Kyogoku,23 using the
force constants of Ogoshi et al.,?® indicate that with the ex-
ception of the ajg vibration, the high-frequency modes
shown in Table IV share a common feature of possessing a
total of ~60-80% contribution from » (C,~Cy) and » (Ca-
N) or 8 (C4C,N) where Cy, is the methine carbon and C,
and Gy are, respectively, the a- and B-carbon atoms of pyr-
role. (See Figure 5 for the labeling scheme of MOEP.) The
1660 (dp) and 1609 (ap) cth—! lines which display the
greatest shift contain the largest percentage of v (C,-Cp),
~70%. The bands are shifted by 19 cm—! to lower frequen-
cies in the Dyz molecular form. On the other hand, the 1602
(p) cm—! of NiOEP-d, contains reduced amounts of » (C,-
Cm) (~15%) or v (C,-N) and is not structure-sensitive.

The contribution of » (Ca-Cr) to the aj, vibration has
been noted earlier' and with inclusion of » (C,-N) or §
(CpC,N) contributions stresses the importance of the inner
16-membered ring of metalloporphyrins.3® Presumably,
changes in the relevant force constants rather than kine-
matic effects dominate the observed shifts. Hoard’s analy-
sis3! of metalloporphyrin stereochemistry lends credence to
a view that structural changes in the porphinato core due to
retention of planar pyrrole units will modulate the geometry
of the 16-membered inner ring and thus induce vibrational
frequency shifts. In the present instance Ss ruffling is the
structural modification of the porphinato ring which yields
Raman shifts; however, evidence is adduced later which
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Figure 5. Labeling scheme for the porphinato moiety.

Table IV. Important Internal Coordinates Contributing to the
Potential Energy of Normal Modes above 1500 cm™ in NiOEP
2

Obsd
Symmetry (CH,CL) Internal coordinates
byg 1654 v (Ca-Cmp) >> v (Cy-Cp) ~ 8
(CpCaN) > v (Cp-Cp)
2, 1603 v (Ca-Cm) >> v (C3-N)
ag 1600 v (Cp-Cp) >> v (C4—Cpy) ~ 6 (CpC,yN)
bae(?) 1575 v (C4=N) > v (Ca—Cpp)
ag 1519 v (Cy3=N) > v (C3-Cyp)

aReference 28.

implies that expansion of the 16-membered ring will also
lower the Raman frequencies.

A striking effect of deuteration is the appearance of two
additional anomalously polarized bands at 1263 and 1202
cm~! (CH,Cl,) with a concurrent decrease in intensity of
the 1310-cm™! line. These bands are also observed in
FeOEPCl-ds (Table II), and the 1202-cm™! band in this
complex has been reported by Kitagawa et al32 The re-
duced intensity of the unshifted 1310-cm™! line relative to
that of the 1395-cm~! peak is not caused by NiOEP-/4
which is present in less than 1% amount. It is possible that
the 1 and 4% amounts of NiOEP-d; and -d,, respectively,
are responsible for the 1310-cm™! line; however the shift to
1315 em™! in FeOEPCl-d4 when compared to 1308 ¢cm™!
FeOEPCI-A4 implies that the weak anomalously polarized
band is associated with the fully deuterated complexes. If
this point is correct, then there are three anomalously polar-
ized lines at 1395, 1310, and 1120 cm™! which are not in-
fluenced appreciably by deuteration at the Cp, carbon. It is
generally agreed?®3233 that the contribution of & (Cp-H) is
greatest to the ay modes lying in the 1100-1500-cm~! re-
gion; therefore, it is surprising to note that two or possibly
three modes are altered slightly by deuteration.

