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AN X-RAY CRYSTALLOGRAPHIC STUDY OF CHLOROFHYLL ANALOGUES

AND OTHER BIO-ORGANIC COMPOUNDS
Mark S. Fischer

Lawrence Radiation Laboratory and
Chemistry Department

University of California

'Berkeley, California

December’1969

Abstract

The crystal and moleculaf structures of-twd analogues of .
chlorophyll,have'béén determined by x—réy diffraction. The mono-
hydrated dipyridinated'magnesium phthalocyanin crystallizes in space

o

a=17.098 &, b=16.951 k, ¢ =

group P21/n with cell dimensions
12,449 & and B = 105.88°. A1l hydrogen atoms were located, and the

final R~value is 0.050 for the 3323 independént non-zero reflectionS'

which were peak-counted on a diffractometer. The_asymmetric.Unit

c§ntaihs onégmaghesiuﬁ phthalocyanin molecule in which the magnesium atom

- is also coordinated to the oxygen atom of a water molecule. 'The

hydrogens of the water molecule are'hydrogen—bonded to two pyridine
molecules of crystallization. The phthalocyanin ring deviates.
siénificantly from a plane, and the magnesium atom is 0.496 A out

of the'piané of the inner nitrogen atoms and towards the water




molecule. The biosynthesis and possible non-planarity'of chlorophyll

are digcussed,

o

The éﬁlbrdphyll dérivative methyl phéophorbide a crystailizes
in space.gr‘o"alp‘Pvz1 with cell dimensions a = 8.035 3, b= 28,531 i, ] - - ;)
c ﬁ 7.320 # and B = 110}960'and-with two moieéules in the uhit cell.

The finéliﬁ—value is»0.051 for the 1616 independent‘non-zero reflections
collected on a diffréctoﬁéter.‘;The iﬁnef_hydrbgen atoms are dis- .
ordered.; Thé Riné I'Qinylngﬁd Riné v cérbonyl gréups are in
cqnjugatibﬂ’With thé nearly flat chlorin ring. Theré are no
chlorin-cﬁibiin intérmoiecﬁlaf contacts less than 3.5 A. .We
propose a detailed model for the afrangement of chlorophyll in
photosynthetic lamellae; in which hon-parallei chlorOphyll.moleculés
afe felated.by a..21 screw axis_aﬁd are linkéd by waﬁef molecuiés.

“With thg.use ofrmolecﬁlarlorbitél calculaﬁions, we predict a
correlétiéﬁ-bétween the phbsphoresEence energy of métallopcrphyrins
and the lonic radius of the central metal atom. This prediction
is in.agreeméﬁt with data in the literature. Since the metallic
ionicvradius_deéeﬁﬁg-on_its coordination geometry, we sﬁggest that
phosphorescence spectra of metalloporph&riﬁs be used to infer fhe

environment of the central metal atom.

Unsuccessful attempts to crystallize chlorophyll and a

=

suécessful'synthesis of zinc methyl chlorophyllide are described.
We have determined the structures of two choline chloride ?é

analogues ‘in detail as well as listed space grdup information on the




phosphonium analogue of choline chloride andion chéline bromide.

Betaine hydroéhlpride cryst&llizes in space group P21/c with

cell parameters g;— 7.428 }, b = 9.108 §, ¢ = 11.550 & .and B =

96.71° and wiﬁh four.molecules in the unit cell. The final R-

value has been reduced to 0.026. The cation éssumés alcompletely'
étaggered~conformation‘with the acidic hydgogen atom as farxaway'

as possible frdm the nitrogen atom. Because of épace'group‘difficulties,

we present only an approximate structure of choline iodide. Iodide-

" choline interac¢tions determine the packing arrangement. The con-

figuration of the choline cation is nearly identical for choline

chloride and choline iodide.The mechanism for the uniqﬁe radiation

‘sensitivity of choline chloride is discussed.

We haveretermined the crystal structure of 7—chloromefcurinaphthalene-
1-sﬁlfonyl»fiuoride, a'possible profein label, by x-ray diffraction.
It crystalliies in space group P21/m-with the molecule lyiﬁg in
the mirror plane. The unit éell_dimensions are a = 9,725 A, b=
6.836 1, gv; 8.351 & and>B = 9b,99°, and there are two molecules
in the uhit cell. The conventioﬁal.R-ﬁalue is 0.027 for the 1055

independent data collected on a scanning counter diffractometer and

corrected for acute absorption effects. The fluorine atom always

‘lies near a hydrogen atom of the naphthalene'ring.

We present space group data for triphenyl oxaziridine and -
N—(p;bromophenyl)-C,C-dibhenyloxaziridine. A glogsary of

crystallographic terms is attached in the Appendix; '
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. INTRODUCTION




This study is snvattempt to applyvthe physical tool of X-ray
crystallograpby to a few problems of.biological interest. The | - s;
technique of X~ray diffraction is employedﬂto determine the structures
of moleculsrlcrysmals and the siruCtural kmouledge is used, iu turn,
to help us ‘understand blologlcal problems.- |

X-Ray crystallography is one of the most powerful technlqueu-
- for the investigation of molecular 'structure. Through the use of
the hundreds or.euem.thousemds of.indeoendent data which we obcsln
as a result of the dlffractlon process we oan obtsin an extraordinarily
detailed descrlptlon of the crystal structure. Interatomic distsncesv
for the molecules in the crystals often dre determined to a precision;
of better than 0.0% i = 10-8'cmf Furthermore, because‘commercial |
equipment isvavailable snd because much of the methematics of the -
dlffractlon process has been derlved previously, we are able to
ooncentrate much of our effort on the apollcatlons of the technlnue.

One problem associated w1th‘the X~-ray crystsllographlc technlque
is the difflculty‘of obtaiming simgle’crystals of sufficient siZe.
and quality for a detailed analysis. Moreover, the x-ray technique
is expensive in terms not only of the cost of.equipment and the time
involved,but:also of the enormous amounts of computer time (in the
range of hours) needed.for the calculations which‘involveblarge‘
amoumfs of data and large numbers of molecular oarameters.- An
additional” problem is the necessity to extrapolate from molecular

atructures in crystals to molecular structures in solutions and . in

blologlcal systems.,




The difflculty of obtaining crystals proved to be 1nsurmountable
for chlorophyll 1tsel§ and we were forcedto crystalllze model compounds.
Crystals of gome of the other compounds studled vere donated to us
by other people. (See Acknowledgements) The cost problem was over-
come through ﬁhé generosity of the Atomic Energy_Commission‘astweil
as the Nationgl Inotitutes of Health aod the Natioool Science
Foundation._ Iﬁ order to reduce'fhe computiné time, we:Chose.
molecuies with less than a hundred independent atoms as the subjeots
for this siudyQ | | _
| The'méjor part'of'phis study_is“devopea to a diécussion of
chlorophjil its analogues and defivatives.b ChlorOphyll is a :
relatively rlgld molecule so that an analysis of the structure
of its rlgld analogues is likely to be relevant to the structure
of chlorophyll in various environments. We descfibo first our
“attempts to isolate and crystallize chlorophyll and its deriVatives,
This is foilowed by a description of the x~ray crystallographic o
,analyses.of monohydrated dipyridinated magnesigm>phthalocyanin,
‘vhich is a chlorophyll analogue,vand methyl pheophorbide, whioh is
a chlorophyiivderivative. An effort is made ﬁo extrapolate froﬁ
.thesé'model compounds to the structure of pﬂotosynthetic lamellao,'
We have'also included an aﬁalysis of the results of seVeral othef o
crystél struotureu analyses of porphyrins and we have épplie&:these |
results po a discuosion of the determinétion_of ooordination numbers

‘by spectroscopic techniques.




In the next sectio» of this study we present an analysis of
structural‘aapectsAof the radiation sensitivity of .choline chloride
analogues in the SOlld state. We havé studied the-stfuctures of
two of these compounds in detall - betalne hydrochloride and choline
iodide. There is also a shorter descrlptlon of preliminary x-ray
characteriaation work of a few othér-anaiogues. We‘have suggested
a mechanism for the.radiation‘decompoaitionvof cholioe chloride.

We haﬁe also studied che structure of the protein label 7=
vchloromercurihaphthaiené—1~sulfohy1 fiaoride; In addition, we have
some preliminary work on an isomer of that mercury compound and on
two oxaz1r1d1ne compounds.

The highly specialized vocabulary of X-Ta&y crystallography is
often a barrier to the understanding of the non-speclallst.
Elementary but systematic explanations of the techniques of x-ray .
crystallography may be found in meny books, but the fbllowihg‘tWO
books are'éacécially recommended: "Crystal Structure Analysis" by-
vMartin J..Buefger publishéd‘by John Wiley and Sons in New York in
1960 and "X-Ray Structure Determin:ajtion-. A Practical Guide™ by
Georga H}_Stout_and Iyle H. Jensen published by the Macmillan'
Company in Tofonto‘io'1968. Attached to this study is an Appendlx.

whlch contalns our glossary of crystallographic terms.




' THE CHLOROPHYLLS



In green,plants, photesynthesis occurs in'ﬁhe'lemellae, which
are membrenes‘composed ﬁalf of proteins and half of lipids (by weight)
(Park, 1966).- Chlorephyll, whose structure is shown in Figure 1,
comprises'eppfoximateiy fifteen percent of the lipid fraCtien. It
is widelj believed.that'chlorophyll moleeulee participate in the-
first steps_qf photosyniheeis by cepfufing'the initial photons and
trensmitting the'energj to some’form of chemical trap. The chemrical
formula of chlorophyll was first determined by H. Fiséher (19&2), |
The total synphesis.ef-cﬁlorephyli was accompiished by R. B. Woodward
in 1960. . Yet the stfueture of-aggﬁegated chlorophyll in vivo
femains unclear. | o . -

We weﬁe interested in determinihg.the crystal structure of
chlorobhyli eot eﬁly to deriﬁe a‘highly.preciSe geemetry but also to
iﬁvestigaterits packihg and te extrapolate tovfﬁe in vivo situation.
Several Qorkers‘(Hahson;v193§ijackinney, iéAO; Jacobs, v;tfer.and _
Holt, 1953; Zill, Colmans and Trurnit, 1958; Anderson and Calvin, 7962)
have succeeded previously in obtaining crystals of chlorophyll, but i
these have alﬁays been microcrystals, too small for a single crystal
study. 2ill suppiied microcrystals to G. Donnay (1959) who obtained
a highly precise powder diffractien pattern. However, she was not
able to deduce chlorophyll'e'packing arrangement'from the pattern.

‘Oﬁr-first efforts were spent onbisolating pure chlorophyli
compounds and trying to crystallize them; The‘red photosyntheﬁic :

bacterium Rhodospirillum rubrum contains the chlorophyll pigment




~ Figure 1. Chemical formula of chlorophyll a.




