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The Crystal and Molecular Structure of Vanadyldeoxophyllo- 
erythroetioporphyrin-l,2-diehloroethane Solvate: an Analogue of Chlorophyll* 
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(Received 28 October 1968 and in revised form 7 March 1969) 

Single crystals of vanadyl deoxophylloerythroetioporphyrin-l,2-dichloroethane solvate, 
C32H34N4VO. C2H4CIE, were grown by a vapor-phase diffusion technique. Pertinent crystal data are: 
space group P21/a, a= 17.963 (3), b=  13.961 (1), c= 14"090 (3)/~,/~= 116.97 (1) °, Z = 4 .  The structure 
was solved by locating the position of the vanadium atom from a three-dimensional Patterson map and 
calculating successive Fourier series to locate the remaining atoms. A difference map revealed positions 
for 28 of the 38 hydrogen atoms, and these were used in the refinement procedure. Full-matrix least- 
squares calculations gave a final weighted R of 5.5% for approximately 2000 observed and unobserved 
reflections. The intelesting feature of this molecule is the effect of the fifth isocyclic ring, E, on the por- 
phyrin skeleton. Results indicate that this ring introduces strain into the molecule and causes distortions 
in the bond angles and most likely causes a shortening of the V-N bond to the ring C atom from an average 
of 2.10 A for the other three V-N bonds to 1.96/~ for the shortened bond. The carbon and nitrogen 
atoms of the porphyrin skeleton are relatively planar and the vanadium atom lies 0"48 A out of the plane 
of the four nitrogen atoms. 

Introduction 

In recent years new insights have been gained into the 
structure of chlorophyll  and its related compounds.  
The basic structure of  chlorophyll  was worked out in 
the late 1930's by Hans  Fischer (Fischer & Wenderoth,  

* This investigation was supported in part by Public Health 
Service General Grant No. FR-05580-013 from the National 
Institutes of Health. 

1940) and subsequently confirmed through a very elab- 
orate synthesis by R . B . W o o d w a r d  and associates 
(Woodward,  1961). The accumula t ion  of  chemical in- 
format ion has recently made possible the description 
of the absolute configuration of  chlorophyll  a (Fleming,  
1967). Crystal lographers have shown an interest in an 
accurate structure determinat ion for chlorophyll  a, but  
the obstacle has so far been one of obtaining suitable 
crystals. At  Mellon Institute an investigation has been 
begun into the feasibility of  growing crystals of  mater- 
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ials which are similar to chlorophyll in the belief that 
successful X-ray analyses of such compounds could 
perhaps contribute to a better understanding of their 
chemical and physical properties. To this end, three 
different compounds of deoxophylloerythroetiopor- 
phyrin (DPEP) were prepared and isolated by Earl W. 
Baker of this laboratory. Two were the Ni 2+ and VO 2+ 
metal chelates, and the third was the free base (hydro- 
gen atoms on two of the four pyrrole nitrogen atoms). 
The DPEP was prepared by a method described else- 
where (Baker, Corwin, Klesper & Wei, 1968) using 
pheophytin (chlorophyll a with the Mg atom removed) 
as the starting material. The structural formulas for 
chlorophyll a and VO-DPEP are given in Fig. 1 for 
comparison. Although VO-DPEP has the same carbon- 
nitrogen skeleton as chlorophyll a, important differ- 
ences are: the saturation state of the outer C-C bond 
of the pyrrole ring D; the different substituent atoms 
on the isocyclic ring E; the presence of a vinyl group 
in chlorophyll a as opposed to an ethyl group in 
VO-DPEP on the pyrrole ring A; and different metal 
chelating atoms. The unique feature of the VO-DPEP 
structure as compared with other porphyrin structures 
determined from X-ray analyses is the addition of the 
fifth isocyclic ring, E. This work was undertaken to 
measure the effect of the ring E on the porphyrin 
skeleton. 

Experimental 

Crystals suitable for an X-ray structure analysis were 
grown by vapor-phase diffusion of methanol into a 
1,2-dichloroethane solution of VO-DPEP (Donnay & 
Storm, 1967). The VO-DPEP solution was put into a 
50 ml beaker which in turn was placed in a small desic- 
cator containing methanol. The VO-DPEP is insoluble 
in methanol, and after two weeks in the sealed desic- 
cator enough methanol diffused into the solution to 
cause the formation of beautiful crystals of VO-DPEP. 
The crystals are deep red, flat diamond-shaped plates 
0.10--0.16 man on an edge and 0.05 mm thick. A crystal 
was mounted on a small glass fiber with a drop of 
glyptal and aligned visually along the body diagonal, 
which corresponds to the b crystallographic axis. Pre- 
liminary Weissenberg photographs indicated that the 
space group was probably P21/a. Accurate cell dimen- 
sions were determined from precise diffractometric 
measurements of the 20 values of the more intense 
higher-angle reflections. The cell dimensions were re- 
fined with a least-squares computer program on the 

basis of 20 values for 20 reflections. The density was 
measured experimentally by flotation in a potassium 
iodide solution. Pertinent crystal data are given in 
Table 1. Note that there is a 1:1 molecular ratio of 
solvent to VO-DPEP, as ascertained from the density 
measurement. 

Data were collected by the 0-20 scan technique 
(Alexander & Smith, 1962) with a General Electric 

Chlorophyll a 
CH=CH H CH3 

H 3 C ~ C a H 5  

H 3 c ~ C H 3  

H CH2 HI I 
I cooc.3  
CH 2 
I Ph:phytyl C2oH39 COOPh 

Vonodyl DPEP 

C2H 5 CH3 

H 3 C ~ C 2 H 5  

H 

HaC CH 3 

CzH5 H~ H H~H 

Fig. 1. A comparison of the structural formulas for chlorophyll 
a and VO-DPEP. Important differences are: the saturation 
state of the outer C-C bond of the pyrrole ring D; the dif- 
ferent substituent atoms on the isocyclic ring E; the presence 
of a vinyl or ethyl group on ring A ; and the different metal 
chelate atom in the center of the molecule. 

Table 1. Crystallographic data for VO-DPEP ethylene dichloride solvate 

Monoclinic, P21/a 
a = 17.963 (3) A 
b = 13"961 (1) 
c = 14"090 (3) 
fl = 116"97 ~)  ° 
V=3149"3 

Z=4  
Empirical formula, C32H34N4VO. C2H4C12 
M.W. = 640'54 
Dm = 1"35 g.cm-3 
Dz = 1.35 g.cm-3 
F(000) = 1340 

#l= 0"9 for longest crystal dimension (Cu K~ radiation). 
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automated diffractometer equipped with a NaI scintil- 
lation counter and pulse-height analyser. Intensity data 
were recorded on punched tape with background 
counts taken before and after each 20 scan. A scan of 
3 ° was used for each reflection. A total of 1911 inde- 
pendent reflections was measured to a 20 limit of 80 °, 
or (sin 0)/2 =0.417. Of these, 1358 were measured twice 
for 20<60  °, making use of the equivalent pairs hkl= 
hki and hkl=hkL 

A data reduction program written by P.lsaacs & 
G. S. Smith and subsequently revised by R. F. Stewart 
was used to convert the measured integrated intensities 
to relative structure factors. This program also applies 
the Lorentz (L) and polarization (p) corrections and 
calculates the statistical variances of the relative struc- 
ture factors, taking account of counting statistics and 
time-dependent instability of the apparatus and the 
crystal. A reflection was classed as unobserved when 
Io < 1.5a(lo), yielding a total of 534 unobserved reflec- 
tions. In the least-squares refinement of atomic par- 
ameters, the function minimized was Sw(Fo-Fc) 2, 
where the weights w are defined by w = 1/aFo. 

For observed reflections 

aFo=½aIo . (L.  p .  lo) -1/2 

and for unobserved reflections 

aFo=½Fo/l'5 1 =-$Fo , 

where Fo is a ' threshold' value and is computed from 
the formula 

Fo=[I/(Lp). l'5a(Io)] ~/2 . 

The pairs of Fo's from equivalent reflections were 
averaged and a new a computed for the average by 
use of the relation (Paradine & Rivett, 1953) 

I I 1 = + 
2 

No attempt was made to reclassify any of the unob- 
served reflections on the basis of the new a's for the 
average of two equivalent reflections. No corrections 
were made for absorption or extinction because of 
the low absorption factor and the small size of the 
crystal. 