In the low-frequency region of the spectrum, we cannot
find persuasive evidence for metal-nitrogen stretching. The
change in Ni-N bond length from 1.958 (2) A34 in the D4y
molecule to 1.929 (3) A would be reflected in a frequency
shift for this internal mode. An ir band at 348 cm™! was
suggested?® as containing a Ni-N stretch contribution, but
we find no shift in this frequency region for either the ir or
resonance Raman spectrum when the two NiOEP crystal
spectra are compared. Possibly the line at 225 cm™! is shift-
ed to 243 cm™! as the Ni-N distance is decreased, but this
line also moves upon deuteration. The difficulty in observ-
ing Ni-N frequencies in resonance Raman spectra is antici-
pated for these modes couple weakly with the =* < 7 exci-
tations.
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Table V. Frequencies of Structure and Oxidation Sensitive Bandsa

Distance from

v, cmT ——

~——Bond length, A———

Compound N plane dp ap p p Ca—Cmy Cy-N Ref
(FeOEP),0 0.50 1630 1570 1494 1375 1.400 (10) 1.377 (8) 40
VOELtio 0.48 1635 1574 1500 1380 1.38(2) 1.39(2) 41
FelllProto DMECI 0.475 1634 1575 1496 1375 1.378 (17) 1.388 (19) 42
IellIOEPCI 0.455 1630 1568 1486 1378 1.377 1.395 43
ZnQEP 0.33 1622 1565 1493 1375 1.406 (2) 1.369 (2) 44
MgOEP 0.27 1610 1558 1482 1379 141 (1) 1.37 (1) 45
MnOEPCl1 0.27 1642 15915 1510 1379 46
1ellQEP(NO) 0.21 1648 1593 1514 1380 1.388 (4) 1.379 (3 47
CollOEP(NO) 0.09 1656 1605 1521 1382 1.391 (3) 1.381 (4) 48
ColllQEPBr ¢ ? 1661 1579 1519 1380
AgOEP 0 1601 1550 1482 1367
SnOEPCI, 0 1601 1545 1382 1.386 (5) 1.379 (5) 49
CuOEP 0 1638 1585 1508 1379 1.389 (4) 1.381 (10) 39
NiOEP (D,4) 0 1641 1590 1512 1382 1.372 (2) 1.386 (5) 12
RALE tio(DMA),Cl 0 1635 1578 1496 1382 1.39 (1) 1.37 (1) 50
NiOEP (D,) 0 1660 1609 1524 1382 1.371 (4) 1.376 (6) 13
FelllOEP(Im),Cl 0 1643 1592 1509 1380 1.392 (9 1.378 (8) 51
FellLtio(Py), 0 1625 1587 1502 1367 1.369 (1) 1.384 (2) 52
FellIQEP(CO)(Py) 0 1636 1590 1503 1380
CollTQEP(OH)(Im) ~0 1649 1598 1514 1382
CollIQEPCIO ¢ ~0 1651 1598 1516 1386
CollQEPe ~0 1651 1601 1515 1383
CollOEP ~0 1655 1604 1518 1382
FellProtoDME(Py),¢ 0 1623 1586 1496 1363
I'ellProtoDME(Im),¢ 0 1624 1587 1495 1364
FellProto(lm),d 0 1623 1587 1495 1362
FellProto(Py),d.¢ 0 1624 1587 1497 1362
FellProto(CN),4 0 1623 1590 1498 1363
LellIProto(CN),4 0 1639 1585 1509 1378

4Tn KBr matrix. ® Measured with $60.0-nm jrradiation. ¢In CH,Cl, solution. dIn aqueous solution, pH 10.8. €1n 3% SDS, pH 6.8.

We note that the solution spectrum of NiOEP is that of
the D4y planar form examined in the solid phase. [The fre-
quency displacement (1-6 cm™!) observed in CH,Cl; is sol-
vent-induced, since nickel etioporphyrin I which has a spec-
trum, above 1100 cm™!, identical with the NiOEP Dy
form in the solid also exhibits (Figure 4) a slightly shifted
spectrum when dissolved in CH>Cl,.] Thus, observation of
the identical spectrum when the D,z crystals are dissolved
indicates the molecule, relieved of packing constraints and a
neighboring nitromethane molecule, assumes a planar con-
figuration: an experimental confirmation of the assumption
by Hoard.?'