8
bacteriochlorobhyll, which has éatﬁrated bonds in béﬁh Rings II and
IV, TIts isolétion procedufe.is more straightforwafd than chlorophyll
a's isolation becauée the fofmer isolation.involves-éne less column
separation. Our-isolation.prbcédure was similar to that of Lindsay- .
Smi th andHSauer (1965); Weicdncéntraﬁed 22 liters of two day old |
R. ;ggggg.tqié'SO g maSS with,a:Sharples continﬁous.flow_éentrifuge.
The bactefioéhlorophyll'was extrected from the bacteria with ZOQ ml
vdf acetonerwith thé usé of aVWaring blender; vWater‘wés adaed to |
the solufion fo make a 3:1 acetone/watef mikfure. The éblution was
filtered.through cheesecioth and added to a polyethylene column
which had been previously washed with a 3:2 acetone/water solvent.
The bacteriochlorophyll was eluted with a 3:1 mixture of acetone/
water, and pink and orange colored pigﬁents remained at the top of
tﬁeiéolumn.' The bactéfidchlorophyll was fransferred to petroleumﬂ-j:
ether énd.thévsolveﬁt was evaporateafr Thevrésu1£ing 31 mg of |
bacteriochiorophyll had peaks-in its absofption spectrum.ét 7,
358, 393, 575 and TO-710 nm. Both the peak heights and wavelength
bf abéorption maiima were. nearly identical to those.iﬁ the‘
bacteriochiofophyll ébsorptioﬁ spectrum obtained by Holt and Jucobs
(1954). | |

We atﬁempted to crystallize the bacteriochlorophyll ffom five

different solvent systems: 1) water, 2) methanol, 3) 6:1 n-hexane/ -

»

ether,‘a)_3:1 iso-octane/ether and 5) 3:2 iso-octane/Methanol; Each

of the solutions was evaporated'over,anhydrous CaS0O, in the dark;

4




In all oases vwe obtalned two phases, a preen 0il and dark green
shlny solid, whlch produeed elther no dlffractlon pattern or a
poor powder pattern when exposed to x~rays. | |

We trled to crystalxlze bacterlochlorophyll from a low meltlng -
point wax and from an alumlnum stearate soap. Our hope was that-the
nonpolar solvent system would help the>ehlorophyll po'aggregape.
However, both solvents.were opaque Qhen solidified‘and their uee
was discontlnued. We oonsidered twobother soivent:systems -;eagar‘r
and gelatln. We prepared a solution of bacterlochlorophyll in a
1:1 acetone—water agar. by addlng water to the agar, heatlnp to
95° C, dlssolv1ng the bacterlochlorophyll ;n;acetone, brlnging-
both to aitemperature of ~35° and mixing. As the mixturevcooied,
it solidified; We hoped that the agar ‘matrix would retard the
acetone evaporatlon. As the acetone would evaporate the | |
bacteriochioroph&ll presumably would aggregate! since it is
insoluble in water. We found that the volume of agar had decreased
to about one fifth of its previous rolume after five months. lThe
chlorophyll was aggregatei into small lumps, but the x-ray
photographs showed poor powder patterns. ‘, -

A gelatin-diffusion experiment was tried. We found that when
more than 0.5 g gelatin was dlssolved in 100 ml of water and placed
in an ice-water bath, the solution became extremely viscous. We |
dissolﬁed 0.95 g of gelatin in 100 ml of water, put the material in

‘an ice-water bath, placed a drop of a concentrated solution of

Ty
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bacteriochlsrophyll in aéetone-on.top of tﬁe gelatin, and sealed
the container with paraffin. Two weeks later drops of acetone .
containing very concentrated solutions of bacteriochlorophyll werev
present, but there was no éolidvmaterial present.,

We isolated a large quaﬁtity.of chlorophyll a and b according
to the method of Andersén and Calvin (1962) with the modificaﬁions

of Vogt et al. (1965). MWe washed 320 g of spinach and dissolved
the ﬁigmenié in 500 ml of aqéﬁone with tﬁe help of the Warihg
blenaer. We added 110vml of water and filterea the soluﬁion
through pheéseciéth. The filtered_sblution was adied té a polyh
ethyléne column. The xanthophylls were collected first and then
the chlorophylls were éluted with an 85% aéuéous aceténe solvent.
The chlérbﬁhyils Qere trénéferred.to isééctane‘ahd dried with
vNaSOA; A sugar column was used to sgparate chiorophyll.g frém
chlérophyll gvby varying the anéunt of n-propanol mixed with the
isobctane élutiﬁg sélveﬁﬁ. Two main bandé appeared, with thek
chloroph&ll a on fhe‘bottom and the chlorophyll b farthgr up

the colufnn°

Slow evaporation and slow cooling experiments of the chlorophylls
in igooctane yielded microerystals of chlorophyll but no single

crystals large enough for a single crystal diffraction experiment. - - ”;

We turned our attention to the crystallization of chlorophyll
derivatives and analogues. Related structures which had been
determined by single crystal x-ray diffraction included those of

the porphyrins and phthalocyanins, e.g. porphin (Webb and Fleischer,




1

1 1965), tﬁo_modifioationsbof teiraphenylporphin (TPP) (Sil?ers éod
TulinSky,f1967; Hamor, Haﬁor and Hoéid, 1964) ﬁnd phthalocyonin :
(Hch) (Robortson, 1936). Three adaitionalnand more closely
relaﬁgd étrﬁotureslﬁeré determined by other workers while tﬁis ' 3
study was iovprogress: aouo Mg TPP (Tinkovitch and Tulinsky, 1969),

a pﬁyllochlorin ester (1n a low resolution study) (Hoppe et al., 1969)

'and vandyl deoxophylloerythroetloporphyrin (VO-DPEP) (Petterson 1969).
The phyllochlorln ester has the chlorin m01etv of chlorophyll i.e.

a saturated bond in Ring IV, but it lacks the flfth 1SOCYCJlC rlog.
The porphyrin VO—DPEP has the isocyclic ring but is unsaturated in
Ring Iv. Nelther of the last two mentioned derlvatlves has the
phytvl chain of chlorophyll. Several succes)ful attempts at |
crysta111z1ng the methyl and. ethvl chlorophyllldes are reported in
the 11terature, e.g. Borodin (1882), Ketelaar and Hansen (1937)vand'

"Holt and Jacobs (1954). | | _.

We obfainedvmethyl pheophofbide a from R. B. Woodward. The
red—violet;flakes appeared highly crystalline under‘the polarizing |
microscope but they were too small for a single crystél X-ray stﬁdy.

- They were_succesofully recrystallized from a 1:1 benzene-methénol
solvent sysfem by evaporation to dryness in the'dark dufing.abtwoé
week period,. The resultant crystals were opaque to visible'light
and resembled soft lumps of coal with dimensions as great as 2 ﬁm.
X-Ray photographs indicated that the macrocrystals were compc')sed of
many‘crystals, some of which might be of suitable size for a singlo

. crystal analysis. A small fragment was sliced from a macrocrystal

and used in the single crystal study described below.
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Since methvl pheophorbide a contains no heav& efom, the solution
of the phase problem is greatly compllcated. We decided to prepare B
a heavy atom derlvatlve of methyl “heophorblde. Accordinvly’SZ mg
of methyl nheophorblde wag dissolved in 30 ml of methanol. The
solution was deoxygenated by repeated freez1np in a nltrogen env1ron—
ment and evacuatlng. A solutlon composed of 33 mg of An(Ac)2 2
crystals 1n 30 ml methanol s1m11arly was degassed Within minutes
after the un(Ac) solution was added the purple flakes of MePPb
dissolved and the solutlon turned green.. The reaction was monltoredﬁ
by syrlnplna samples diSSolv1ng them in benzene and taking an
absorptlon spectrum. After one and a half hours the reaction was
noﬁ compiete.' However,efter 1§ hours tﬁe peak at 538 nm disappeared-‘
entirely;and.a peak at 658 nm grew from’e shoulder at,655 nm of the .
MePPb spectrum;' The selution was eﬁacuaﬁed to eiiminete both the
solvent eneithe,aeetic'acie-reactien ﬁroduct. The eﬁcess‘eihc
acetate was removed'by dissoiving the solid in a_ﬁaﬁer-ether
mixture and‘discarding the water layer. We obtained a 95% yleld
of zinec methyl chlorophyllide (Zn Chlide).

After our initial, unsuccessful attempts to crystallize the
material by the evaporafioﬁ from a pyridine’solution, we.used
’Si1104%51 thin leyer.chromatography (TLC) to check the purity of
product. There was no more‘than 1% st&rting material eresent, but
there were'three spots corresponding to reaction products. When
a 631 benzene/methanol solvent was used, the Ry of MePPb and the

three products are 0.63, 0.39, 0.29 and 0.22, respectively, where
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RFlis defined as the ratio of fhe height of the spot ebove the origin .
to ihe height of the solvent' front. We used multlple elutions with
a 5:1 methanol/benzene solvent of p*eparatlve TLC to separa\e the
main products~of'the reaotion mlxtufe.3 Thevplgmente.qere applied_'
in methylene chloridebsolutioos. ,Tﬁe peak heigbts end wavelength
of the absorptlon maxima for three of the resulting pigment bandse

are 9iven 1n Table I. Tw0 other ‘bands were present as ‘minor |
products.: We atteopted to crystalllze the two main products .
‘corresoonding to bands III eand IV in the folloWing solvents:r
pyrldlne- tetrahydrofuran, a 7 1 mixture of ether ‘and acetone~ a
1.1 2T mlxture of ether and ace*one, chloroform, carbon tetrachlorlde,
and toluene. Because all of these'crystallization attempts were
unsuccessful ’ﬁe abandoned work on ﬁhe ZnChlide.

In order to 1nvestipate the environment of magnesium in
porphyrlns we obtalned crystals of magnesium phthalocyanin (Mch) |
from E. I. duPont Co., duPont Code No. DD 1383. Although therbottle_z :
.was labeled "Magnesium Phthalocyanin " the analysis of nltroyen -
written on the bottle (Ncalcvz 20.88%, N, = 19. 5%) and an 1ndependent
assay of the hydrogen present (Hcalc = 2.98%, H s = 3.53%) implied |
’thatvtwo Water molecules of hydration were present per Mch moleculer
The violet colored powder was recrystallized from an alr-exposed
solution in pyrldlne by slow evaporation to dryness. The deep
violet crystals which remained were well formed. The most promineht '

crystal faces are the (011), (110), (101), (101) and (210) forms.
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Table I. | Absérption maxima of three main produéts in the
revaction .MePPb' + Zﬁ(&c) 5 — ZnChlide + 2HAc. |
Band TIT - o  Bamd IV o '__gggg v | .
Amm)  Heignt  Am)  Helent  A(m)  Height
655 35 -C 81 .': 658 46
&7 s0 | S as 46
" 603 '}_9» - s0 17 B €08 o 14
58 7 s67 10 ses 9
517 4 525 K 5200 6
' . 426 100
414 109' | 10% ss - 44100
358 271 w51 e 49
318 15 w22 o 3302 29
o ow B

at 200 © 22 &t 200 0O at 200 51

& Shoulder
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7

The C;xstaliand Molecular Structure of the Monohydrated Dlgh 1d1nated ‘

P e 2 " At wair ol ~~~~~~_

Magn331um Phthalocyanln Cg~plex

' Phthalocyanln (H Pe) was first synthe31zed (a001dently) byv
Braun and Tcherniac (1907) and first characterlzed by Llnstead and
Lowe (1936). MgPec is depicted in Figure 1. Becauge of their 1ntense
light aoeorption ‘the metallophthalocyanins havedbeen used commeroially
‘as dyes. Theoretlcal chemlsts have studied their highly resonatlng
bond system in order to test quantum mechanlcal models, and 1norgan1c
.chemlsts have studied the effect of metal atoms on their geometry and.
»eoectra. Althouph'the phthalocyanins do not occur in nafure; their' |
structural 31m11ar1ty'to the hemes, chlorins and corrins have | |
caused them to be of interest to blologlcally oriented chemlsts.
. Through-31ngle crystal x—ray analysis,-Robertson et al. (1935
-1936a 1936b, 1937, 1940) showed that phthalocyanin and its Mn, Fe,
_Co, Nl Cu and anhydrous Be and Mg derivatlves are. 1somorphous." The
PtPc was shown to be nearly but not exactly isomorphous. The structﬁres
of H2Pc,‘NiPc and Ptfc were determined in detail. They were eech.' |
found to be”planar within'0.0Z i and the metal eﬂom alﬁays 1aynin ,
the Pc ring. It was on the basis of the structures of these flat
molecules‘that chemists have assumed that porphyrin molecules are
flet. Only in the 1960's when other-porphyrin molecules were
'studied was.it shown that porphyrins with that degree of planafify.