The processed data were loaded onto magnetic tape 
by the program Data Reduction of the X-ray 63 System 
(Stewart & High, 1965). Scattering factors were taken 
for the neutral atoms from International Tables for 
X-ray Crystallography (1962). All computing except the 
final three cycles of least-squares refinement was done 
with the X-ray 63 System Programs on an IBM 7090 
computer. The final cycles of least-squares refinement 
were done with anisotropic thermal parameters for the 
vanadium atom and the atoms of 1,2-dichloroethane. 
At this point the number of parameters (194) exceeded 

the limits for the IBM 7090 computer, and the remain- 
ing least-squares refinement was carried out on an 
IBM 360 computer.* 

S t r u c t u r e  d e t e r m i n a t i o n  

The structure was solved by the conventional heavy- 
atom method. Atomic coordinates for the vanadium 
atom were uniquely determined from a three-dimen- 
sional sharpened Patterson vector map. The positional 
parameters and an isotropic temperature factor of B = 
3.0 A 2 for this atom were used to calculate phases and 
structure factors for all the reflection data. Agreement 
between the observed and calculated structure factors 
gave a conventional R index of 53%, where R =  
X (IFo]-[Fcl)/X [Fol. A Fourier synthesis computed 
using these phases and the observed structure factors 
revealed positions for 20 atoms of a plausible structure, 
which included the oxygen atom of the vanadyl group, 
the four pyrrole nitrogen atoms, thirteen of the 20 
carbon atoms in the porphyrin skeleton, and two atoms 
of the attached methyl or ethyl groups. Isotropic tem- 
perature factors of B=4.0, 5.0 and 6.0 A, 2 were as- 
signed respectively to the nitrogen, oxygen and carbon 
atoms, and a second electron density map was com- 
puted with the use of the phases calculated from the 
parameters of the above-mentioned atoms plus the 
vanadium atom. The R value remained at 53%, but 
much more of the structure was apparent. A likely 
structure for the entire porphyrin skeleton (20 carbon 
and 4 nitrogen atoms) was determined in addition to 
eight methyl and ethyl side-chain atoms. A third cycle 
of structure factors lowered R to 46%. 

During this time, of course, an expectant watch was 
being made for the four atoms of 1,2-dichloroethane, 
the solvent molecule of crystallization. To this point 
the only evidence for its presence had been the density 
measurement. The Patterson map did not show any 
outstanding peaks that could be interpreted as denoting 
chlorine atom positions, and in retrospect it still does 
not. Two broad peaks which appeared to be isolated 
from the main structure were observed in the early 
Fourier syntheses. The heights of these two peaks were 
only slightly greater than the heights for those peaks 
assigned to carbon and nitrogen atoms. After the third 
Fourier synthesis it was decided to include parameters 
for the 1,2-dichloroethane atoms in the next cycle of 
structure factor and phase calculations. The coordi- 
nates of the two broad peaks were assigned to the 
chlorine atoms, and coordinates from a much lower 
elongated peak were chosen for the two carbon atoms. 
At this point all but four atoms of the structure were 
included, the four being three carbon atoms of the 
methyl and ethyl side groups and one carbon atom 
needed to complete the isocyclic ring E. The agreement 

* For this purpose a program SFLS-5 by Prewitt (1966) 
was employed. 
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between observed and calculated structure factors was 
42% and the corresponding Fourier synthesis clearly 
revealed the remaining four carbon atoms. 

The positional parameters for the complete structure 
along with isotropic temperature factors assigned to 
each atom were refined by two cycles of full-matrix 
least-squares. The weighted R dropped to 30.1% after 
the first cycle and to 20.7% after the second, indicating 
the structure to be essentially correct. The thermal par- 
ameters of all the atoms were reasonable (B=  8.0 I t  2 
or less), except those for the atoms of 1,2-dichloro- 
ethane (B= 11 to 15 A2). A difference synthesis was 
calculated subtracting all of the refined structure ex- 
cept  the 1,2-dichloroethane to see if there might be 
any evidence of disorder in that molecule. The two 
chlorine peaks appeared well resolved, but very broad. 
The peak heights were 5.1 and 4-0 e.Zk -3 respectively. 
I f  0.5 e./~k -3 is used as a lower limit, the longest dimen- 
sion of both peaks is along the a axis, estimated to be 
about 3.6 A for Cl(1) and 2.5/k for C1(2). The other 

dimensions along the b and c axes are approximately 
2-0/k for both peaks. A smeared elongated maximum 
appeared at the positions of the two carbon atoms, 
the largest part of it peaking at 1.9 e.A -3 and the other 
end peaking at 1.3 e.A -3. A disordered arrangement 
of the 1,2-dichloroethane atoms in the structure was 
ruled out because of the resolution of the two chlorine 
atom peaks and the presence of a single, although 
smeared peak for the two carbon atoms. 

The least-squares refinement was continued with po- 
sitional parameters for the 1,2-dichloroethane atoms 
determined from the peak locations of the difference 
synthesis. Initial isotropic thermal parameters for the 
solvent molecule atoms of B =  10/k 2 were chosen. After 
four more cycles of least-squares, the weighted R was 
9.8 %. The B's of the 1,2-dichloroethane atoms returned 
to the values previously determined by the first two 
cycles of refinement. 

Because of the high B values for the atoms of the 
solvent molecule, and because of the asymmetry of its 

Table 2. Fractional coordinates and thermal parameters for VO-DPEP 

Heavy atoms 

x y 
V 0.0880 (2) 0.1174 (2) 
CI (1 )  -0.0029 (5) 0.3017 (4) 
C1(2) 0.0648 (4) 0.0935 (4) 
O 0.1295 (5) 0.1126 (7) 
N ( A )  -0.0210 (7) 0.1965 (8) 
N(B) 0.1354 (6) 0.2405 (8) 
N(C) 0.1630 (7) 0.0488 (8) 
N(D) 0.0128 (6) --0.0087 (8) 
C(1) -0.0921 (10) 0.1553 (12) 
C(2) -0.1441 (9) 0.2321 (12) 
C(3) -0-1064 (10) 0.3160 (11) 
C(4) -0.0258 (9) 0.2973 (11) 
C(5) 0.0349 (9) 0.3570 (9) 
C(6) 0.1068 (9) 0.3318 (10) 
C(7) 0.1681 (9) 0.3971 (11) 
C(8) 0.2328 (9) 0.3500 (10) 
C(9) 0.2102 (9) 0.2474 (10) 
C(IO) 0.2618 (8) 0.1713 (11) 
C(11) 0.2366 (9) 0.0743 (10) 
C(12) 0.2878 (8) -0.0047 (11) 
C(13) 0.2393 (9) -0.0798 (10) 
C(14) 0.1672 (9) -0.0504 (11) 
C(15) 0.1071 (9) -0.1168 (11) 
C(16) 0.0335 (9) -0.1027 (11) 
C(17)  -0.0329 (9) -0.1647 (10) 
C(18)  -0.0940 (9) -0.1145 (11) 
C(19)  -0.0649 (9) -0.0157 (11) 
C(20)  -0.1100 (9) 0.0614 (12) 
C(21) - 0.2280 (9) 0.2201 (11) 
C(22)  -0.1393 (9) 0.4206 (11) 
C(23)  -0.1242 (10) 0.4592 (11) 
C(24) 0"1551 (9) 0"5095 (11) 
C(25) 0.3084 (8) 0.3865 (11) 
C(26) 0.3026 (9) 0.3876 (12) 
C(27) 0.3686 (9) 0.0035 (10) 
C(28) 0.2388 (8) -0.1913 (10) 
C(29) 0.1509 (9) -0.2131 (10) 
C(30) - 0.0323 (8) - 0.2762 (11) 
C(31) 0.0016 (9) -0.3268 (11) 
C(32)  -0.1753 (8) -0.1466 (9) 
C(33) 0.0301 (18) 0.2127 (18) 
C(34) 0.0542 (22) 0.1265 (17) 

z B 
- 0.0874 (2) 

0.4988 (6) 
0.4813 (5) 

-0.1684 (6) 4.4 (2) 
--0"1809 (9) 2"7 (3) 

0"0001 (8) 2"4 (3) 
0"0421 (9) 3"1 (3) 

--0"1290 (8) 2-2 (3) 
--0"2586 (13) 4"4 (4) 
--0-3174 (12) 4-7 (4) 
--0"2763 (12) 3"8 (4) 
--0-1841 (12) 3"4 (4) 
--0"1153 (11) 2"7 (4) 
--0"0294 (11) 2"8 (4) 

0'0418 (12) 3"6 (4) 
0"1174 (12) 3"6 (4) 
0"0917 (11) 2-9 (4) 
0-1527 (11) 3"4 (4) 
0"1308 (11) 3"0 (4) 
0.1938 (10) 2.7 (3) 
0.1430 (11) 2.7 (4) 
0.0536 (11) 2.6 (4) 