When crystals of CuOEP evincing a spectrum containing
depolarized bands at 1660 and 1638 cm™' are dissolved, it
is the molecular form whose spectrum displays the lower
frequency line which is stable in solution. This behavior
contrasts with the appearance of the high frequency 1654
(dp) cm™! peak in solution spectra of planar NiOEP. Crys-
talline modifications of the free base of «,8,v,8-tetraphenyl-
porphyrin are known; the triclinic form is approximately
planar®® while ruffling of the porphyrin is observed in the
tetragonal form.® The «,8,y,5-tetraphenylporphyrin-
copper(II) crystal is isomorphous®” with the free base tetra-
gonal form, suggesting that this metalloporphyrin is ru-
ffled.’® On the other hand, «,8,y,6-tetra(n-propyl)porphyr-
incopper(II) is approximately planar.3® Thus, the appear-
ance of two molecular forms of CuOEP as inferred from the
resonance Raman data is quite reasonable. X-Ray structur-
al determination of CuOEP would be quite interesting, in-
asmuch as analogy with the NiOEP example would imply
that the ruffled form of the copper complex is stable in solu-
tion; nonetheless, we assign the solution spectrum to a pla-
nar form, there being no apparent reason for the retention
of a ruffled core in solution.3!

Structural Implication. Collected in Table V are frequen-
cies observed in metalloporphyrins of both the structure-

sensitive bands and the 1380 (p) cm™! line advanced as an
oxidation state marker in hemeproteins.!»3 Listed also is the
distance from the metal to the basal nitrogen plane; the dis-
tance d(Ct-M) will be referred to in subsequent discussions
of out-of-plane displacement of metal atoms. Structural pa-
rameters are generally obtained from metallotetraphenyl-
porphyrin data. In view of the lengthening®® of the metal to
Cm distance upon meso substitution, bord lengths only are
meant to be indicative when applied to MOEP complexes.

Examination of the Raman data shows that. the differ-
ence between the highest frequency depolarized and anom-
alously polarized lines is relatively constant at 54 + 4 cm™!
excepting values from Co!''OEPBr and iron(IT) complexes.
The constancy reflects the large and almost equal contribu-
tions of » (C4-Cp) to the two modes. Also, excepting
AgOEP and iron(II) complexes, the 1380 (p) cm™' line is
remarkably insensitive to the central metal. In the cited
complexes the polarized line is at 1364-1367 cm™!, a fre-
quency region observed earlier! for ferrocytochrome c
(1362 cm™') and deoxyhemoglobin (1358 cm~!). There is
no specific environmental influence on this polarized line
since solid, CH,Cl5, or aqueous solution samples of the low-
spin iron(I) compounds exhibit the 1364-1367-¢cm™" fre-
quency. In view of anticipated differences in charge density
migration from the various metal ions to the porphyrin skel-
eton and in view of the invariance of the 1380-cm™! value
obtained with the metal ions examined here, it appears that
the charge distribution about the iron(I) atom is not the
fundamental factor in positioning this line.

We have suggested earlier that when the a,,; frequency
was greater than 1580 cm™', the metal was in-plane. The
larger set of resonance Raman and structural data now
available shows some striking exceptions: SnOEPClI; (1545
cm™') and AgOEP (1550 cm™!) are known to be in-plane;
yet, the suggested resonance Raman classification would as-
sign them as out-of-plane. The quantitive utility of the
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aforementioned classification leaves much to be desired
when FEOEP(NO) (1593 cm™!) is assigned as in-plane; yet,
a recent structural analysis*’ shows the iron to be displaced
from the plane by 0.21 A in FeTPP(NO). Finally, the
mechanism by which displacement of the metal could in-
duce changes in the vibrational frequencies of the porphyrin
skeleton is unknown. Spiro and Strekas! have suggested
that doming of the porphyrin ring accompanying metal dis-
placement partially interrupted = conjugation in the por-
phyrin skeleton; in turn, this interruption influenced posi-
tions of the structure-sensitive bands. Some support for this
notion is found in NiOEP complexes in which severe S4 ruf-
fling of the Dy; form causes a shift to lower frequency.
However, the SnOEPCl, (1545 cm™!) and, D4y NiOEP
(1609 cm~1!) data would seem to obviate this mechanism
for the majority of complexes, since both molecules are pla-
nar. Fortunately, the outlook for a structural application of
resonance Raman data is not as pessimistic as the above ex-
amples indicate; we have noticed that the aj, frequency cor-
relates remarkably well with d(Ct-N), the distance be-
tween the center of the porphyrin core and the pyrrole ni-
trogen (Figure 5).