_are the exception.
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Figuﬁeuj. Chemical_formﬁla of magnesium phthalocyanin.
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More recently Brown (1968& 1968b) has determlned the’ Scructurev

of CuPc and redetermlned the PtPc structure.‘ The s+ructure of

CSH5N MnPc-0- MnPc- 5 5

- (1967). In. this structure the Pe rings show deviatlone from planarlty

N was determlned by Vogt Zalkln and Temoleton

whiéh-are as large as 0.7 A. v

| Ourwinuenc in deuermihing the.Mch strucﬁure Ves to study the
onvironment of magnesium atom in porphyrlns. We hoped to be able

: to extrapolate to the env1ronment of the magne51um atom in chlorophyll.
- We dlscovered that when Mch is. crystalllzed in the non-anhydrous
env1ronment of an uncovered pyrldlne solutlon the- Mch is not
1somorphous w1th those phthalocyanlns studied by Robertson 1936b)

The solutlon of the MgPc structure was made dlfilcult by the :
absence of any atom eppreciably heavier than carbon. The magnesium o
atom cOntains only.twice‘as many electfons as do carbon etoms, and v
1 the Mg-Mg of Mg-C vectors do no£ stand out in a Patterson map .

calculation. Howeuer, the absence of a heeuy atom meant thet.if_
high.quality data were obﬁained and if there were no complications
such as disorder, crystal twinningvor uery high thermal motion,l
then the structure which uouid be obtained would be of very uigh |
‘precieion,"A structure of high precieion would be. of help.in
'understanding bonding schemee, molecular orbitale and the releﬁed

chemical ground and excited state properties (Weiss, 1970).
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Experimental Procedure

Weiesenberg photographs of fhe 0k£ 1xd, 2k£ .3k£. and Lkt
levels indiceted Laue symmeﬁry 2/m. The observed systematic
absences (OkO for k # 2n; nod, for h +4 #2n) correspond to the

_monoclinlc space ‘group P2 /h with the four general equivalent
-positions: X,¥,25 -X,~Y,-%; %ﬂs,%-x,%ﬂé', %—z,%+x,z-.z.- A

General Electric XAD-5 x-ray diffractoﬁeter equipped with e

copper x—ray “tube, a manual quarter—c1rcle Eulerlan-cradle gonlostat;
and a 0.,0003 inch thlck Ni=filter at the receiving slit were used

to measure_both the cell dimensions and the intensity data. The

- unit celi dimensions were determined from fhe d-spacings of the j’
hoo, OO&,~O&O,_QOQ; and QQE reflections. ' The alpha doublet

(N = 1.5405 § for CuKd1) was resolved forithose feflections of

highest order. .The cell dimensions are a = 17.098 # 0.003 i,
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b = 16,951 » 0.003 i, & = i2.449 + 0,003 E,'aneiﬁi=‘105.88 + 0,03°.
The observed density of 1. 368 + 0,015 g cm™> , which was determined
by flotation in an equeous ZnBr solution, agrees vwell with the
calculated density of 1. 364 for a formula weight of 713.1 of one
Mch one water and two pyridlne molecules for Z = 4, and for a
unit cell volume of 3470 As. The calculated densities for one
MgPc, 15 Mch and one Mch and twe pyridine molecules are 1 025,
1. 539 and 1.329 g cm 3, respectively. : } N
The data vere taken on a crystal of approximate dimensions 0.1 x.
0.1 x 0.15 mm S0 aligned that the reciprocal g axis coincided with |
the ingtrument o axis. 'The distances from the eourcevand from the
receiving slit to the crystal werev14 5 and 17.8 cm.respectively. _
All of the independent reflections (excluding space group absences)
lying within one quedrant of a sphere in reciprocal space correspending
to spacings = .006 i (20 = 100 ) were counted for ten.seconde with
both eretel ani gounter statienary.aed at a takeoff angle of 40.
Individuel backgrounds were measured for those reflections seriously
affected by streaking from lower orders? for the rest,.beckgrounds
wers taken from a plot of the background counts as a function of the
Bragg scattering angle for various values of o end.x. Of the 3558
reflections measured, ﬁhe intensities of 3323 were above background .
Pericdic checks of four standard reflections showed only small (+2%)
random variations in inteneity. Variations of only 5% in the
intensities of the hOO reflections were observed as a function of the

crystal orientation, and no absorption correction (u = 9. 1 cm 1) was
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‘ anplied.‘:The'reflections were ccrrected for Lorenteiand nclerization
effects, and'e set of ‘F°|2 and:lF°|?ialuea on a relative scale
‘thus was obtained. |

Tne etcmic scattering factcrs used during tnis anaiysis were _: o
cthose of Cromer and Mann14“for the non-hydfogen atoms and thoee of
Stewart Davideon and Simpson15 for the hydrogen atoms.‘ The anoma-
lous dispersion corrections both real (Af' O 15 e) and imaginary
.(Af"— 0. 19 e) parts, which were applied te the magnesium scattering

16, The function minimized during

factors were those given by Cromer
the least-squares refinements wasCR g=ZM(‘kF |- [F ‘)2/2u'kF l
where |F [ and 'F | are the observed and calculated structure

amplitudes respectively, k is the scale factor and ¥ is the

’ ‘weighting factor for that reflection. In the early stages of-

refinement W was set equal to one, but in the later etages ! =
Tch(F) for the non-zero data and w = 0 if I = 0. o (F) vas |
calculated from<32(I) I I, +-(cI)2 by using the relationships. -
(ﬂ%ﬂﬂtu)cw)-@wﬁﬁiflsoU)amom) '

(F -0(32)]% if I > o(I). In these expressions, I is the net

count; Ib ‘ A
factor and ¢ is a constant chosen to decrease the weights of .

is the background count,(d is the Lorentz~polarization

the highest intensity data and represents out attempt:to com- -
neneatevfor such»systematic errors as extinction, absorption,fend non=—
'1inearity‘ - of the counter and was originally fixed at 0.07. | |
 The following programs for the CDC 6600 computer were used in
:this structure analysis and interpretation: GONIO, & gcniometric_'

settingS‘progren; INCOR, a general.datarreduction program; EORDAP,




a qurier‘ahalysis program} DISTAN, a crystéllographic bond distance
and bond angle progrém; LIST, & data pfesenﬁationvprogram;'WILSON,
an- unpublished Wilsqh—piot program by Maddox and Maddox; R.E.'Long's
phase determination program''; LS200, our unpublished modified
version of;the Ganzel~Sparks—Trueblo§d leasﬁ squares program;
DATLOK, ﬁ.J;YSt.Ciair's unpublished veightfng scheme analysis
program; #nd ORTEP, Johngon's molecular crystallographic plotting

_ 18
program. .
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'Solution and Rafinement of the Structure

| Normalized structure factors, gi .were calculated using w1lson 8.
Method19 The phases of the highest 181 E values z 2.0 were determined’_
from Long's sign determination program 17, which iteratlvely applies

the equation. sign(!im)‘“sign(zk EEEQ K). The fixed positive phases

of the 135 014, and 132 reflections defined the origin and the phases
of an additional four reflectione 024, 381 192 and 115 were held
fixed for each of the sixteen computer funa in which they vere -
allowed to have all combinations of positive and negative phaeea.

A coneietency index defined as C = ZhixghEggh_g/ thk |Eh§E§h-k|

| was calculated for each combination. Two of the sixteen possibilities
had C = 0 68, whereas C = 0.47-0 55 for the other fourteen.

Fourier maps were calculated from the E values phased from the
two mostvconsistent sets. One map ahowed a half molecule adgacent to
a center of symmetry while the other showed a full molecule with the
same orientation but translated to a genaral poeition with the
magnesium aton at the fractional coordinates (.30,.00,.55). wé
checked the orientation obtained from the statistical approach
lin two ways. First, we found that the plane through the highest
“peaks of each E map agreed well with the plane of highest density._
v'calculated from a three-dimensional Patterson map. Second an‘> B
optical tranaform of a aingle molecule was made by shining a
laser‘beam through auphotoneduced image of the molecule. The
orientation of the molecule on the plane was determined by rotating.
the inage of the molecule and compuringvresultant rotated optical
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transfornswith the E—valnes (i.e. the normalized trsnsform of

the electron density) for the hO% data. This technique suggested

.that the orientation of the molecule in the plane agreed with the | _. ’é

E map orientation to within five degrees. |
Conventlonsl least squares and ‘Fourier calculationsrwere used

toldistinguish between the two’possibilities.. The positions of thev

twentyatwo highest peaks on the E map with the molecule in the

special position were refined to a discrepancy index of R1 =

E(IkF j- ’F |)/Z|kF | = 0. 62. A Fourier synthesis using F ‘with the |

phases of F revealed no additional atoms in reasonable locations

and the use of this triel structure was. terminated. Thirty—six

of the highest peaks on the other E map with the high consistency

index refined to R, = 0.45. The remaining gix atoms in the Mch

1

ring were among the highest peaks of a difference Fourier synthesis,

and R, with the 42 atoms refined to‘0.37. " Another difference

Fourier was calculated using all of the dsta. The twslve

highest peeks, in the form of two pyridine rings, were added

to the previous 42 to oring‘the nunber of atoms up to 54 and the

R, value down to 0.18. Subgequently it was determined that

52 of the 56 highest peaks in the correct E map corresponded

to atomsg in the esymmetric unit. The remaining two atoms

eppesred only as shoulders on two -ather peaks. , RS
After eeveral mispunched data were corrected, R1 dropped to '

0.13. Anisotropic temperature factors of the form exp(-h 511-k B

l ﬂ33-2g&12-2k£B23-M13) Uere used for the 54 atoms. A
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diagonal least squares refinement of the 487 parameters including
the scale factor k reduced R to O 101. The positions of the
hydrogen atoms were found in a difference Fourier map calculated
from all non-zero reflections. They were given isotropic
temperature factors which vere alloved to vary, and the discnepancr
‘index dropped to 0. 070. To economize on computlng time the 82
atoms were split into three groups: the water and two pyridinev
molecules as one group snd the two halves of the Mch molecule

_as the other two groups. Full-matrix least squares refinements
were run on one group at a time keeping the atomic coordinates _

i of.the otner tuo groups fixed. Each group vas refined for only

one cycle before refining the coordinates of another group.