- 0.0089 (11) 2-9 (3) 
--0.0971 (11) 3.0 (4) 
--0.1637 (11) 2.8 (4) 
--0.2411 (11) 3-2 (4) 
-0.2216 (11) 3.3 (4) 
-0.2752 (11) 4.1 (4) 
--0.4172 (12) 6.4 (5) 
--0.3078 (12) 6.1 (5) 
--0.3949 (12) 8.0 (5) 

0.0319 (11) 5.5 (4) 
0.2120 (11) 4-4 (4) 
0.3175 (11) 7.0 (5) 
0.2964 (12) 6-0 (4) 
0.1447 (11) 3.6 (4) 
0.0470 (12) 5.2 (4) 

--0-1499 (11) 5-3 (4) 
- -  0.2208 (12) 7.0 (5) 
--0.3316 (10) 3.6 (4) 

0-5986 (20) 
0-5964 (21) 

A2 
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Table  2 (cont . )  

Anisotropic B~j's* 

Blsot" B11 B22 B33 BI 2 B13 B23 
V 3-5/~2 3-5 (2) 3-2 (1) 4-4 (2) 0-3 (2) 2-2 (1) 0-3 (2) 
CI(1) 16.3 26.1 (7) 11.9 (5) 12.2 (5) 4"9 (5) 9.9 (5) 1.2 (4) 
C1(2) 12.4 16.2 (5) 11.4 (5) 15"0 (5) - 1 . 4  (4) 11.8 (4) -0"7 (4) 
C(33) 13.3 18.5 (2.1) 14.5 (2.3) 9.5 (1.8) 9.3 (2.2) 8-8 (1.6) 10.5 (2.1) 
C(34) 15.4 32.6 (3.5) 9.0 (2.0) 9.4 (1.9) -1 .8  (2.3) 13-6 (2-3) -2 .9  (1-9) 

* The anisotropic thermal parameters were introduced in the form exp [-(fll~hZ-f12zkZ-f13312-2#lzhk-2#13hl-2f123kl)], 
B11 = 4ill l/a .2, etc. 

t The equivalent isotropic temperature factor. 

Hydrogen atoms 

x y z B 
H(5) 0.039 0.441 -0"096 5.0 
H(10) 0.328 0.202 0.266 5.0 
H(20) - 0"167 0-024 - 0"353 5"0 
H(21 A) - 0.260 0" 152 - 0.420 8"0 
H(21 B) - 0"237 0"286 - 0"402 8"0 
H(21 C) - 0.226 0'234 - 0.483 8"0 
H(22A) - 0" 198 0"444 - 0"328 8"0 
H(22B) - 0"114 0"475 - 0"245 8"0 
H(23A) - 0" 150 0"499 - 0"445 8"0 
H(23B) -- 0" 134 0"418 -- 0"462 8"0 
H(23 C) -- 0"070 0.472 -- 0.376 8.0 
H(24A) 0"199 0"515 0-101 7"0 
H(24B) 0" 141 0" 504 -- 0"032 7"0 
H(25A) 0"362 0"420 0"251 8-0 
H(25B) 0-397 0"334 0"284 8"0 
H(26A) 0"291 0"314 0"346 8"0 
H(26B) 0.255 0"417 0-302 8"0 
H(27A) 0.398 - 0.035 0.275 8.0 
H(27B) 0"361 -0"022 0"362 8.0 
H(27C) 0"383 0"039 0"374 8"0 
H(28A) 0"299 - 0.220 0-154 5"0 
H(28B) 0"256 - 0"218 0"232 5"0 
H(29A) 0.176 -- 0.244 0.021 5.0 
H(29B) 0"094 - 0.243 0.039 5"0 
H(30A) - 0"012 - 0"285 -- 0.103 6"0 
H(30B) -- 0"122 -- 0.258 -- 0"252 6"0 
H(31 A) -- 0"025 - 0.285 -- 0.305 9"0 
H(31B) 0"050 -- 0"307 -- 0"211 9"0 

A2 

peaks  f rom the difference Four i e r  synthesis ,  it was de- 
c ided to refine this  p o r t i o n  of  the s t ruc ture  wi th  aniso-  
t rop ic  t h e r m a l  paramete rs .  V a n a d i u m  was also as- 
s igned an i so t rop ic  t empera tu re  parameters .  The  ra the r  
l imi ted  n u m b e r  o f  reflect ions ( ~ 2 0 0 0 )  p roh ib i t ed  re- 
f inement  o f  add i t i ona l  a toms  an iso t ropica l ly .  ( Includ-  
ing  the  unobse rved  reflections,  the  ra t io  of  the n u m b e r  
o f  da t a  to pa rame te r s  was exact ly  ten.)  The  v a n a d i u m  
and  chlor ine  a toms  were corrected for b o t h  the  real and  
i m a g i n a r y  c o m p o n e n t s  of  a n o m a l o u s  d ispers ion  in the 
f inal  s t ruc ture  fac tor  ca lcu la t ions  ( D a u b e n  & Temple-  
ton ,  1955). The  values used for  v a n a d i u m  were A f ' =  
0.1, A f " = 2 . 3 ,  and  for ch lor ine  A f ' = 0 . 3 ,  3 f " = 0 . 7  for  
all reflections.  Af te r  three  cycles o f  re f inement  includ-  
ing b o t h  observed and  unobserved  reflect ions the un-  
weighted  R was 16.6% and  the weighted  R 8.4%. Two 
more  cycles omi t t i ng  the unobserved  reflections gave 
an  unweigh ted  R of  12.3% and  a weighted  R of  8-3%. 
The  last  two cycles had  lit t le or no  effect on  the struc- 

tura l  pa rame te r s  and  very small  increases  were ob- 
served for  the es t imated  s t anda rd  deviat ions.  

A n  a t t e m p t  was also made  to refine the s t ruc ture  in 
the same m a n n e r  as descr ibed above  wi th  the addi-  
t iona l  feature  of  va ry ing  the  occupa t ion  factors  for  the  
a toms  of  1 ,2-dichloroethane.  The  results  were qui te  
unsa t i s fac tory ,  the  factors  va ry ing  f rom 0.94 to 0.92 
for  the two chlor ine  a toms  and  f rom 0.80 to 1.55 for 
the two c a r b o n  a toms  af ter  two cycles. 

A difference synthes is  was calcula ted us ing the re- 
fined s t ruc tura l  pa rame te r s  to de te rmine  i f  any  of  the 
h y d r o g e n  a toms  could be located.  The  pos i t ions  of  17 
of  the h y d r o g e n  a toms  were first ca lcula ted  by  the  
heavy  a t o m  coordina tes .  The  r ema in ing  21 h y d r o g e n  
a toms  are a t t ached  to me thy l  g roups  and  the i r  posi-  
t ions  could  no t  be calculated.  F o u r t e e n  of  the seven- 
teen h y d r o g e n  a toms  showed up as r easonab le  peaks  
(0.3-0.5 e . ~  -3) in the difference e lect ron dens i ty  m a p  
at or near  the i r  ca lcu la ted  posi t ions .  The  four  which  
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c o u l d  n o t  b e  l o c a t e d  w e r e  t h o s e  o f  t h e  1,2-dichloro- t h e  r e f e r e e s  a n d  o f  t h e  e d i t o r ,  t h e s e  2 8  locatable hy- 
e t h a n e  m o l e c u l e .  I n  a d d i t i o n  15 o f  t h e  21 m e t h y l  hy- d r o g e n  a t o m s  w e r e  included f o r  a d d i t i o n a l  s t r u c t u r e  
d r o g e n  a t o m s  a p p e a r e d  at  r e a s o n a b l e  p o s i t i o n s  a n d  at  f a c t o r  a n d  f u l l - m a t r i x  l e a s t - s q u a r e s  r e f i n e m e n t  c a l c u -  
h e i g h t s  o f  0 . 3 - 0 . 5  e . / ~ k  - 3 .  A t  t h e  s u g g e s t i o n  o f  o n e  o f  l a t i o n s .  I s o t r o p i c  B ' s  o f  5 .0 ,  6 .0 ,  7 .0 ,  8 .0 ,  o r  9 . 0  A~  

T a b l e  3. The observed and calculated structure factors for VO-DPEP 
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0 e e t e  14 - 14 10 - 52 51 14 - JE 3~ 6 . 32 28 14 -4 17 14 6 - 1~ lo  
o 1 2Ol 226 14. -3 22 22 6 -6  + 4~ 32 14 -5 41 45 6 ".6 50 49 14 -3 19 p l  , -1 71 72 
0 2 36 42 14 -2 14 7 6 -5 108 106 14 -4 14 7 b ~5 25 27 14 -2 20 ~i 6 0 10 11 
o 3 103 109 **K • 1 - * * *  6 -4 69 72 14 -3 14 1~ 6 -4 9 3 * .K  : 3 . , . .  6 1 10 4 : , . 3 ~ ~ 56 ,2 , . +  + 12 1 , - 2  . 6 . 3  2+ 2 . . . . . . . . . . . .  