In Table VI the metalloporphyrins are listed in order of
decreasing Ct-N distance. The correspondence between a
decrease in this distance and an increase in the asg frequen-
cy is apparent; the correlation is far superior to any casual
relation between individual (or collections of) bond lengths
and frequency. We note that in the rhodium complex the
peak position is ~10 cm™! higher than might be expected
on the basis of its Ct-N distance and the NiOEP (D)
complex displays its perversity by decreasing its frequency
to 1590 cm™' although the critical distance shortens. 1t is
likely in this specific case that the severe Sy ruffling, in re-
leasing strain in the porphyrin, assumes a role in determin-
ing the frequency shift. However, in the remainder of the
metalloporphyrins distortion of the macrocycle is not se-
vere, and we advance the following mechanism to account
for the change in the ay; frequency with 4(Ct-N). If
d(Ct-N) is a measure of the radius of the inner 16-mem-
bered ring, then expansion of the ring with retention of the
pyrrole unit geometry will increase d(C,-Cm) and the Cy-
Cm-C, angle. In this simple picture, the w-bond order be-
tween C, and Cp, atoms decreases and contributes to a low-
ering of structure-sensitive frequencies. Pariser-Parr-Pople
self-consistent calculations on NIOEP (D4;) and
SnOEPCI,, utilizing the averaged geometry of the com-
plexes,!3 confirm the w-bond order decrease in the tin com-
pound.

The empirical relation noted between d(Ct-N) and the
anomalously polarized frequency suggests assessment of the
out-of-plane excursien of the metal is possible, if the metal-
to-pyrrole nitrogen distance, d(M-N), can be estimated.
Since d(Ct-N), d(M-N) > d(Ct-M), errors in the former
lengths will induce relatively large errors in d(Ct-M). For
example, when d(Ct-N) = 2.00 (1) A and d(M-N) = 2.05
(1) A, d(Ct-M) is calculated to be 0.45 (9) A. Nonetheless,
it is of interest to examine predictions of this correlation as
applied to hemeprotein data.

In the case of oxyhemoglobin d(Fe-N) = 2.00 A is antic-
ipated for a low-spin iron(IT) complex. The anomalously po-
larized line of oxyhemoglobin appears! at 1585 cm™! which
matches well the 1587-cm™' value found for bis(imida-
zole)protoporphyrin IX iron(1I) in water and its dimethyl
ester in CH;,Cly. The value of d(Ct-N) so implied is 2.00
A, and the conclusion that oxyhemoglobin contains in-plane
iron is well known.34.55

More interesting is an assessment of iron displacement in
deoxyhemoglobin. The anomalously polarized line appears!
in the spectrum at 1552 cm™!. Adjustment of this frequen-
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Table VI. Correlation of the Anomalously Polarized Frequency
with Ct-N Distance4
Compound v,em™  Ct-N, A Structure Ref