Three cycles for each group reduced R to 0.054. At this ‘
point 1t was noticed that the values of |F /F ] for the reflections
of highest intensity were all leas than 1 0. Remeasurement of

the intensities of thess strong reflections at lower X-ray flux
_proved that non-linearity of the scintillation counter was not
responsible. Therefore an extinction correction of the form>ue

F! =.EB(1 (EF)(1)), where the extinction factor EF is a constant
=5 X 10-7, wag applied to give a mathmnﬂﬂrrection of 14% for the -
strongest reflection. The most intense reflections were noy given
a higher vweight by changing ¢ in the veighting equation from'0.07 |
to 0.05. R1 was reduced to 0.052., The atoms were:nov'divided

into two groups. tne 57 atoms in the MgPc ring and the remainingii

- 25 atoms. Three full-matrix least squares cycles run on one
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group at a time were sufficient to reduce the maximm shift of
any‘atomicvparameter to less than one-tenth of its standard
'deviation,  | |

The final discrepancy'valueé are R, = 0.050 for 3323 non&gero

1

data, R, = 0,056 for all 3558 data, and the weighted R, = 0.050.

 The standard deviation of an observation of unit weight equals 1.02.
_ systematic : ' L .

There is no . A trend in either |Fo/Fc| or gﬁlAF| as a function
of intensity or Bragg scattéringvagglé of the reflections. Nb‘peaks
on a difference Fourier which was based on the final'strﬁcture vere:

‘higher than 0.18 e 3~°.
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ggsults'and‘DiScussion "
Theaqymmetric unit contains one Mch one water and two
pyridine molecules. Figure 1 shows the atoms in the asymmetric unit
projected on the be plane and indicates the numbering.sYStem.
The final‘atomic parameters-for the non-hydrogen atoms are listed ’
in Table I while those for the hydrogen atoms are presented in
Table II Hydrogen atoms are numbered by the atom to which they
vvare attached. The observed and calculated structure factor {
amplitudes |F | and |F l are listed in Table III.

' The Mch molecule itself is non-planar and the magnesium‘atom
is 0.496 A out of the plane of the central nitrogen atoms directed
towards the water molecule. The two hydrogen atoms.of the water .
molecule arse hydrogen-bonded to the two pyridine molecules of
crystallization, and the planes through the pyridine molecules 1
~ make angles of 8.6° and 30.8° vith the plane through the four
central nitrogen atoms of Mch. The intramolecular bond distancee
and bond angles which are presented in Tables IV and V respectively,

2-9

are the same as those in other Pela’ t6 within the respective

standard deviations. The precision, however, is greater by at
in this work
least a factor of two for the MgPcAthan for the other Pc's.

The environment around therentral magnesium atom is depicted
in Figure 2. The 2.022 + 0.00SAhg-O(1) distance is increased to
2,028 if corrected for thermal motion according to the model with -
the water molecule riding on the Mg atom. This distance is only r'-vg

slightly shorter than the average Mg—OH distances for the six-



The molecular structure projected on the bg plane.
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Fiéure_z. - The cenpral region of the MgPe mbigéule.a The'equiVAIent- Siv

- Mg-N and N"’N'di$tanceéfhave been averaged.

XBL 691-15



~ Table I. Final Atomic Fractional Cofordinates and Thermal
Parameters® of A1l Nonhydrogen Atoms in the ' 32

Asymmetric Uhitg.

ATOM X Y z 811 822 - B33 - 812 813 823

MG «3314216) .01498(5) +53984(7) 3.98¢( S5} 3.13¢( 5) 3.05( 5) ~l70 &) «84l 4] ~.200 4)
ol «2195¢ 1) 05691 1) 46241 2) 4e44(12) he81112) 3.45011) «33( 9) 1.05¢11} «21% 9)
N 1 «46000 1) J16441 1) .5118¢.2) 4.01(12) 3.54(13) 4.14113) -.161101% .84(10) -.02(11)
c 2z ha4Ti 2) «1069( 2} «43510 2} 3.,57(15) 3,66116) 3.941(16) «13(13) «T4l12)- «28(14)
N 3 «4029( 1) +0386( 1) - .4368( 2) 3.91(12} 3,57113) 3.54112) -+23(10) 1.07¢ 9} ~.070(10?
C 4 «40450 2} -.00511 2) «3447( 2) 3.22(14) 3.871(16) 3.69115) 19012} «76(12) «12114) =
cs5 244810 2) 7 .03B4¢{ 2) .2785( 2) 3.43(14) 4.1601T) 3.53(15) +43(13} © .89012) <3101
[oN 3 «4637¢( 2) .0228( 2} <1769 3) 4e28(1LT) 4465(19) 4.20118) 38115} 1.07(14} <1116}
c7 »50241 2) .0800t 2) <1320( 3} 4.57{18}) 6.33(23) 4.16{18} 244(16) 171115} +64(18)
c 8 .5282¢( 2) .1505( 2} -1888¢ 3} 4.53(181 S.40(21} 5.15121) -.28116) 1.82(15) 1.07(18)
c9 +51591 2) <1651 2} 29201 3) 4.20€(17) 4.,38(19) ©.52(19) -«10(14} «87(14) <6016}
c10 «47350 2) .10920 2} «3352( 2) 3.34(14) 4,13(17) 4.08(15) «18(13} «97(12) «55(141}
N1l «372410 1) -«0761( 1) «31630 2) 4.,08(12) 3.69113) 3.52112) .00(11) - L.92110) -.00(10)
cl12 33611 2) -.11861 2) +3789( 2% 3.721(15) 3.62(16) 3.22115) .01t12) «73412) -.07113)
N13 32370 1) —-.09751 1) «47890 2) 4.13(12) 3.33412) 3.261(12) -+48(10} .86(10) »00(10)
Cl4 .2872¢ 2) ~«158TL 2) «5165( 2) “e09(15) 3.33(15) 3.24(15) «18{12} «54112) . L04(13}
Ci5 «2729¢ 2) -e22291 .2) 43620 2) 4.01115) 3.40116) 3. 441{15) 15112} +37(12) -.1901)
Cié «2356( 2) —+2965( 2) «43281 3) - 4.72(17) 3.78(17) 4.26118) ~+43(14) «66114) -.26(15)
c17 .2292¢ 2) —«34261.2) 3390t 3} 5.95119) 3.921(18) S.12120) -.81015} 1.01(15) =1.02(17)
cis8 «26001 2) ~31630 2) «2520t 3) 6.16(20) 4.,28(19) 4a361018) ~e20116) «91(15) . ~1.44016)
c19 «29730 2) ~e2445( 2) «2552( 3) 4. T6(1T7) 4.161(19) 4.15018) «30(14) © 1.26114) ~«33{15)
c20 .3035( 2) ~«1975¢ - 2) «3493( 2) 3.89(15) 3.38115) 3.51(15) «46t12) .80(12) ~e16(13
N21 «2658¢( 1) -.1628( 1) «6125( 2} 4.34(13) 4.06(13) 3.12012) ~e34(10) .86110) -e37(11}
c22 «27981( 2) ~«1049( 2) .6888(1 2) 3.63(14) 3.90(17) 3.41115) -.05(13) <7011} «13013)
N23 31290 1) ~+0324( 1) «6B14( 2) 4.25(12) 3.32(12) 3.34(12) -.18(010) L7510 9 ~.03110)
c24 .32230 2) «0057( 2) «T1812¢ 2) 3.811(15) 3.77416) 3.08(15) = .S1(13) £62012) -e26{13)
25 .2929¢( 2} ~.04471 2} .85620 2} 3,46(14%) 4.130161 3.191(15) «15¢(12) «82012) 205013
c26 «2908( 2) ~+0350( 21 « 96601 13) “.28(17) 4.53(18) 3.69(17) —+37{14} «87113) ~e22015)
c27 «2598( 2} -+0961( 2) 1.0147¢ 3) 5.70(19}) 6.57(241 3.90(181} -.68(17) 1.64115) -.22418)
c28 «2307( 2) ~.16450 2) .9560( 3) 6.33(20}) 5.98(23) 4.41020) " ~1.40017) 2.201016) 401018
€29 «2323¢( 2} ~«1750( 2} 84661 3) 4.608(17) “4.911(19) 3.841(18) -+58115) lele6t13) -e221(15)
c30 «2653( 2) ~«1138( 2) « 79761 2} 3.,56115) 4.09(16) 3.40(15) -.13012) «89112} +07(14)
N31 +3563¢( 1) <0763 1) .8103¢ 2) 4.34113) 3.38(13) 3.55012) 07811} «80(10) ~.30(10)
€32 +3895( 2) «1197C 2) «T458( 2) 3.88(15) 3.361(15) 3.64(16) .32(12) L4412} --11(13)
N33 «3927( 1) «1035¢ 1) 63861 2) 4.10012) 3.53412) 3.59412) -e27(101 «87(10) -«10(101
C34 «4381¢ 2) e 1605t 2) «60TLL 2) 3.87(15) 3.22115) 3.91¢16) 08012} «811(13) «05(131}
€35 «0626( 2} 21910 2} 6961t 2} 4.041(15) 2.991151} 4.36(16) -03(13) +54(13) Tell(13)
C3s «50730 2) 28850 2) + 70661 3} 5.21(19) 4.02(19) 5.41021) ~.44{15) 1.10016) -.08(17
c3a7 «5217( 2} .3295( 2) -8050¢ 3) 6.,02(20) 3.97(19) 6.331(23) -1.01(16} «81017) ~eB85(18)
C38 4916 2) 30281 2} «8917( 3) 6.67(22) . 4.51(21) 5.641(22) —e62017) «44(18) —1.04(18}
€39 44720 2) <23410 2) .8830( 3} T 5432019} 4.17(19) 4.76120) -.25(151} «65(15) ~.76116)
C40 «4329¢ 2) 19300 2) - 78340 3) 3.98(15) 3.06(15) 4.00(16) 40012} «15(13) -«35{(14)
N4l . .1310¢ 2) «07611 21 «6137( 2) 6.61(16) 5.85(17) 5.69(161} +23114) 2.05(13) -.37(15}
C42 ‘«1031( 2) .0185¢( 3) +6650t &) 6.301(21) 5.47(23) 6.92126) -.36117) 1.69(18) -.86(21
C43 .0955( 2) .0237( 3) <7703 4) . 6.63(23) 8.29(31) 6.77128) -.14021) - 2.67120) «941(26)
Cas S L11TTC 3) L091L0 4) «8279L 4} 6.87(24) 11.00(39) 5.03125) 2046124) 1.91(20) ~-.51(281}
Ca5 «14650 3) «1524( 3) . o176 &) . 6.701(23) 6.3 (26) T.67{30} 1.52(20) 2411200 -1.65(25}
Cs46 «1513¢( 2} +14200 3) +67040 &) 6.93(22) 5.591(23) T.06(26) ~.05(181 1.91(19) .38120)
NaT .1301( 2) = 0224( 2) «27821 3) 5.50(15) 5.37(18) 6.38(19) -.09(12) «47(13) -.991(14)
Ca8 ST 2) -.0118{( 3) «1670¢ %) Te65124) 6,5T(26) 7.11(27) ~+94(20) 2.80120) ~+97(24)
€49 08341 3) =+0709( 4) «089T( 4} T7.93(26) 10.01(36) 7.38(30) -1.52{(24) 3.13(22)  -2.71¢30)
C5¢ «0757( 3) -.1452( 3} -«12810 5) 5.90(22) 8.091331} 9.81136) 091221 1.41023) -4.11(32)
C51 <0940 3) = 15711 ) +23861 6} '5.98122) 5.18126) 12.05(41) -«07(19) ~1.401(24) —e54(31
€52 «1199¢( 21} ~«0948( 3) «3098( 4) SeT1421) 6,701(27) 8.07(29) «13119) -1.10(19) «17125)
XBI 691-74

2The form of the anisotropic thermal ellipsoid

. 3 3
(expressed in units of A ) is: exp(=0.25 £ =
i=1 j=1 | -

Bijbibjhihj)’ where bj= ith reciprocal axis length

and hi = ith Miller index. ~
b _
=The numbers in parenthesis here and in succeeding

tables are the estimated standard deviations of
the least significant digit(s).