5 72 72 29 23 6 -2 18 14 **K : 2 ' * * *  6 -2 31 +0 0 2 )8 5U 6 3 44 46 
~ 3 3 3 3  0 3 6 4 6 5  : - ~ 6 9 6 ,  ~ : , 4 5 5  : - ~  . . . .  ~ 1 3 b  . . . . . . . .  

13 13 4 14 14 I I  29 24 14 11 37 ~5 6 5 ~2 ~9 
27 6 1 8 12 8 5 23 23 6 1 14 12 0 2 27 60 59 0 5 ~I P~ 6 6 ~9 ~I 

9 19 11 ~ 6 lO ,3  6 ~ 10 1o o 3 5~ 5~ : ~ . . . .  ~ ~ . . . .  ~ . . . . .  
0 10 28 21 7 17 4 6 3~ 34 0 4 45 48 47 46 - , 1  14 5 
~ - .  2 ,  20 ~ : 30 32 : : 2+ . ~ : 16 1 . . . .  0 . . . . . . . . . . . . . . . .  

-1o 48 51 +o 31 11 17 42 39 , 5 13 15 0 9 24 ~7 7 -9 17 18 

"+ " ' :  2 :  . . . . . .  8 8 1'  ~ 15 11 - q  2 0 ,  . . . . .  ~, 
1 42 37 o 9 12 7 -11 14 1 - 28 ~2 7 -6 ~9 ~6 2 -7 lo  7 -11 14 2 

2 - ,  , I I -~  1~ ~6 ~ - I ~  5z ~2 o 1o 1,  ~ ~ -~  1~ lO I -8  12 ~ ~ -5  i~  11 
2 o5 #2 40 [ :~ 10 1 7 - 36 +7 I "10 ~I 21 7 27 22 I -7  18 i 2  7 -4 ~b +? 
2 -4 107 106 38 ~8 7 -8 4~ 48 1 -9 4~ 42 7 -8 26 22 1 -6 31 ~2 7 -3 4~ 4? 
2 -3 217 211 1 -5 34 34 7 -7 49 50 1 -8 11 14 7 -7 105 107 1 -5 9 8 7 o2 1~ 9 
2 -2  36 35 1 -4 40 40 7 -6 52 49 1 ' -7  43 49 7 -6 79 80 1 -4 67 72 7 -1 13 15 
~ . ~  . 13 , . 3  . o  l o l  , - ~  , ,  ,1 I : ~  lO ~6 , : ~  ,o . 1 - 3  ,~ ,~ , o 3o . 

. 4  1o, ~ : :  5 0 . ,  ~ - ,  26 24 : . .  , 13 ~ . . . . . . . .  ~ 22 25 
2 1 156 157 97 I00 -3 41 ~9 -4 20 20 7 -3 26 2 I -1 20 19 7 30 24 
: ~ 1 0 9 1 1 0  1 0 1 6 9 1 6 5  ; - 2 1 8 1 1  1 - 3 1 0 ~  ? . 2 2 4 2 6  * 0 4 5 4 1  7 3 1 1 6  

63 64 1 1 23 32 -1 14 17 1 -2 43 4 7 .1 53 52 1 1 33 ~7 7 4 14 12 
2 4 1 7 2 3 1 ~ 8 1 0 7 0 7 0 7 0 1 - ~ 3 2 4 0 7 0 4 0 4 1 1 ~ 2 2 , 1 7 1  . . . .  
2 5 77 74 1 29 31 7 1 35 30 1 1E lO 7 1 38 41 1 39 42 7 40 41 
2 ' 28 30 . . . .  0 ' 2 1U 12 ~ ~ 5 . . . .  ~ 24 2 . . . . .  +5 ~ . . . . . .  
2 7 69 63 1 5 24 ~5 7 3 37 40 41 42 7 60 63 1 5 34 ~4 - lO 29 23 
2 , 20 21 I 8 25 ~6 , 4 2,  26 1 3 . . . . . .  5 56 , ~ 23 ,~ ~ :~ 12 
2 9 4 ,  39 1 7 37 32 7 5 15 13 1 4 42 40 7 5 33 28 1 11 12 1 
4 - 1 1  32 38 1 8 18 17 ~ , 14 ' ~ : 3~ . . . . . . .  5 . . . . . . . . .  52 50 
4 - lO 21 24 1 9 14 17 o l l  26 22 20 21 8 -11 15 12 1 9 26 32 8 -6 47 52 
4 =9 38 34 1 10 15 6 8 o10 34 34 1 7 12 4 8 -10 12 8 2 -10 14 7 8 -5 44 44 
, : :  40 43 ~ . ,  1,  +2 8 - ,  15 1, , : ~ 5 ~ . . ~ 2 :~ 1 . . . .  :~ 1o , 

54 51 " I 0  14 ~ 8 "8 53 48 ~ 22 . . . .  ~ . . . .  8 *2 ? 
4 -6 46 43 2 o9 16 1 8 -7 128 130 -10 14 9 8 .7 12 16 -7 63 63 8 -2 36 38 
, :~ ,1  45 ~ :~ 11 2 ~ :~ 38 +, . . . . .  5, :~ lO -~ 46 43 ~ - ~  lO 2~ 
4 390 382 34 39 45 47 2 . . . . . .  ~ 30 3~ ~ 72 72 22 

: =3 "2 627 98 100612" ~ : :  1 ;  ' I i ~ : ;  : ~ ~ -6 -'7 le  11 1521 : o3 -4 40 22 4530 ~ °2 -6 48 25 49,7 8 8 ~ 12 23 2~ 26 
4 .e¢  41 40 2 - 4  13 44 56 8 3 27 , : :  3 ,  3,  : -5 ~, : :~ 43 2 :~ 56 
: : , ,  22 2 : ~  12 ,6 8 10 , -4 5~ 54 34 2,  2 50 50 ~ 4 31 30 

. ,8  2 . . . . .  , ~ 0 15 1, 2 . 86 83 : 0 3,  85 ~ -4 13 ,6 8 5 ,4 21 
4 2 24 30 2 - I  127 121 1 74 68 2 - 2  9 8 ~ 11 0 1 16 14 9 - 1 1  16 14 
4 ~ 35 39 ~ : 58 53 ~ ~ 11 +: ~ -1 33 32 8 13 ~ ~ 2 3 . . . . . .  0 14 
4 22 15 15 30 14 1 o 70 66 8 3 12 1 3 82 ~2 9 -9 15 1 
4 5 23 24 2 2 66 65 8 4 15 13 2 I 42 38 8 4 27 41 2 4 47 47 9 -8 36 37 
4 6 3 0 2 5  : ~ 5 4 6 4  : ~ 2 1 2 4  : ~ 2 3 3 0  : 5 4 1 4 9  : 5 4 1 , 0 :  . . . . . .  
4 ~ 12 ~ ~5 ~5 -1  14 ~ ~ 6 -11  23 25 6 15 ~2 - 6  18 2~ 
4 14 2 5 10 6 ' ..... 17 2 4 ~9 31 : -1+ 46 4* + 7 2 . . . . .  5 18 23 
: ' 1 1  58 56 ~ 6 11 11 9 "9 18 12 ~ : 3 . . . .  3 30 8 26 23 ; . . . . .  