SnOEPCI, 1545 2.082 (2) SnOEPC], 49
AgOEP 1550 ~2.08 AgTPP 53
MgOEP 1558 2.055 (6) MgTPP(H,0) 45
ZnOEP 1565 2.047 (2) PyZnTPyP 44
RHEtio(DMA),C1 1578 2.038(6) RhEtio(DMA),C1 50
(FeOEP),0 1570 2.027 (FeTPP),0 40
FeOEPC1 1568 2.019 (3) Average hemin 54
FeProtoDMEC1 1575 2.007 (5) FeProtoCl 42
VOEtio 1574 2.01 (4) VODPEP 41
PJdOEP 1585 2.009 (9) PATPP 32,37
FellEtio(Py), 1587  2.004 (4) FellfPP(Im), 52
CuOEP 1585 2.000(5) CuTPrP 39
FelllOEP(Im),C1 1590 1.989 (5) FelllTPP(Im),C1  §1
FeOEP(NO) 1593 1.990 FeTPP(NO) 47
MnOEPCI 1591 1.99 MnTPPCI 46
CuOEP 1605 1.981 (7) CuTPP 37
CoOEP(NO) 1605 1.976 (3) CoTPP(NO) 48
NiOEP (D) 1609 1.958 (2) NiOEP 13
NiOEP (D, 1590 1.929 (3) NiOEP 12

2 Abreviations: Py = pyridine, Im = imidazole, TPyP = tetra(4-
pyridyl)porphinato, DMA = dimethylamine, Proto = protoporphyrin
IX, DPEP = deoxyphylloerythroetioporphinato, TPrP = tetra(sn-pro-
pylporphinato, DME = dimethoxy ester.

cy by addition of ~4 cm™! is required when comparison of
frequencies taken with solid samples is made with those in
solution. Thus Dsp NIOEP (crystal) exhibits an anomalous-
ly polarized line at 1609 cm™! while in solution the band is
located at 1603 cm™!. Also, the spectrum. of protoporphyrin
IX dimethyl ester iron(III) chloride displays the line at
1574 and 1570 cm™!, respectively, in solid and solution
samples. The corrected value of 1556 cm™! in deoxyhemo-
globin is close to the 1558-cm™! band found with MgOEP,
and we interpret the Raman data as indicating an expan-
sion of the core to d(Ct-N) = 2.05 (1) A. Hoard had tenta-
tively suggested’* a d(Fe-N) of 2.14 A was appropriate to
high-spin iron(II), but a structural determination of (l1-
methylimidazole)-tetraphenylporphinatoiron(1I) yields
d(Fe-N) of 2.086 A.5¢ Upon setting d(Fe-N) at 2.086 A, a
Ct-Fe displacement of 0.39 (6) A is obtained for the iron in
deoxyhemoglobin; a value in good agreement with the
0.42-A displacement found in the model high-spin iron(I1)
porphyrin and well below the estimated 0.70-0.83 A ad-
vanced by Perutz.’’

Consideration of oxy- and deoxycoboglobin for which
anomalously polarized bands are observed®® at 1596 and
1593 cm™!, respectively, yields a Ct-N distance of 1.98-
1.99 A. With reported Co(II)-N distances of 1.96 (1) and
1.977 (3) A or a Co(III)-N length of 1.978 (5) A in model
complexes, the resonance Raman data would suggest only
slight movement of the cobalt atom upon binding of oxygen.
In both forms of coboglobin, the metal is close to being in-
plane. We cannot determine if the displacement is as great
as the maximum value of 0.15 A suggested earlier’® due to
the geometrical problem in calculating small out-of-plane
displacements.

Application of the method to fluoromethemoglobin!
[1555 (ap) cm~1] with d(Fe-N) = 2.07 (1) A54 yields an
out-of-plane displacement of 0.3 (1) A, a value ~0.1 A less
than found here in deoxyhemoglobin, 0.2 A less than ob-
served in model high-spin ferric complexes, but in agree-
ment with the published estimate of 0.3 A5 As found with
deoxyhemoglobin there is inferred a curious expansion of
the core region not observed in model high-spin ferric com-
pounds.