Table II. Final Fractionsl Atomic Positional and Isotropic

ATOM
HO1=-1

‘HO1-2

H 6
H T
H 8
H 9
H16
H17
H18
H19
H26

H27
H28
H29
H36
H37
‘H38
H39
H42
H43
H44
H4S

 Ha6
H48
H49
H50
H51
H52

3TherMal Parameters for All Hydrogen Atoms in the

) X
«1932(19)

.1921(23)

«5107(17)
«5569(16)

«5336(16)
«2172(15)
«2052(17)

«2502(15)

. «3209(16)
'«3110( 14)
«2605(18)

«2104(17)
22112(15)

»5302(15)

«5534(20)
«5014(18)

T «4257(17)

«0905(19)

«0763(24}

«1176(22)
«1667(21)
«1759(20)

«1203(18)

«0762127)

«0680(23)

.0827(26)
«1311(22)

" ssymmetric Unit.

y

«0644(20)

«0354(22)

-.0286(16)

«0T713(17)
«1896(16)
«2126(17)

- —~e3157(16)
-¢3967{18)°
-e3461(1¢)
~«2256(16)
. «0135(15)
. ~«0924(18)
~.2066(18)
~.2228(1¢€)

«3060(15)
«3819(22)

<3326(19)

.2154(17)
-.0261(20)
-.0185(24)

«0972(23)

 .2036(23)

«1839(21)
«0418(18)

-.0581(27)
~-.1907(25)
~.2016(26)
-+0981(21)

-
«4984(27)
<3934(33)

.1380(21)
«0612(25)

«1579(22)
«3314(23)

.4956(22)

«3370(23)

«1843(22)

«1971(22)

1.0058(19)
- 1.€928(28)

.9920(24)
.8035(22)
«6496(21)
.8118(27)
.9602(25)
.9468(24)
.6223(27)
+8020(33)
«8993(33)
.8082(30)

«6336(28) .
«1438(25)

«0121(38)
.0713(33)
«2727135)
«3931(31)

B(i2)
5.4(11)
9.5(13)

3.841{68) "
4.99(79)

4.22(71)

C4Js1T(T4)

4.00(71)

4.91(75)
4.00(68) -

2.59(59)
6.51(89)
5.19(80)
3.87(68)
2.97(65)
7.8(10)

6.18(91)

5.15(79)

7.0(10)
10.,0(14)

9.5(13)

8.9(12)
8.1(10)
5.83(86)

12.5(17)

11.1(13)

10.8(1¢)

8.8(12)
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Table III. Observed and Calculated Structure Factor Amplitudes

: x,Of MgC3.2.I-116N8.A° HZO * 2.05115}1.-‘
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Table IV. !

0.003 i for Mg-0, 0,003-0.004 % for C-N in the Pc ring,

Intramolecular Bond Distances (in i) of MgPc ° HZO :

2 CH . Standard deviations are 0.002 § for Mg-N,

' 0,004=0.005 R for C-C in the P¢ ring, 0.006 i for C-N in

the pyridine rings, 0.007;0.010 i for C-C in the pyridiné;
rings, 0.02-0,03 } for C-H in the Pc ring, 0.03-0.04_5’
for 0-H in the H,0, and 0.,03-0.05 X for C-H in the
pyridine riﬁgsf



Atoms 21§§§a99

Mg~0(1)
Mg-N(3)
Mg~N(13)
Mg-N(23) .
Mg«N(33)
N(1)-C(2)
N(1)~C(34)
C(2)-8(3)
- 6(2)-c(10)
N(3)~C(4)
C(4)=C(5)
C(4)=-N(11)
c(5)=C(6)
C(5)-c(10).
©(6)-0(7)
c(7)-c(8)
c(8)=C(9)
c(9)=C(10)
N(11)=C(12)

C(12)-N(13)

- €(12)=C(20)

N(13)=C(14)

€(14)=C(15)

C(14)-N(21)

C(15)=C(16)

c(15)-C(20)

c(16)=c(17)
C(17)=C(18)
c(18)-c(19)
¢(19)-Cc(20)
N(21)-G(22)

2,022

- 2,039
2,043

2,038

2,039

1.339

1,340
1364
- 1459
1,371
Vohb54

1,330
1,388
1.400
1.376
1,397

1.378

1.388
1.333

1,368

10457
1.358
1452
1.343
1.396
1.392
1.384
1400
1.371
1.396
14341

| Atoms

C(22)-N(23)
€(22)-C(30)
N(23)=C(24)
C(24)-C(25)

- C(24)-N(31),
- 6(25)-C(26)

c(25)~C(30)
C(26)-C(27)
C(27)=C(28)
c(28)~C(29)
€(29)~C(30)
N(31)-C(32)

€(32)-8(33)

€(82)=C(40)
N(33)=C(34)
C(84)=C(35)

€(85)~C(36)
- C(s5)=C(40)

C(36)=-C(37)

C(37)-C(38)

c(38)-C(39)
€(39)-C(40

N(41)=C(42)
N(41)-C(46)
C(42)-C(43)
C(43)=C{44)
C(44)=C(45)
C{45)=C(46)
N(47)-C(48)
N(47)=C(52)
C(48)=C(49)

Ty
)

Distance Atoms

1.366
10451
1.370
1.453

1.335
1.387

1.392
1.376
1.388
1.382
1,398
1.326

1.879: .

1457
1,362
10461
1.389
1.392

1.371

"1.392
1.379
1.384
1324
1.316
1.355
1348
1.3712
1.371
1.321
1,323
1.383

C(49)-C(50)
C(50)=C(51)
c(51)=C(52)
H(01)1-0(1)

H(01)2-0(1)

H(6)=C(6)

H(7)=C(7)

H(8)-C(8)

 H(9)=C(9)

H(16)-C(16)
H(17)=C(17)
H(18)-C(18)
H(19)-C(19)
H(26)-C(26)
H(27)=C(27)

'H(28)~C(28)

H(29)-C(29)

- H(36)-C(36)

H(37)-C(37)
H(38)-C(38)
H(39)=C(39)
H(42)-C(42)
H(43)-C(43)
H(44 )~C(44)
H(45)=C(45)
H(46)=C(46)
H(48)~-C(48)
H(49)=C(49)
H(50)-C(50)
H(51)~C(51)
H(52)-C(52)

- Distance

1.366
16340
1.372
0.73

0.93
1.00

0.9

0.97

10.95

0.98
1,00
0.96
0.97
0.97

009’7 »

0.96
0.99
0.95
1,03
0.97
1.01
0.92
0.92
0.90
0.97
1.00
0.98
0.97
1.03

0.91

1.00
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Table V.

A In£ramolecular Bond Angles (in °) of MgPc ° H,0 .

2 G HN. Standard devistions are 0.1° for all

angles involving Mg, 0.2-0.3° for all angles in the:
. Pdvring, andv0.4—0;6° for all angles in the. }

- pyfidine rings.



Atoms

0(1)-Mg-N(3)
0(1)-Mg-N(13)
0(1)-Mg-N(23)
0(71)-Mg=N(33)
‘N(3)-Mg-N(13)
N(3)-Mg-N(23)
N(3)-Mg-N(33)
N(13)-Mg-N(23)
N(13)-Mg-N(33)

- N(23)-Mg-N(33)
C(2)-N(1)-C(34)
N(1)~C(2)=C(3) _
N(1)=C(2)-C(10)
§(3)-C(2)-C(10)
‘Mg=-N(3)=C(2) -
Mg-N(3)-C(4) -
C(2)-8(3)-C(4)
N(3)=C(4)-C(5)
N(3)-C(4)-N(11)
C(5)=C{4)=N(11)
C(4)-C(5)-C(6)
C(4)=C(5)=C(10)

c(6)=C(5)-C(10)

C(5)=C(6)-C(7)
C(6)=C(7)=C(8)
c(7)-C(8)-C(9)

C(8)=C(9)-C(10)
C(2)=C(10)-C(5)

C(2)=C(10)=C(9)
6(5)=C(10)~C(9)
C(4)-N(11)=C(12)

» Angle

106.5

1012

101.5
107.0

8655
152,0

336;4

4868

151.8

8638

123.3
127.5
122.9
109.6
1256

124.9
108.4

109.3
1R7.6
123.1

S 132.6

106.6

120.8

118.0
121,2
1212

117.8

106,0
133.1

- 120.9

123.9

Atoms

N(11)=-C(12)=N(13)"

N(11)=C(12)=C(20)

N(13)-C(12)-C(20) .
- Mg=N(13)=C(12)

Mg-N(13)=C(14)
C(12)=N(13)=C(14)

N(13)=C(14)-C(15)
N(13)-C(14)=N(21)

C(15)=C(14)-N(21)
C(14)-C(15)-C(16)
C(14)-C(15)~C(20)
C(16)-C(15)-C(20)
c(15)=c(16)~C(17)
€(16)=C(17)-C(18)
C(17)=C(18)-C(19)

©(18)-C(19)-C(20)

€(12)=C(20)-C(15)

€(12)=C(20)-C(19)
C(15)=C{20)=C(19)

C(14)=-N(21)=C(22)
H(21)-C(22)-N(23)

- K(21)=C(22)-C(30)
N(28)-C(22)~C(30)

Mg-N(23)~C(22)
Mg=-N(23)-C(24)
C(22)-N(23)-C(24)
N(23)=C(24)-C(25)

- N(23)~C(24)-K(31)

C(25)-C(=4)-N(31)
C(24)~C(25)=-C(26)
C(24)=C(25)=C(30)

124,

127.