-10 39 36 7 11 9 9 -8 16 9 7E 69 -3 43 41 9 :~ 48 52 2 9 14 12 
, : ]  11 : ~ 8 18 24 , - ,  41 +, 2 , ~ 11 , . . . .  ~ - 1 ~  14 ~ ~ - 2  45 ,3 
+ 51 5 , 28 32 9 -6  18 21 ~ 8 + 9 + : ~  25 2~ - ~3 - I  40 40 

-7 35 31 3 -11 20 12 9 ; 5  18 20 9 15 4 9 50 61 3 -8 17 ~9 9 0 11 2 
=6 92 94 3 -10 20 p8 . . . .  0 8 3 -11 21 13 : . . . . . .  ~ :~ 34 36 : ~ 17 20 

: : :  28 23 3 o9 38 34 9 -3 42 41 3 "10 43 43 :3 23 2`; 19 ~8 35 38 
21 1 ,  ~ . 8  11 3 , :~ 3, +0 3 : 1  ~, . . . .  2 22 18 3 - 5  . 30 , 3 31 25 

6 . -3  119 116 -7 55 53 9 33 37 3 26 28 3 -4 40 41 
' =2 103 106 3 "6 11 6 9 0 12 7 3 -7 46 41 37 37 3 -3 9 3 1 "1 38 3 
: - ~  1 0  ~ 3 - 5  88 68 . . . . . .  ~ :~  . . . . . . . . . .  ~ -2  13 ~2 1 0 - 9  26 26 

17 2 29 28 ~5 4e 47 9 2 46 46 -1 21 ~4 1o -8 48 81 
8 ~ 9 9 -3 13`; 136 9 27 31 ~ . . . .  38 9 3 12 ~ 3 . . . . . .  3 1 0 - 7  12 2 
6 37 42 3 - 2  79 A4 9 4 29 28 "3 16~ 159 9 4 24 3 3 1 48 43 10 -6 14 12 

1~ 49 9 14 ? 3 -2 96 89 10 -11 14 3 2 39 36 10 -5 68 68 : ~ 1 ,  ] - ~  48 5 , 
55 58 10 15 1 0 - 1 1  19 8 3 -1 `; 10 ~ "1~ 14 8 ~ 3 37 41 10 :~ 25 22 

: : 5 2 5 8  ~ 1 1 ~ 1 0 o 1 0 3 9 4 0  3 0 1 6 ~ 1  . . . . . . . . . .  1 0 1 0  i 8 1 6  
55 45 84 ~ I0 -9 15 16 3 ~ 47 44 10 -8 12 ~ 3 5 20 ~5 10 °2 19 16 

~ 1 ,  28  ~ ~ `;5 , 2  lO . - 8  29 +2 3 ~0 9`; 10 +,  13 3 6 3 ,  34 10 - I  1 ,  I ,  
- 1 ,  . . . . . . . . . . .  32 28 + 3 . . . .  :+ 11 + + + 12 ~ 1o 2 3,  38 

8 - 1 0  30 27 3 5 36 37 10 - 6  11 10 4 36 38 1~ 11 14 ~ 10 32 32 
: :~ , ,  ,o ~ , 1 ,  ,2 l O - ,  34 +, ] 5 43 ,o lo . . . . . . . . . .  1 . . . . .  ~ . . . .  

50 42 7 12 8 10 -4 11 I~ , 4`; 48 10 =3 14 15 4 - I 0  51 54 10 41 48 
: : :  2 .  242 ~ : 13 , 1 o - 3  18 . ~ , 41 3 . . . .  2 48 . . . . . . . . . .  1 - 1 0  . . . .  

149 147 14 }4 1o -2 21 25 8 17 9 10 11 11 -9 25 36 
~ :~ 40 3,  4 , 1  15 , ,  10 .1 12 12 : , 14 ~ 10 0 11 2 , 2 ,  3 1 1 - 8  12 2 

28 35 4 "10 19 15 10 0 24 26 °11 ~3 1 10 ~ 81 34 4 :~ 10 ~ 11 -7 29 34 
8 - 3  38 36 4 - 9  12 2 10 12 8 lO 20 19 4 40 ~ 11 -6 24 23 

:~ ~ -4 8 o2 20 23 4 11 8 lO 15 11 4 2 10 3 14 4 46 48 11 - 5  22 23 
, .1 5,  . . . . .  ~ lo 3 15 lo . . . . . .  8 lo . . . . .  :~ 1o~ 161 11 :~ . . . .  
8 0 72 71 4 - 6  19 10 4 14 ~ 4 - 7  i0 6 11 - 1 0  53 56 4 ~ 11 22 20 

~ . . . . .  5 66 3 ,  1 1 . 1 o  . . . . . . . . . . .  55 58 4 - ~  ,8 ~ 1 1 - 2  . . . .  
52 56 4 -4 129 126 11 -9 12 6 4 -5 15 14 11 -8 57 57 4 85 ~5 11 -1 12 9 

3 44 51 , :~ 4, 80 , :~ 1~ ~ , -4 24 2, 11 o, 21 22 , ~ 5 . . . . . . .  2 5 
4 45 37 4 40 33 11 31 2 4 -3 48 47 11 -6 15 19 4 23 25 1~ ~ 18 12 

19 8 5 14 3 4 -~ 105 103 11 :~ 32 28 4 -2 70 68 11 -5 58 58 4 3 16 17 .1  16 
8 6 18 18 4 89 n9 11 27 27 4 " I  66 66 11 -4 32 29 4 4 11 9 12 ;9  23 2? 

10 "11 32 31 4 ~ . . . .  11 :~ 11 ~ . . . . . . .  5 11 "3 3`; 40 4 5 37 40 12 . . . .  3`; 
9 4 78 78 11 11 4 1 40 47 11 -2  14 15 4 6 32 33 12 -7 26 28 

4 2 47 12 4 4 7 42 41 12 -6 15 13 
lO - ~  ,4  
10 32 33 4 3 14 3 I I  -2 12 12 46 i~ .1  
10 :~ 12 ; , 4 41 ,5 11 -1 ,2 : , 3 ~: 5,  . 0 31 26 , + 1+ ,1 12 -5 1,  13 
10 82 8 4 5 10 7 11 0 41 4 4 4 22 11 ~ 19 15 5 -11 20 9 12 -4 16 15 
1~ : ~  101 98 4 6 37 33 11 ~ 31 30 4 5 ~1 11 11 29 29 5 -$0 24 Pl 12 °3 25 23 
lo 55 55 4 ~ 18 ,~ 11 14 ~ ~ , 11 ~ 1 2 - 1 0  14 ~ 5 +  24 ~ 1 2 - 2  1, 8 
lO =4  19 10 4 14 11 3 14 18 4 7 12 2 12 =9 14 5 -8 11 10 12 -1 '14 6 
10 - 3  21 23 5 "11 27 31 12 "10 42 46 4 8 ~2 37 12 -8 ' 3  1~ 5 -7 43 42 12 0 14 9 

9 5 -10 19 16 12 -9  25 5 "11 12 ~7 12 5 -6 10 2 12 14 6 1o : :  . 22 14 11 
10 16 20 5 -9 29 31 12 -8 35 35 5 -10 18 28 12 +6 12 3 5 -5 37 40 13 - 18 I~  

12 -7 2U 34 12 -5 19 13 -8 17 10 : 11 10 ~ :~ 11 ~ 19 5 . . . .  14 1 . . . .  21 
46 14 5 -3 24 27 13 -7 14 13 10 12 13 82 7 12 -6 21 22 5 -8 33 12 -4 21 

lO 2 33 3 . . . .  15 ,3 1 2 - 5  12 +, ~ . . . . .  ~ 12 :~ 12 , 8 - 2  . ,8 1 3 - 6  , ,  16 
. . . .  5 8 ~ : :  . . . .  2 :~ 12 ~ -6 16 12 12 2 5 - 1  13 +3 13 -5 39 39 
10 4 16 28 174 170 12 34 3 5 -5 46 41 12 "1 14 12 5 0 73 73 13 -4 22 25 
12 -10 64 78 5 -3 28 ?9 12 -2  35 35 5 -4 9 6 12 0 16 18 ~ ~ 54 50 13 -3 17 14 
12 :~  14 18 ~ -2 ; 7 12 -1 12 6 ~ :~  5 : 5 4  12 1 29 42 58 54 13 -2 1 6  14 
12 39 38 "1 1 13 12 0 14 ~ ~ 13 ,9  14 2 5 3 27 ?8 13 -1 23 23 
12 =7 32 32 5 0 42 47 12 ~ 14 5 -1 65 6 13 -8 27 27 5 4 29 32 14 -7 18 19 
12 :~ 31 2,  5 ~ 6,  ,8  1 3 -  18 1`; ~ : 14 `; ,3 +, 3, 40 ~ : 48 ~1 1 , - 5  . . . .  
12 53 56 5 39 ?9 13 -8  42 45 4O 34 13 -6 40 39 39 37 14 -6 17 15 
12 -4 35 33 5 3 53 53 13 -7 14 3 5 2 8O 82 13 °5 15 22 5 7 14 5 14 -4 14 
1 2 - 3  56 56 . . . . .  6 13 . . . .  13 5 : ~1 36 13 : I  12 ~ : - 1 1  14 : 1 4  ~2 1 