Spiro!? has suggested that doming of the porphyrin ring
will lower the structure-sensitive frequencies, and the low
frequencies observed at ~1555 (ap) cm™! in high-spin iron-
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(I1) or iron(IIT) hemeproteins result from doming due to
out-of-plane displacement of the metal. Doming is defined
by Hoard?! as the symmetric movement of pyrrole nitrogen
atoms upward from the mean porphyrin plane toward the
five-coordinate metal atom. An additional protein-induced
doming of the porphyrin is advanced by Hoard and
Scheidt® and critically assessed by Little and Ibers.®® By
contrast, the point of view advanced here, while not disprov-
ing the doming mechanism, suggests that the well-docu-
mented expansion of the porphinato core will induce shifts
in structure-sensitive bands via changes of the force con-
stants associated with internal coordinates of atoms com-
prising the 16-membered ring.

The structural implication of the two interpretations dif-
fers when the anomalously polarized line is lower than
~1580 cm™!. Since doming is primarily a result of metal
displacement from the porphyrin plane, this mechanism
would indicate that high-spin ferric hemeproteins such as
methemoglobin fluoride or horseradish peroxidase fluoride
possess the maximum extension of d(Ct-Fe). To account
for the difference between the 1570-cm™! position found for
FeOEPCI and the cited value of 1555 cm™! in hemepro-
teins, an additional protein-induced doming is required. In
contradistinction, we interpret the 1555-cm™! line as indi-
cating an increase in d(Ct-N) and, with a fixed value of
d(Fe-N), a decrease in d(Ct-Fe). Thus, d(Ct-Fe) is
~0.3-0.4 A in high-spin ferric hemeproteins. It is possible
to envisage that axial ligands occupying the distal position
will pull the six-coordinate metal toward the porphyrin
plane.

It is noted that a moderate decrease of d(Ct-Fe) from
the 0.5-A value in model complexes is not inconsistent with
retention of high-spin magnetic properties which are more
sensitive to rhombic distortions in the crystal field than to
the value of d(Ct-Fe).61:62 For example, the spectrum of
horseradish peroxidase fluoride possesses a band at 1555
cm™! while the benzhydroxamic acid derivative exhibits a
line at 1566 cm™!; both hemeproteins are high spin (uesr =
5.90-5.92 up) and involve modifications in the distal re-
gion.®3:64 These observations are not readily accommodated
by doming if one ascribes a larger d(Ct-Fe) value to the
fluoride complex and concurrently argues that the magnetic
moment is a faithful representation of this distance. In-
stead, we interpret the data as indicating a larger d(Ct-N)
value for the fluoride complex and, since d(Fe-N) is pre-
sumed invariant in the two high-spin complexes, a smaller
Ct-Fe distance in horseradish peroxidase fluoride.

At pH 7 native horseradish peroxidase has an anomal-
ously polarized line at 1574 cm™! and a magnetic moment
of 5.2 up83%* a value which reflects an increased rhombic
component in the crystal field as compared with the
benzhydroxamic acid derivative. The doming model6’
would ascribe a more planar porphyrin core and smaller
iron out-of-plane displacement to the native enzyme than
the peroxidase complexes discussed above. Alternatively,
the 1574-cm™! value is characteristic of model high-spin
ferric complexes listed in Table VI and we suggest ~0.5 A
is the extent of metal displacement. This example demon-
strates that the structural interpretation of Raman data we
favor may yield an increased Ct-Fe distance in a hemepro-
tein with a reduced magnetic moment.

It is doubtful if arbitrary adjustment of the force field
and the calculated normal mode frequencies so as to simu-
late doming or core expansion will prove definitive in ex-
cluding one or the other mechanism; indeed, both may be
operative. An experimental approach is desirable. For ex-
ample, systematic studies of the magnetic, Raman, and
crystallographic properties of a model ferric porphyrin con-
taining one covalently linked imidazole should be illuminat-

ing. Upon variation of the counterion or sixth ligand it may
be feasible to change the Ct-Fe distance by 0.1-0.2 A with-
out inducing concomitant alterations in doming.
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Molecular and Crystal Structure of Streptonigrin
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Abstract: The chemical structure assigned by Rao, Biemann, and Woodward is confirmed in an X-ray diffraction study of
streptonigrin cocrystallized with ethyl acetate. Rings A, B, and C, including the carboxyl group on ring C, are very nearly
coplanar. This configuration is partially majntained by a short, probably bent, hydrogen bond (2.65 A) between the NH; of
ring C and the N atom within ring B. The space group is P2,22y, and there are four molecules of streptonigrin and four
molecules of ethyl acetate in a unit cell having dimensions @ = 13.676, b = 30.663, and ¢ = 6.821 A. For the 1677 indepen-
dent X-ray diffraction maxima the value of R = T||FJ — | Fd|/3{Fd is 0.098.