127.2
123.8
109,

QO

125,
108,
110,

122,
132,
106.
121

4]

1974

120.8
122.1
117.3

106.7

132.2
121.2
123.6

1274

122,9
109.6

12503 )

126.2
108.1
109.3
1271
123.6
132,11
106.6

C 0 O w =0

40




6(26)~C(25)-6(30)

C(25)=C(26)-C(27)

C(26)-C(27)-C(28)

C(27)-C(28)-C(29)

C(28)-C(29)-C(30)
C(22)-C(30)=C(25)
C(22)~C(30)-C(29)
€(25)-C(30)-C(29)
' C(24)-N(31)-C(82)

N(31)-C(32)-N(33)

N(31)=C(32)-C(40)
N(83)~C(32)~C(40)
- Mg-N(33)-C(32)
Mg-N(33)=C(34)
C(82)~N(33)~C(34)
© N(1)-C(34)-N(33)

- N(1)=C(34)-C(35)

N(33)~-C(34)-C(35)

. C(34)=C(35)=-C(36)

C(34)~C(35)=C(40)

127.3

117.6

121.4
121.7
117.0

106.4

132_.6
121.0
124.0

127.8

123.0

 109.2

125.5
126.1
108.3

127.5

123.1
109.4
138.1
106.6

|

 C(36)=(35)-C(40)

€(35)-C(36)-C(37)
C(36)=-C(37)-C(38)
C(37)~C(38)-C(39)

C(38)-C(39)-C(40)
- C(32)-C(40)-C(35)
C(32)-C(40)-C(39)
C(35)=C(40)-C(39)
- C42)-N(41)-C(46) -
~ N(41)-C(42)-C(43)

C(42)=C(43)=C(44)
C(43)-C(44)-C(45)
C(44)=C(45)=C(46)
N(41)=C(46)=C(45)
C(48)=N(47)=C(52)
N(47)=-C(48)=C(49)

- €(48)~C(49)-C(50)
. €{49)-c(50)~C(51)

€(50)=C(51)=C(52)
N(47)=C(52)-C(51)

120.3
118.2

121.0 .
121.7
117.0
106.5

41

1317

121.8
116.4
1?é:lm”,"

- 118.9
118.9

118.1
123.7

116.0

123.8

118.3
118.7
119.4
123.8
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coordinate magnesium aton in the crystals CezMgS(N03)12 24 H0

(2.06 + .01 1), Mg(u), (so ),"6 8,0 (2.07 + .01 A)22 and f
MgSO, "6 H,0 (2.06 + .02 A)za. - | | -
'Oﬁher five-coordinate metalioﬁorphyrins whose crystal structures.

have - been determined include methoxyiron~(III)-mesoporphyrin—lx-

dinsthyl ester (MeOFeMsso)?, chlorohemin2>

: erythroetloporphyrin26. The nonplanarities of the metal atoms are r

, and vanadyldeoxophyllo-

0.455 A for the first, 0.475 & for the second, and 0.48 i for the
third case. A major difference is that the metal chlorlde or oxide
vector in each of the other three studled is collnear wlth the Ct-M
vector to w1thin 0.06° , where Ct is the center of the square formed
by the four central nitrogen atoms. For the Mch there is a distortion
of 3.66 + .15° for the Ct-0(1) vector. The dlstortion in Mch which
results in the four different N-*0 distances in Figure 2, is most
likely due to the strong interaction between the water and pyridine
molecules. | | |

. In‘Mch the 0°°N distances of 2.739 + .004 } to N(41) and 2.753
+ 004 A to N(L?) are gsomewhat shorter than the average hydrogen
bonded 0°°N distance of 2.80 i. The O-H-N angles to the N(41) and
N(47) atoms are 172 + 4° and 167_1 40, respectively. Tho closest
approacheo between the Pc and pyridine molecules are shown in B
Table VI. The relatively short'O"N distances and the stability
of the air-exposed crystals indicate that the hydrogen bonds are — B : . i

relatively strong.




~ Table Vi.: Intermolecular Spacing Less Than 3.5 A for C*°*C and

| " C""'N Approaches and Less Than 3.0 A for C**°H. and
H Approaches. Standard dev1ations are 0.02-0, 04 A

;’for distances involving hydrogens and o. 004-0 006 A

for those not involving hydrogen.




Position'of ' " Atom Atom - Distance

M jacent Molecule 2 of 1 of 2 . (K)
1-x,~y,1-2% c(7) - c(24)  3.239

-~ c(8) . c(22) 3.310

€(19) ©(36)  3.327

S C(8) N(23)  3.406
N(1)  N(1) 3417

C(6)  ©G(82) ~ ~3.426

N(11)  C(34)  3.430

C(7)  N(238)  3.466

CN(1) ©(12)  3.466

| c(6)  N(31)  3.470

ac.,x,z.h S c(15) * c(52) 3.433
A C(25) cC€(43) ~ 3.451
- C(14)  c(52) 3.456

- C(14) H(52) - 2.88

nglﬂ"ﬁ-‘-‘l':j_' o 0(27)  c(49) 3.419

Do C(26) H(6) = 2.93 -
5X,-2 - G(6) H(26)  2.89
o ON(11)  E(27)  2.93

brbwbe 0 N HG0)  2.66
e ©(9)  E(51)  2.80
o Ce(5)  HOT 2.8
é-z,é*x,%fa o C(40) H(29)  2.80
4,547,502 N(21) ~'H(z,i5) 2.61
C(29) H(8)  2.84

8Position of the 6ther molecule in the "dimer,%

DOnly the closest pyridine-MgPc distanées are listed,



Chemically equivalent bond lengths and engles for the Pc
vere averaged in accordance vith G (al.m,) gymmetry and are L
shown in Figm-e 3, The only departures from the mean bond lengths
of Figure 3 larger than 0,006 } are (in A): +0.012 for c(32)-m(33),
0,011 for N(13)-C(1%) -o 009 for N(av)-c(32> and +o oov for
C(1L)-N(21) All of these are less than three times the standard

devietion o of the individual bond lengths. The largest diff'erences

"from the mee.n engles of Figure 3 are 3. 50 for Mg-C(23)-C (2&" _B.Oo -

"for Mg-C(33)-C(31.) and 3. Oo for Mg-C(13)-C(12) These correep'ond
to deviations of 0. 6-0.7°. |

Because of the deviations from pla.narity, which are shown in

- FMigure 1., not only do the atomie positions in Mch not conform to :

the C v symnetry, but they aleo differ from even mirror symmetry

g by more than thirty times the standard deviations of the atomic |
‘positions for some of the atoms. However the pyrrole and benzene
rings are all planar to within 0.02 Ao The.le.rgest devie.tione. fro_m
:the respective planes are 0.014 i for pyrrole N(33) a.nd 6.022 i :
for benzene C(5)=C(10).  Most of the deviations from plane.ritj |

for the Mch molecule can be described by three sets of operations

shown in Figure 5: a) the tilt of the pyrrole groups arount the .line

through atons C(2)\ and C(4), b) the rotationof both pyrrole and
benzene groups around the line between N(3) and the midpoint between
atoms C(7) and C(8) and ¢) the tilt of the benzene rings around
bond 61(5)70(10_)1". The first of these can be as large as 30° or more

for the porphyrin discids®c. The third of these, which is the

L5



Figure 3.

Averaged bond distances (in i) and bond}angles'(in °)

of MgPc. Standard deviétions of the bond distances

and angles are 0,006 A and 0.4°.

" XBL 691-17
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 Figure 4.  Deviations (x100 in i) from the least aquares plane '47 o

-+ of the four central nitfogenvatomsQ o




Figure 5 Rotation angles which describe ‘the nonp'lanarity
C _ L8

in phthalocyanin.

XBL 695-461
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angle between the planes through a pyrrole and its fused benzene
| ring, is an 1ndicator of the amount of conjugation between ‘the pyrrole
and benzene rings. The amounte of the rotwtions for each of the
three operatlons and for each of the four corners of the Mch
molecule are listed in Table VII.

The packing arrangement of tﬁe unit cell is shown in Figure 6.
The Mchvmolecules are close tpgether in pairs- about the centers
bqf.symetfy at ( éOQ) and (0%0); ‘A view of the "dimer" as seenu
perpendicular to,the'plahe of the central nitrogens{is»ghdwn in
Figure 7. The plahes through the:pyrrole nitfogens are éepargted
by only‘3.506 R; a distance only slightly greaterAthanvthe 3.354f

29

A interplahar spacing of graphite and the 3.3, } spacing of

e not involving hydrogen atoms.
~ p~CuPe’, ' The closest atomic appromch between moleculeqﬂis 3 239 Iy
which is the distance between atoms C(7) of one molecule and |
G(24) of the other. £11 C**°C and C**°N intermolecular distances
| less than 3;5 % and all C*°'H abd N"‘Hzintermoleeulaf‘distancéé.

less than 3.0 i are listed in Table VI. In comparison, the shortest
‘non H—atoﬁ intermolecular contacts in some other porphyrin '

3

" structures are 3.43 X in parphine3o,'3.38 A in H,Pe

and 3.39 } in MeOFeMbsozA; which areball dopnger than the

and NiPe®,

shortest distance in MgPc. ‘
Packing forces can explain'Qualitatively some of the deviations -

from planarity of the Pc ring. The ruffling is in the proper.

" direction to maximize the distance between overlapping groups in the’

- Mdimer®, The closest intermolecular approach, between C(24) and



AN

Table VII. Rotation Angles (in °) for Nohp_lanafity of Mch;

flome o LY, - e new

jc"’é) - °‘1°) ‘.3"'5 . os 35
©(12) - ¢(20) 1.2 . .0.8 . -2.3
C(22) - ¢(z0) 6.8 2.7 16
032) - clho) 7y 1 om



Figure 6. -

Stefeoscdpic viev of the contents of the unit cell

"looking down the ¢ axis. All C,N,0, and Mg atoms as
| tweli as the two hydrogens of the water molecule are
shown. The hydrogen bonds connecﬁing»thevwater ‘

 molecu1é to the two pyridine molecules are drawn in.

W anm%ee e

RN
Bl
ryog

XBL 691-162
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Figure 7.