6 5 +5 31 ~8 13 -5 37 ~5 5 3 64 13 38 3 -10 26 2 ~3= * * . *  12 -2 12 
12 .1 2 ,  2 ,  ~ ~ 23 , ,  1 3 - 4  23 25 ~ : 11 ~ 13 +2 38 35 o :~ ,5  4o ~ ~ , ,  +0 

26 14 13 -3 23 25 29 2 13 ;1 37 36 6 35 40 31 38 12 o 28 11 
12 ~ 34 33 , 8 21 . 13 .2 14 ~ 5 , . 32 13 ~ . . . . . .  2, 3o ~ ~ , 5 
14 • 42 43 6 -11 13 3 13 -1 14 Z 6 o11 14 12 14 o 14 ~ 6 :~ 10 2 lZ  2 
. . . .  14 17 6 ° ~ :  12 ~ 13 ~ 15 16 6 -10 ~0 22 . . . .  14 1 6 24 p~ 0 3  . . . .  
14 -6  20 21 6 18 14 - 14 3 6 -9 12 9 14 -6 23 23 6 -4 9 o 4 29 33 
14 - 5  14 8 6 - 8  31 p9 t 4  - 7  14 11 6 - 8  18 18 14 °5 19 21 6 - 3  34 36 0 5 7~ 71 

L r0BS rCAL 
6 36 38 
7" 19 23 
Q 14 13 

- 1 0  14 10 

-8 17 18 
-'? 11 2 
-6 12 18 
-5 ,6 19 
- 4  21 19 

I -2 ~e 61 
-1 3e 39 

1 o 60 ,59 
! 1 41 38 

3 `; 2 
I 4 4~ 43 

5 ;~ 7 
I 6 h ,1 

7 1;: 
1 8 1~ 4 

9 14 7 
- lO ,~c 26 

-9 40 34 

-7 2 ~ ~ 17 
2 -6 b4 86 

-5 221 29 
2 -4 ~ 24 

-3 95 93 
2 -2 37 29 

-~ ~ 40 
3~ 43 
74 74 

2 151 149 
3 100 103 

2 4;  48 
, ~,'1 2o 
7 3O 24 

2 8 25 26 
2e 21 

3 - l o  14 2 

3 -8  
-6 21 20 

3 2 28 27 
1 1~ 4 

3 -1 21 20 
-2 1'; 18 

3 o 43 43 
- 3 11 8 

3 -4 35 36 :; ~4 ~4 
3 2e 24 

3 17 8 
3 4 15 3 

5 12 9 
3 6 12 10 

15 23 
3 14 1o 

._~: 14 ,o 
4 45 

- 8  31 30 
4 - 7  50 59 :~ 2o . 
4 25 28 

-4 15 17 
4 -3 I ,  15 

-2 63 64 
4 -1 40 41 

0 41 40 

4 3 80 81 
4 36 34 

4 5 11 5 
; ;8 ,3 

4 E 4 
8 13 13 

, ..%o 14 
1`; 2~ 

5 -8 14 12 
-7 11 3 

5 -6 1o 
-5 33 33 

-3 ,3 
5 -2  25 24 

-1 63 .,59 
5 o 14 9 

23 :27 
5 34 31 

3 11 7 
5 4 ,1 , 

5 12 ? 

5 ; I :  11 
6 -11 20 17 

. . , :  16 23 
6 . 22 26 
+ :~ p, 1o 

41 
-6 35 39 

e, -5 9'; 86 
-4  1"~ lO 
-3 31 31 

- I  92 ,~ 
e, o lO'; 11o 

1 6~ ~2 

8 
o 4 16 22 

5 46 ,II 
6 6 14 8 
7 -11 14 8 
I o lo  14 7 

-9 13 3 
-8 I~ 2 



R O G E R  C. P E T T E R S E N  2533 

T a b l e  3 (cont.) 
~ FOB5 FCAL H " 8  L F00S F~AL H L FOBS F~AL H L FObS bCAL H L 008S ICAL H L FUU5 FCJL M L f0mb FCAL M L FOBS rCAL 
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were  f ixed  for  e a c h  h y d r o g e n  a t o m  so as to  be a b o u t  l eas t - squares  r e f i n e m e n t .  T h e r e  was  a n o t i c e a b l e  shi f t  
1 A 2 greater  t h a n  the  B o f  the  b o n d e d  c a r b o n  a t o m .  in  p a r a m e t e r s ,  e spec ia l ly  t h o s e  o f  the  a lkyl  s ide c h a i n s  
T h e  h y d r o g e n  p a r a m e t e r s  were  he ld  f ixed  and  the  where  s o m e  sh i f ted  as m u c h  as 2 - 3  t i m e s  the  c o m p u t e d  
h e a v y  a t o m s  were  a l l o w e d  to  ref ine for  o n e  cyc le  o f  error. Th i s  c a l c u l a t i o n  was  f o l l o w e d  by a series o f  three  
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cycles of least-squares where the hydrogen atom co- 
ordinates were allowed to refine, and the remaining 
parameters were held fixed. Four more cycles were 
computed allowing the heavy atoms to refine and the 
hydrogen atoms were held fixed. The results of the last 
cycle gave a weighted R of 5.8%, and the computed 
standard errors had all dropped by 0.01 A for bond 

lengths and about 1.0 ° for bond angles. There also 
appeared to be a very slight 'shrinkage' of the entire 
porphyrin molecule as many of the bonds were short- 
ened by 0.01-0.02 A.* 

Although the refinement process had converged to 
a minimum, bond distances for two of the ethyl group 
side chains were unusually short [C(22)--C(23)= 1.43 
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Fig.2. Interatomic distances and angles for the VO-DPEP molecule from the fractional atomic coordinates listed in Table 2. 
The least-squares estimated standard deviations are given in parentheses. 
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and C(25)-C(26)= 1.48/k]. To attempt a refinement to 
more reasonable bond lengths for the two ethyl side 
chains, it was decided to refine all of the side chain 
carbon atoms along with the coordinates for their hy- 
drogen atoms which had been located and refined pre- 
viously. The two carbon atoms of the isocyclic E ring, 
C(28) and C(29), plus their four hydrogen atoms were 
also allowed to refine. The remainder of the structure 
was held fixed and used only for the structure factor 
calculations. After two cycles, the bond distances of 
the two ethyl groups had improved to the more rea- 
sonable values of 1.47 ~ for C(22)-C(23) and 1.53 A 
for C(25)-C(26). Finally all of the heaw atom param- 
eters were allowed to refine and the hydrogen atoms 
were held fixed. After two more cycles, the weighted 
R was 5.5% and the unweighted R was 14.0%, both 
of which included the unobserved reflections. The aver- 
age shift per error at the end of the last cycle was 0.033. 
The structural parameters from the final calculation 
are listed in Table 2. The estimated standard devia- 
tions are given in parentheses for the heavy atoms and 
apply to the last significant figure. The Table also in- 
cludes the parameters for the hydrogen atoms whose 
coordinates had been previously refined. Table 3 lists 
the observed and calculated structure factors for all 
the reflections. A difference map was computed sub- 
tracting all of the heavy atoms plus the 28 hydrogen 
atoms, but none of the remaining hydrogen atoms were 
evident. 

Discussion of the structure 

Fig. 2 shows a two-dimensional projection of the mol- 
ecule and indicates the pertinent interatomic distances 
and angles. The least-squares estimated standard de- 
viations are given in parentheses. Table 4 is a list of 
the C-H bond distances, but they should not be con- 
sidered as accurate in relation to the heavy atom por- 
tion of the structure. Although the accuracy of the 
structure is low, the results indicate that there is a dis- 
tortion in the fourfold symmetry normally found in 
porphyrin and porphine structures (Hoard, Hamor, 
Hamor & Caughey, 1965; Koenig, 1965; Fleischer, 
1963; Webb & Fleischer, 1965). The distortion is pre- 
sumably due to the introduction of the isocyclic ring E, 
which distinguishes this structure from the other por- 
phyrin and porphine structures studied to date. 

To evaluate the extent of the distortion, Cruick- 
shank's criterion is applied to ascertain whether or not 
a measurement A is significantly different from a meas- 
urement B (Cruickshank, 1949). At a 99.9% con- 
fidence level the criterion states that the difference be- 
tween two measurements A and B must be 3a, where 
0 - :  (0-2 +0-2)1/2. It is also recognized that the formally 
calculated standard deviations from the least-squares 
refinement are at best a minimum, and should be con- 

* See Pettersen & Alexander (1968) for a preliminary de- 
scription of this structure before the hydrogen atoms were 
included in the calculation. 