Streptonigrin, isolated by Rao and Cullen' as a metabo-
lite of streptomyces flocculus, is an antibiotic. Showing ac-
tivity against tumor,2* against lymphoma,® and also
against several viruses,® streptonigrin has a number of un-
desirable side effects? including severe bone marrow depres-
sion, nausea, vomiting, diarrhea, and alopecia. It causes
chromosomal damage’-® when added to cultures of human
leucocytes, inhibits DN A synthesis in tissue culture cells?-!!
and in bacteria,®'2"'4 and inhibits partial RNA and protein
synthesis.® Streptonigrin also causes single strand breaks’-#
on DNA upon reduction and subsequent reaction with oxy-
gen.'® At least two types of binding, reversible and irrevers-
ible (upon dialysis), occur when streptonigrin interacts with
calf thymus DNA.'? Reduction of streptonigrin is not re-
quired for binding, and association appears to occur primar-
ily with the dCMP portion of DNA.

The bacteriocidal activity of streptonigrin is similar to
that of mitomycin which also has an aminoquinone frag-
ment,!® a structural feature common to several closely re-
lated antitumor agents.!>!6 The possibility that the semi-
quinone form of streptonigrin is involved in its activity has
been examined by electron spin resonance methods.'0.!7:18

OCH;

A derivative, isopropylidene azastreptonigrin, has signifi-
cant antitumor activity in animals only at 100 times the
normal dosages of streptonigrin.'” Even at 103 times the
dosages, there is no antibactericidal effect or cytotoxicity in

tissue cultures, no effect on DNA synthesis, and no activity
against virus.%20 It also lacks the reduction and subsequent
oxygenation reactions of streptonigrin, thus demonstrating
the critical nature of the aminoquinone function region of
streptonigrin.!® Moreover, since the methyl ester of strep-
tonigrin has Ygoth the activity of streptonigrin in tissue cul-
ture cells,20 ¥sooth the activity against Meloney leukemia
virus replication, and '4rd the activity in inhibiting the
DNA polymerase of C-type RNA virusS the carboxyl
group probably is another chemical or stereochemical site
of interest.

We report a crystal structure study of streptonigrin in
which the aminoquinone function is intact. The three-di-
mensional ring orientations may be of value in elucidating
its interactions with DNA or RNA, and may aid in inter-
preting later steps in its complex sequence of reactions in
bacteria and in tumors.

Structure Determination, Fragile, dark brown, thick
plates were grown as single crystals of streptonigrin cocrys-
tallized with the solvent, ethyl acetate. The crystal data are
given in Table I. The unit cell dimensions were determined
from Weissenberg photographs on which Al powder diffrac-
tion lines were superimposed. Their values and errors were
obtained by least squares by minimizing

§

D walsin? ey - sin? 6,4104)°

n=1
where the weights w, are 1/sin? 8,psq, and N = 41 reflec-
tions. The experimental density was determined by suspen-
sion in a solution of n#-heptane and carbon tetrachloride
(Table I). Omission of the four ethyl acetate molecules led
to an unreasonably low calculated density of 1.182 g/cm?.

The structure was eventually solved from data taken
from multiple level Weissenberg photographs of one crystal
mounted about ¢ (hkL for 0 £ L < 5) and a second crystal
mounted about a (Hk/ for 0 £ H < 5), using Cu Ko radia-
tion which had been filtered through Ni foil. Aside from the
extremely intense 002 and 022 reflections (>300), which
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