Normal projection of parallel phthalocyanins in the

dimer. One molecule is drawn with;solid lines, the

other with dashed lines.

e —

XB) 694-308
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C(7) governs. the ruffling of groups c(2) through C(10) and C(22)
through C(30) and the approach between atoms ¢(19) and" C(36)
twists thoae;groups out of the plane. Benzene ring C(5)-C(10)
the leeet plenar of any of the benzene ringe, is involved in the 1
closest intermolecular approach. -

The "radius of the central hole" 31

-of a porphyrin may be
_ defined as the- distance from the pyrrole nitrogen to the center
(Ct) of the molecule. Through a compilation of the results of

31 has shown '

many porphyrin and metalloporphyrin structures, Hoard

that the metal atom lies in the plane of the four nitrogen

 atoms of porphyrin molecules only when the M-N diatance is less i'

_than 2.01 k. The M-N distance in porphyrins is usually 0. 05-0 10

A larger than in Pe's. Since the Mg-Nidiatance in MgPe ia ,
2,040 + .003 i, we expect that the Mg—N distance in Mg—porphyrins, |

,when the magnesium atom is in a eimilar environment will be at

least 2,070 + .02 k. This distance is analogous to the largest

metalloporphyrin M-N distance thus far reported, i.e. in MeOFeMesoz4,

in which the iron atom is 0.46 R out of the plane of the central
nitrogens. From molecular orbital calculations Zerner, Gouterman,

32 have predioted that_the magnesium atom in’porphyrins

and Kobayashi
will have ~0.5 positive charge on it. For the chlorophyll molecule
Katz et al have shown33534 that intermoleoular aggregation most
likely involres the coordination of ketone and aldehyde exygen~

,'atome of one molecule with the central magnesium atom of the otherQ

53




The_centfal magnesium atom theovwoﬁld be in an snvirohment similar
to that in MgPc. This suggests tho possibility thgt.thore is a
similar non-planar orientation of Mg_in-porphyrinsvin general and
very likoly chlorephyll in paftioular, when theyvara in a hydrated
biologicﬁl.onvironmant or vwhen the chlorophjll'is aggregaﬁed;
The existenco of hydrated pentacoordinate magnesium atoms.

nay help to explain the role of water in hoth the pyridine-
Mg porphyrin complexing roported by Soely and the biosynthesia
of Mg porphyrins. Seely has reported at laqst a twofeld enhancement
of poly(vinyl pyridine) complex formation when 0 016% H 0 was added |
to the nitromethane aolutions of the Hg porphyrins or Mch. The water
molecules might act as a pivot between the polymer and porphyrin '
molecules. This would allow more movemont.of‘the porphyrin |
moleculesvso that other pjridine molocules would be availoblo for -
complexing. | ; |

in the insertion

Plane et g; have studied the effect of pyridine as a catalysgN

-and removal of magnesium atoms in water solutions of deuteroporphyrins.
When pyridine or some other catalyst is present, a complex ‘similar
to the Mch H 0°2C.H

575
the bridging water molecule with its donation of positive charge to

N might be formed. The hydrogen-bonding of

the pyridines would leave the oxygen more electronegative. The
more electronegative oxygen , in turn; would attract the magnesium
atom to form a stable complek with the magnesium atom half—waf
out of the plane. This would be in contrast to a more nearly _
planar molecule when pyridine is not present. From steric coh—
siderations alone, it would be more difficult to insert and

remove the magnesium atem from the more planar configuration.




55
In thé Bibsynthésis of chlofophyll ‘a similar'Mg coordination.»v
compound might be involved with the imidazole of a hﬁstidine for
| 'exnmple,'replacing the pyridine molecules. In fact, Baum and Plane 3
- found that the imidazole as well as several other nitrogen bagas

can act as - catalysts similar to pyridine.
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The Crystal and Molecular Structure of Methyl Fheophorbide a

Experimental'Procedure

Welssenberp photographs of a wedpe-shaped frdgment of

Methyl pheophorblde a (MePPb) with dlmensions 0.2 x 0.1 x 05 mm

vindlcated Laue symmetry 2/m.. The 1ntr1n31c molecular non—centr1c1ty ‘

_and the systematlc absences on WGissenbérg photographs (0K0, k # 2n)

: imply that'the probable space group is P2 . Both the cell dimengions .

and 1nten31ty data were collected on a General Electric: XRD-5 x~ray‘

diffractometer equipped with a copper x~ray tube, a manual quarter- e

.rcircle'Eulerian;cradle gonibstet and a «0008 inch thick nickeln'
vfllter at the recelving slit. The'distanées from the crystai'to
the x—ray source and to the receiving slit are 14.5 and 17.8 cm
'rrespectively; The crystal was alligned so that its reciprocal 101
-1line was parallel to ﬁhe instrument P axis. The x, ¢, and 28

values'ofv25-independenﬁ general reflections, each of which hed‘/
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itsvalpha dqublet_résolved (X.:'1.5405 A for CuKa1), were used in a
least squaresbrefinement of the unit cell.parametérs and crystal
orientation. The unit cell dimensioné are g = 8.035 + 0.004 i,

b= 28.531_'10'.606 R, e = 7.321 20,002 k, and § = 110.96 +0.02°. An
average dénsit& of 1.252‘1 0.005 ¢ cm-3 vas'obfained from‘flotation o
of the crystals iﬁ three,independent solutions of aqueous ZnBrz; -
équeous KBr, ané'aéuous Nal, The.calcuiated'density is 1.285 for a
formula weight of:6§6.7, for 2 = 2, and for a unit cell volume of.1567 25
- Ail'theiiﬁdépendeﬁt-refieqtionsviying withih half of a‘sphere' - |
in reciprocai’space corresponding to spacing z 1.006 A (26 §.1009)

were counted.for teh seéonds ﬁith both crystal énd countef étationéry
ana at a takeoff angle of Lo. Individual backgrounds’were measuredr

for thosé.féflecﬁidnsfserioﬁslyiaffectedwby streaking_ffoﬁglower orders;
for :the rest, bapkgrounds were-takén from a plot of the background
counts as a fﬁnctioh of the éragg scattering angle. Of the 3214
refléctions méasured,lthe intensities of 3193 wefe abo?e'backgrbund.
 The rms dd.fference betWeen-l(h&i)4and i(hgﬁ)-waa 6.2% of I(nkl). The
intensities of thé Bijvdet pairs'qf refléctions-wefe averaged to
-pfqduce 1662'iﬁdependent reflectionsybf which 1616-héd net intenéitiéé

. greater than zero coﬁnﬁs;f The intensitieé of the three'standard |
reflections, measured peribdiéally to check the alignment and.decay,
'%aried by lessithaﬁ +2%. No corfection was made for absorption.

!

(u, = 699 Cmg-“).
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The atomic scattering factors used in this’ analy31s were those -

12

of Cromer and Mann = for the non-hydrogenvatoms and those of Stewart,

Davidson, and Slmpson13 for the hydrogen atoms. The function
)

minimized during the least-squares refinehents was (R2

2 |kF' |-IF [)?/2u|kF_|?, where |F_| and |i‘ | are the observed

and calculated structure amplitudes respectlvely, and k is the
_scale factor. . The weight W assigned to a reflection was W = 0 if
I= 0. Otherwise it was calculated from the larger of the counting‘
statistics and the difference between duplicate measurementsmg
Computer programs run on the CDC 6600‘computer include:

wILSON,ean'unpublished Wilson-plot program by Maddox and Maddox;
R; E. Long's phase determination programts; LS200, our unpubllshed
-modlfled ver51on of the Ganzel—Sparks-Trueblood least squares
' program;_ORTEP Johnson's molecular crystallographlc plotting
program16; and RIGBOD a rigld-body rotation program written
speclfcally for this problem.

’ Powder pattern data for methyl pheophorbide vere obtained
from a Phillps cylindrlcal camera of radius 57.29 mm'u31ng vnnadium ;f
filtered FeKa radiation (A = 1. 9373 4). We corrected for»the»film |

- shrinkage of 0.34%.
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Solution of the Structure

The structure wasvsolved by trial ane error methods.‘ An
idealizeo model based on porphin éeonetryZTVas systenaticallyv
changed in 1ts orlentatlon and used to generate structure
factor values. The 147 reflections with s1n6/\) 0.22 A 1‘
were conpered with the calculated values. |

Three positlonal and three angular coordlnates are suff1c1ent
to spec1fy a molecule s location and orlentatlon 1n the unit cell.
Our calculatlons were greatly s1mplif1ed by the ellmlnatlon of
three of these parameters. The y coordlnate of the center was .

flxed at'O.S since. the space group is polar in that dlrectlon.
Two.of the angles werevdetermined from an examination of a three :
dlmen31onal Patterson calculation which 1ndlcated the molecular

plane. The program called RIGBOD calculated an R ~value for

1
each comblnatlon of-coordlnates where R, = 2|k|F_|-|F, [}/Zle .
The X, 2, and $ (the angle in the plane) coordlnates were varied

]from 0. 60 to O. 25 1 0.00 to 0.475, and O to. 80° , respectively,
in increments of 0.025 for x and z and 10 for ¢, - Typical
R-values were 66-73%, and there were two minima wltth = 64%.

The two‘orientationslwhich corresponded to the two minima had

identical x and z values but differed by approximately 450 in &.



The atomic positions for one of these two orientations refined
Ito an R value of O. 49 We discontlnued using thls proposed
orlentation as a trial structure because of the dlfficulty in
locating additional atoms at chemlcally reasonable locations.
The other trial structure was reflned eventually to the
3 _structure‘presented belau. Fburier and 1east-squares technlquee
'uere used to edjust.tenﬁative'atomic positions and to locate
 additione1;a£oms{ A total of 45:atoms wcre located in this way.'
The nitrogen’and oxygen atoms were recognized from their molecular
positions.- | | |
| | The moiecular structure, with isotropic temperature ihctors‘
refined to 0.128. The 45 atoms were given anisotropic thermal
"parameters; The positions of 31 of the 38 hydrogen atomsvwere" 
located from difference Fourier maps, aseigned B = 6,-end included
(but not refined) in the least squaree calculations. R1'dropped
to 0.069. The inner pyrnole hydrogen atome were not‘among the
hydrogen‘aioms included in theselcalcuiations. | |

€
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We calculated a difference Fourier map which shOWed four peaks
in the mlddle of the molecule. The technlque of LaPlaca and IbersT7
was used to decide whether the peaks correspond to physical reallty
or wvere artlfacts of the high noise level produced by random and
systematic errors in the data. If the peaks are due to noise then
they shouid shift markedl&'or even disappear as the number of terms
in the difference Fourler synthesis is varled. The noise'lerei
was estimated from ‘the esd of the electron den31ty.: o(p) =
(Z(F -F ) )%/V where V is the unit-cell-volume18. Table I lists
the average peak helghts for the four peaks and the esd of the
electron den81ty. All foar peaks are present at nearly the same_
locations'on each of the five ddfferehce fourier maps calculated ,
with different amounts of data. Because‘there'are only two hydrogen
atoms in tﬂe center of the molecule, ae assigned an occupancy of
& to each.cf the four hydrcgen "half-atoms" and refined their
"positioas in further‘calculations. ‘The positions of two of'the
five remaining hydrogen atoms were calculated and included in all
subsequent computations, but'attempts tovlocate the hydrogen atoms’
on the’methylsester of the carboxyl group off Ring IV were unsuccessful.
Grcup temperatarelfactors were assigned te'the hydrogen atoms of
each of six methyl groups, to the four pyrrole haif—hydrogen atoms,
to the six hydrogen atoms attached directly to the chloria ring, and

to the eight remaining hydrogen atoms. Attempts to refine the



Table I. Peak Heights and Their Esd's of the Four Inner
. Hydrogen Atoms of Methyl Pheéphorbide as a Function of the
Number o'f- Re'ﬂectiOns Used to .Calculate the Five Difference N

Fourier Maps.