Table 4. Carbon-hydrogen bond distances 
Standard errors are considered to be at least 0-1 A,. 

C(5)--H(5) 1-2 A, C(25)-H(25B) 1.6 A, 
C(10)-H(10) 1.6 C(26)-H(26A) 1.2 
C(20)-H(20) 1-2 C(26)-H(26B) 0.9 
C(21)-H(21A) 1-1 C(27)-H(27A) 0.9 
C(21)-H(21B) 1.0 C(27)-H(27B) 1.1 
C(21)-H(21 C) 1-0 C(27)-H(27 C) 1.1 
C(22)-H(22A) 1"0 C(28)-H(28A) 1"1 
C(22)-H(22B) 1"1 C(28)-H(28B) 1"2 
C(23)-H(23A) 0.9 C(29)-H(29A) 0.8 
C(23)-H(23B) 1.1 C(29)-H(29B) I-1 
C(23)-H(23C) 0.9 C(30)-H(30A) 0.6 
C(24)-H(24A) 0.9 C(30)-H(30B) 1-6 
C(24)-H(24B) 0-8 C(31)-H(31 A) 1.2 
C(25)-H(25A) 1-0 C(3 I)-H(31 B) 0-9 

sidered to be somewhat larger than those printed in 
this paper. For this reason an additional factor of two 
has been applied to Cruickshank's criterion (i.e. a dif- 
ference of 6a) before accepting two measurements as 
being significantly different from one another. From 
Fig. 2 it is seen that the distortion is mainly in the re- 
gion of the pyrrole ring C, which is to be expected since 
it is adjacent to the perturbing ring E. The pyrrole 
angles within the C ring at C(12) and C(13) are signi- 
ficantly different from one another by 70-. If the angles 
of ring C are compared with the angles of the other 
three pyrrole rings, there is at least one pair of cor- 
responding angles in each comparison that differ from 
one another by more than 7a [e.g. C(12) with C(17); 
N(C) with N(A); and C(l l )  with C(1)]. The V-N(C) 
distance of 1.96 A also satisfies the above criterion of 
being significantly shorter than the other three V-N 
distances, indicating that the E ring has the effect of 
displacing the C ring in the direction of the center of 
the molecule. The other three V-N distances agree well 
with the expected value of 2.11 • for a vanadyl por- 
phyrin (Zerner & Gouterman, 1966). 

The bond angles of the isocyclic ring E range from 
101 ° to 121 °, clearly indicating an asymmetric and 
strained ring. Unexpected for the E ring are its relative 
planarity and coplanarity with the rest of the porphyrin 
skeleton. This means that the hydrogen atoms attached 
to C(28) and C(29) should be in an eclipsed conforma- 
tion, introducing additional strain into this ring. All 
four hydrogen atoms of the E ring were easily located 
on the difference map described previously. Their co- 
ordinates were refined and the results indicate that the 
steric strain may be somewhat relieved by distorted 
bonding angles, the H - C - H  angle at C(28) being 89 o 
and that at C(29), 116 o. Again it is recognized that the 
accuracy is low, but the discrepancy is large enough 
to conclude that the difference in the two angles is 
probably real. 

The equation of the best least-squares plane fitted 
to all the atoms except the vanadyl group and the alkyl 
side chain groups is 14"57x-0"57y-12.51z=l.765. 
The displacements in ~.ngstrSms of each atom from 
this plane are given in Table 5. The molecule is re- 

A C 25B - 8 
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markably planar, but appears to have the shape of a 
very shallow saucer with the peripheral carbon atoms 
of the pyrrole rings displaced in the positive direction 
and the inner atoms dipping in the negative direction 
as the distance from the molecular center decreases. 
Table 6 lists the dihedral angles between the planes of 
the four pyrrole rings, the four nitrogen atoms and 
the porphyrin skeleton. All are relatively coplanar with 
one another with the possible exception of the D ring 
in relation to rings A and B. As will be shown later 
in Fig.5 of the crystal packing section, the D ring 
overlaps the V-N(C)  bond of a symmetry-related pro, 
phyrin molecule 3.53 A away. It might be conjectured 
at this point that the tilting of the D ring is the result 
of the overlap with the adjacent molecule. 

Table 5. Displacements from the best least-squares 
plane calculated with the use of all the atoms 

except V, O, and the methyl and ethyl side groups 
The equation of the plane is 14 .57X-0.57Y- 12.51Z= 1.765. 

Displacement Displacement 
V -0.54 A C(14) -0.03 A 
O --2.16 C(15) +0.03 
N(A) --0.08 C(16) +0.00 
N(B) -0.07 C(17) +0-10 
N(C) --0.05 C(18) +0.05 
N(D) -0.04 C(19) -0.07 
C(1) -0.04 C(20) -0.04 
C(2) +0.03 C(21) -0.01 
C(3) +0.04 C(22) +0.18 
C(4) +0.01 C(23) - 1.10 
C(5) +0.02 C(24) +0.20 
c(6) +0.03 c(25) +0.15 
C(7) + 0.07 C(26) + 1.55 
C(8) +0.04 C(27) +0.11 
C(9) -0.01 C(28) -0.01 
C(10) --0.04 C(29) +0.03 
C(11) + 0.00 C(30) + 0-20 
C(12) -0.00 C(31) -1.21 
C(13) +0.02 C(32) +0.09 

Table 6. The dihedral angles between the best least- 
squares-planes of atoms in the various rings of VO-DPEP 

A B C D E N 
a 
B 2"5 
C 4.3 
D 6.5 
E 3.1 
N* 3-4 
P* 2.9 

3.7 
7.0 3.6 - 
3.6 1-7 3.5 - 
3.5 1.1 3.5 0-6 - 
3.0 1.4 4.0 0.7 0.6 

* N and P refer respectively to the best least-squares planes 
containing the four nitrogen atoms and the porphyrin skeleton, 
as described in the text. 

Fig.3 shows the geometrical details of the central 
part  of the molecule. The four nitrogen atoms are 
planar within their standard deviations, and the vana- 
dium atom lies 0.48 A out of this plane. This value is 
in fair agreement with the value 0.5--0.8 A predicted 
by molecular orbital calculations for a vanadyl por- 
phyrin (Zerner & Gouterman, 1966). Experimentally 
it also compares with 0.475 A for the iron atom of 
ct-chlorohemin (Koenig, 1965) and 0.455 A for the iron 
atom of methoxyiron(III) mesoporphyrin-IX dimethyl 
ester (Hoard, Hamor, Hamor & Coughey, 1965). The 
four nitrogen atoms do not form a perfect square, the 
N(C) atom being displaced in the direction of the 
vanadium atom. The center point of the plane shown 
in Fig. 3 is the geometric center of the four nitrogen 
atoms, but because the V-N(C)  distance is shorter 
than the other three vanadium-nitrogen distances, it 
does not coincide with the point of perpendicular pro- 
jection of  the vanadium atom onto the plane. The 
angle which the vanadium atom subtends between 
these two points is 3 o and the difference is too small 
to be visible in the Figure. The distances from the 
vanadium atom to the two different points on the plane 
are equal, to three significant Figures. 

o 
J" 1.62 f- . .  

t02 ° ~': 10"/'* 

N,A, N(B, 

N(D) 2.80 N(C) 
87" 95° 

Fig. 3. The detailed geometry of the central part of the VO-DPEP molecule. The distances are given in A and the angles in degrees. 
The center of the plane of the four nitrogen atoms is their geometric center. This point does not coincide with the point of 
perpendicular projection of the vanadium atom onto the nitrogen plane, but is displaced by a very small amount toward the 
N(C) atom. The V atom subtends an angle of 3 o with these two points and the difference is too small to indicate in the Figure. 
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Fig.3 also indicates a slight tilting of the vanadyl 
oxygen atom in the direction of the bridge carbon 
atom [C(20)] between the A and D pyrrole rings. The 
angles between the vanadium-oxygen vector and the 
four vanadium-nitrogen vectors are 100% 104 ° , 107 ° 
and 102 ° respectively for the nitrogens of rings A, B, 
C and D. The V = O vector also intersects an angle of 
3.2 ° with the vector normal to the best least-squares 
plane containing the four nitrogen atoms. This tilting 
of the oxygen atom appears to be due to some very 
weak hydrogen bonding with the solvent molecule of 
crystallization. Fig. 4, which will be introduced later in 
the discussion of crystal packing, shows the inter- 
atomic distances between the oxygen atom and the 
carbon atoms of 1,2-dichloroethane to be 3.26 and 
2.96 A, respectively, for C(33) and C(34). 

The coordination geometry of the vanadium atom 
in this structure can be compared with that found in 
X-ray structures of other vanadyl complexes. As far 
as the author is aware, this is the first vanadyl structure 
determination for which the vanadium atom is coor- 
dinated with four nitrogen ligands. The others have 
oxygen atoms or at most one nitrogen atom as the 
coordinating ligands. The number of vanadyl struc- 

tures published is becoming larger, and varying coor- 
dination geometry is reported. For example, the struc- 
ture of tetrasodium divanadyl(IV) D-tartrate L-tartrate 
dodecahydrate, Na4(VO-DL-C4H206)z.12H20 (Tap- 
scott, Belford & Paul, 1968), has a normal square- 
pyramidal configuration for the vanadium atom, sim- 
ilar to VO-DPEP. In the tartrate case the vanadium 
atom lies 0.546 A above the best plane of the four 
coordinating tartrate oxygen atoms. The V = O  bond 
distance in this structure is 1.619 (7)A. The corre- 
sponding figures for VO-DPEP are 0.48 and 1.62 A. 
Applying ligand-field theory, one would expect the 
vanadium atom to be drawn closer into the plane of 
the coordinating ligands for the VO-DPEP case be- 
cause of the increased ligand-field strength of nitrogen 
as compared with oxygen. One might also expect the 
vanadyl bond to lengthen for VO-DPEP because of 
the repulsion of the oxygen atom by the zc electrons 
of the porphyrin skeleton as the vanadium atom is 
drawn closer to the plane of the four nitrogen atoms. 

A second example of a vanadyl complex is 
ammonium vanadyl (+)-tartrate monohydrate, 
(NH4)2VO(C4H206).H20 (Forrest & Prout, 1967). 
The coordination geometry of the vanadium atom in 

C21 x (;23 x x 

N(D) V Y= 3 

X=O.O / X,t.0 

Fig.4. The crystal packing as viewed in a projection along b. The solid bar represents the best least-squares plane of  the porphyr in  
skeleton, its width being determined such that  the area of the bar includes all the points  of  projection for each a tom in the 
porphyr in  skeleton plus the side chain a toms C(22), C(24), C(25), C(30) and C(32). The other a toms outside of  this area are 
indicated in the drawing. The large rectangle represents one unit-cell. 

A C 25B - 8* 
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this compound  is a distorted tr igonal  b ipyramid with 
the vanadyl  oxygen in the equatorial  plane of  the bi- 
pyramid.  The vanadyl  bond length is 1.60 (2)/~. A 
third example is the structure of  vanadyl  sulphate 
pentahydrate ,  VO(I--I20)4(SO4 ) . H 2 0  (BaUhausen, Dju- 

r insky & Watson,  1968). The vanadium a tom in the 
structure is surrounded by a distorted octahedron of  
six oxygen atoms. The coordinat ing oxygen of  the 
sulphate group is cis to the vanadyl  oxygen and the 
V = O  bond length is 1.591 ( 5 ) A . T h e v a n a d i u m  a tom 

Table 7. Intermolecular distances less than 3.70 A 

Roman numerals refer to molecules shown in Figs. 4 and 5. 

Molecule I to molecule II Molecule I to molecule III 
N(A)-C(29) 3"61 A O C(25) 3.49 
N(B)-C(17) 3.70 O C(28) 3.53 
N(B)-C(30) 3.42 C(7)-C(13) 3.68 
N(C)-C(18) 3.66 
C(1)--C(28) 3.69 Molecule II to molecule related by a 
C(1)--C(29) 3.68 twofold screw axis at x=¼, z=¼ 
C(2)--C(28) 3.59 C(21)-C(32) 3.67 
C(6)--C(30) 3-44 
C(9)--C(30) 3"66 VO-DPEP - Ethylene dichloride 
C(10)-C(32) 3.53 O C(33) 3.26 
C(11)-C(18) 3.59 O C(34) 2.96 
C(11)-C(32) 3.61 N(A)-C(33) 3.62 
C(13)-C(20) 3.59 C(1)--C(33) 3.68 

C(18)-C1(2) 3.66 

\ 

¥ ~  

i x. 

? ... .  ..-,.. 

,,~. ~ o o~°~  " ~ .  

Fig. 5. A projection of the unit-cell contents onto the plane of the four pyrrole nitrogen atoms. The projection of the Y direction 
is shown for reference. It intersects the plane of the page at y = 0"0 and makes an angle of - 3 ° with the plane of the page 
for Y positive. The second axis is perpendicular to the Y projection and is a combination of the X and Z directions. 
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lies 0.281 _~ out of the best plane of the four equatorial 
oxygen atoms. A much smaller out-of-plane distance 
would be expected of course, since there is a fifth co- 
ordinating oxygen ligand trans to the vanadyl oxygen 
atom. 

Crystal packing 

The VO-DPEP molecules pack parallel to one another 
and nearly parallel to the b axis, as seen from the 
equation for the best least-squares plane. The ethylene 
dichloride molecules fill up holes between the edges of 
the VO-DPEP molecules and stack in clusters of two 
molecules each along the b direction. Fig. 4 shows the 
crystal packing in a projection along the b axis. The 
solid bar is representative of the best least-squares 
plane of the porphyrin skeleton and its width was de- 
termined by the displacements of the atoms from the 
best plane such that the area of the bar included all 
the points of projection for each atom in the porphyrin 
skeleton plus the side chain atoms C(22), C(24), C(25), 
C(30) and C(32). The atoms outside this area are indi- 
cated in the Figure. There are two interplanar spacings 
between the best least-squares planes of the molecule: 
one of 3-53 A between molecules related by a center of 
symmetry and where the vanadyl groups point away 
from one another; the second of 3.75 A between mol- 
ecules related by a twofold screw axis and where the 
vanadyl groups point toward one another. 

The solvent molecule of crystallization has been 
forced into its position with a cis configuration. From 
the refined positional parameters, the twist of the two 
chlorine atoms from one another about the C-C bond 
is only 6 o. The C1(1)-C1(2) distance is 3.20 (1)/~, much 
shorter than the distance of 4.24 (2) A found for the 
low-temperature form of 1,2-dichloroethane (Reed & 
Lipscomb, 1953). The two CI-C distances are 1.77 (3) 
and 1.78 (4) A and the C-C bond length is 1.28 (4) A; 
the bond angles are 129 (3) and 116 (2) °. These values 
compare with 1.80 (2) A for CI-C; 1.49 (4) A for C-C;  
and 105.5 (5) ° for the angle in the low-temperature 
structure of 1,2-dichloroethane. Two 1,2-dichloro- 
ethane molecules are related by a center of symmetry 
and are quite tightly packed together. The C1(2)-CI(2) 
distance across the symmetry center is only 3.69 A, 
and the corresponding C1(2)-C(34) distance is 3.62 A. 
There is no possibility of these two chlorine atoms 
being part of the same molecule as the symmetry center 
would not allow fitting in of the carbon atoms without 
a great distortion the molecule. Thus two molecules 
cluster tightly about the symmetry center and the 
shortest distance between the dusters is 5-52 A from 
CI(1) to CI(1). [The CI(1) atoms are those seen directly 
over the symmetry centers in Fig.4.] This large space 
between the clusters is thought to be a contributing 
factor to the large thermal motion of the 1,2-dichloro- 
ethane. 

Fig. 5 shows another projection of the unit-cell con- 
tents along the vector perpendicular to the plane of 
the four nitrogen atoms. The projection of the Y direc- 

tion is also shown for reference. It intersects the plane 
of the page at y = 0-0 and makes an angle of - 3  o with 
the plane of the page for Y positive. The second axis 
in the Figure is perpendicular to the Y projection and 
is a combination of the X and Z directions. The Roman 
numerals for each molecule can be matched to those 
of Fig.4 if the Y direction shown in the Figure is 
imagined to be perpendicular to the page of Fig.4. 
Fig. 5 also shows that there is partial overlap of the 
molecules, most of it being between molecules I and II, 
which are related by a center of symmetry. Table 7 
lists all the intermolecular distances less than 3.70 A,. 

I am grateful to Dr Leory E. Alexander who initiated 
this project and who encouraged me to come to Mellon 
Institute to work on this research. Thanks are due to 
Dr Earl W. Baker for suggesting this problem and for 
supplying the DPEP compounds. Dr Robert F. Stewart 
adapted the X-ray 63 Programs System for use on our 
IBM 7090 and the SFLS-5 program was adapted for 
CMU IBM 360 by Dr David Weaver. Thanks are due 
to the CMU Computation Center for their generous 
support through the use of the IBM 360 computer. 
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