o ¥aximm ©  Musber of  Average Peak - o) () efale)
sin o/ (A1) Reflections |  Height p (e7) - | o
0,29 | 335 - 0.07 S o2 33
0.36 65 . 0.108 0,025 4.3
o2 99 . oam 0.0 5.0
0.46 o 19302 o062 0.027 6.0
04T 1609 o o.62 0.8 5.8
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' positicns ef:all cf the hydrogen atoms were unsuccessful. The
positlons of flfteen of the hydrogen atoms were fixed at 1.0 i
from their respective carbon atome whlle the p051t10ns of the
remaining 22 (includlng thevfour pyrrole_half hydrogen atoms)‘were_
refined,.:.v R | - '
Iinlihe refinements the Y coordlnate of one of the nltrogen
atoﬁs was fixed at i.z %', In the final reflnements half the atoms
‘were fefihed in each cycle.. On the. final two cycles, the-
maximum_ehift ef ehy perameter.was 1ess than O,1-of its standard
deﬁiation; 'The final R1-va1ﬁé based upon the afomic parameters of
Tablesﬁl and I11 is 0.051 for the 1616 observed data ahd.0.0SB for
alll1662edata. The weighted residual vaiue R2 - Q,0637acd the
qtandanif deviatioﬁ of.ac observetion of unit weight is. 2Q14: ‘The
observed and calculated structure factor values are presented in
Table IV and the 1ntramolecular bond dlstances and bond anvles
calculated from these atomic coordinates are presented in Tables V
and VI, The final vaiues 'of‘g(AF)2 are independent of both the
intensitiee'ana Bragg scattering aﬁgie of the reflections. The
_hlghest peak on the final difference Pourier map is 0.15 e s
At the positlons on which the fifteen hydrogen atoms were fixed, the
lowest and mean electron densities are,-0.07 and -0.03 e 5-3,

respectively. The numbering scheme is shown in Figure 2.‘




Table II. 'Final Atomic Fractional Goordinates and Thermal

, _ o s
Parametersgrof‘All'Nonhydrogen Atoms in the Asymmetric Unit=.

ATUM X 3 . Bl B22 © B33 B12 613 823

Y
NOLY L 26590 6) 1 L5000 L7105¢ T) 3.13021) 5.00026)  6.2C024)  .60123)  1.68(21) .55020)
NL2).  =.9450( 8) L436510 ¢) L4893( H) 5.53028)  3.53025)  7.16(32) 044271 2.18(24) -,32(21)
N(3) L2710 T) L5119 2) 2465510 &) ‘3.06(22)  5.58{27)  5.59123) -, 22(22) SBLUIBY - 38018)
N(4) .0265( 8) . 576851 2) L6120 9) 3.54026)  4.59133) 5.84(26) L13029)  1.39020) - -.33(24)
ctn S3ETIC T L5327 2) £8123¢ 8) 30360260 5.17261 . 5.51(26! 6502307 1.4G(21) .81122)
et 258170 7Y L L51090 2) JB7BTL 8} 3.68028)  5.56(28)  5.42025) L81(23)  1.60021) . 1.23(21)
Ci3) #5381 T - Lab6Ll 2) WB1430 B 6.05026) 5.34026) ° 6.48(28)  1.19122)  2.06422)  '1.39(22)
Ct4) J34860 7)) L4580( 2) .T087( 7) 3.87(27)  5.68(29)  5.59(27) L46123)  1.64122) - 1.10¢21
Cis) $27030 7)1 J4led( 2) c6264¢ 9) 4.6002R) 4. TLL260  T.13032) 2221210 2.2512%) L30122)
Cle) WOBT0 B T LeCeBL 2) 52780 9) 7 5,96034)  4,64027)  €,57031)  -,120(28) 2.76(26) 124240
cer L0205010), 36450 2) 45430107 6.58(40)  4.98(3)  T,96(37) SOHI27) 0 2.78031) . -.18026)
Clal =1s94010) 236611 2) +3689(11) TWO7441) @ B7(32) - BLLLL3T)  -,83(26)  2.35(82) -1.01(25}
91 -,2003( 8) Lalegl 2) $39280 9) 5.14031)  4.82030)  €.45031)  -.B6(25)  1.56(25)  -.46(22)
€10} ~.30H3( ) (634010 2) £1340( 9) 4.82070)  3.50027) 6.27(30)  =.92(24)  1.75(24)  -.34(24)
CUIl) ~-.4068( T} L4HITL 2) 36401 81 3.97(28)  5.47(21)  5.7T42B) ~,4li251  1.05(23) | .01(23)
CL12) =.5675( 7) 56510 2} +30501(" 8) 401303007 6.19(34)  5.6A(27)  =.29026)  1.76(23) 2724240
Ci13) -.5284( o) J5511L 20 .3719¢ 7) 3.21028)  6.01130) ~ 4.67(26)  -.0U5(21) L6021 . -.18(22)
ClI4)  -,3430( 7) .5537¢ 2) .4688( 7) 3.46127) 3,22029)  4.96(26) . -.C6(231 1.98(21) LG1029
CL1E)  -.28121( €) 25974 ( 2) LS54T T $5.91023)  S,46121)  5.09425) L96121) 1974200 .0 413120}
Clle} -,1075( 7) «60941 2} 66180 8) 3,92025)  4.,26(23)  5.43026) L330210 1.42120) .00129)
C17) =,0474t 7) (65410 2) $77141( 8) 3.20025) 5.38027)  5.97(28) L60121) - 1.35(22) . 02024 .
COLE) - (15760 T) L65080 20 .8282( 9} 30330251 5.93(29)  5.54026)  -.26022)  1.08t21)  -.40(24) -
C(1s}  .1802¢ 7) $6094( 2) .7889( 8) 3.52026) 3.79(24).  5.86120) L090210 1 1.35022) .05119)
CL20)  .3476( T) L57820 2) .8467( 8) 3.25023)  5,36(27)  5.92127)  -.19421)  1.63(29) .03(22)
Cl210 .7292( A) L5365t 3) .9996(11) 3.53(030)  6.88(36)  7,49(31)  -.49(28) 1.45(26) LTTU32Y
Cl221  .6729( 9) <4292( 3) R4 26111) 3,65032)  8,35(43) 9.18(41)  1.32(29)  1.50(28)  1.43(33)
Cl23)  .8346(14) 24349( &) .89851(17) B.BRI64) 10.720611 15.77(86)  2.14(52)  1.52(56) . =2.44160)
C124) | .1260¢11) 231740 2) L4722014) 8.52(47)  b5.64(35) 11.82(53) 2270331 4.060421  =.69(33)
CI25) ~.2969(13) J32870 2) L2756(13) 70930431 S.17(3L) 11035(S51) “1.CHI29)  2.90(39) -1.26(32)
Cl26) =.3578(13) . .30560 3) L«197018) 10,42061)  7.87(48) 15.28078) =-3.31t46)  5.74(57) =2.34(50)
CL2T1 =751 1) $48491 3) .1883(10) 3,83030)  8.A314L) | T.4b(34)  -1.R2(29) L22126) L59039)
CI2E) -.6C44( E) 459630 2) 317591 &) . 4.20030)  6.63(31)  5,33(27) L69125)  1.30(23) L83123
C29) -.4432( 6) 62981 21, .4868( 3) 3.71026)  5.82027)  5.50026) . ".52(22)  1.C8(21) ~ .20122)
C(30) -.1623( 8} £65600 21 L0537C 9) 4,24028)  5.60130)  0.31(30)  =-.00(24)  1.78(23)  ~.34(25)
CU31)  -.04C9(10) L6985( 3)  1.0813(10} 5.32(35) . “7.1C(39)  £.95(37) L29028)  2.32€27) -1.031(32)
COI2F 22720110 - L6834( 3) .7085(13) 5.59(38)  5.6G(33) 1C.08(50)  =-.40030)  4.24(s))  =.04(31
CU331 ~.4347( 7) 266641 2) +3453(10) 3.33(27)  6.14(34)  7.98(37)  1.05(26) 1120260 .92(27)
CU34) -.5272(12) LT4l6t 3D L2155015) 9.1L154)  4.86031) 12.96058)  -.08(32). 3.17(43)  1.69(4D}
CU35) ~.1337(11) LT4190 3) . L9924(12) 6.79042)  To13064)  B,22040) =-1.22(37)  2.56134) -2.20139
C36) =.1471121) ~ - .8255( 3)  1.0239(19) 25,520 1010 5,T6044)  14.42(78) L41059) B.SHIBT)  -.05(46)
001 =.75810 5) . L6092( 2) .3103( 71 3.66019)  H.63125)  1.95023)  L.s6lld) L9TU16)Y  1.02(20)
TNE2) =317 7Y L6620t 2) .22861 9) 9.15(31) 9.27029)  12.0C136)  2.93{25)  6.75030)  3.95(28)
03y =05272( 6) : JT040GC 2) 23527¢ 7) 7.55027)  S.8L(21)  4.190260  1.78(21)  3.00(2LF .40120)
Uta)  -.2660(10) L7468( 2) LB529(11) 10.62448)  8.76132) Ll 12(38)  2.48130) c80133) NN

U5) 7 -.0%74¢-9) STT960 2) 1.0903¢(10) 13.77449) B,06036) 12.80(63) -2.34(32) 3,830401) —4.(;2()2)_

. F O S -

2 The form of the anisotropic thermal ellipsoid
. . v v 33

(expressed in units of 12) 1s: exp (-§i212. 1
- . i=1 j=
b.h.h.), where by = ith reciprocal axis

SRR LIS _
length and h; = ith Miller index. |

D The numbers in parantheses here and in succeeding
tables are the estimated standard deviations of

the least significant digit(s).




Table III. . Final Fractional Positional and Isotropic Thermal

Parameters? for A1l Hydrogen Atoms in the Asymmetric Unit.

Atom

H(1)N(1)

H(1NZ)
H(1)m(3)

HODEG)
H(1)C(5)

“H(1)C(10)

H(1)C(17)

H(1)C(18)

H(1)G(20)

H(1)C(21)

H(2)C(21)

H(3)C(21)
B(1)c(22)
H(1)C(23)
H(2)6(23)

H(1)C(24)

H(2)c(24)
H(3)C(24)
H(1)C(25)
H(2)C(25)

X

.163(12)

-.033(15)
-.v59(12)
.016(19)

350

o TH(7)

=l 101(7)

.229(7)

432(7)

.702(8)

799(9)

.811(9)
.659(6)
913
.884
224
<193
.038(12)
o247
=403

x .

Q499(3}

458(3)

.502(3) |
.562(4)

389

414(2)
677(2)

.655(2)
.601(2)
.565(3)
.545(2)

517(2)
.386(2)
407

467
«326

314

291(4)

.306

0342

z

, ;680(mé)'

.528(15)

0499(11)

667(18)

- .639
0252(7)

.697(8)
.961(8)
.903(7)
1.052(9).

.946(9)

1.122(9)
.835(7)
914
930
425
615
.398(14)
.206

»168

B (3°)
2.4(11).
24
2.4
24
4.8(4)
4.8

4.8
4.8

48
7.2(8)

-T2

7.2
4.8
10.4(8)
10.4
13.5(17)

13.5

13.5
104

10,4



'3(1)6(26),'
_9(2)0(26)':
CH(3)C(26)

H(1)o(2)

H(2)6(27)

H(3)C(27)

H(1)C(29)
~E(1C(30)
H(2)C(30)
H(1)c(31)'
H(2)C(31)

H(1)C(32) -

 H(2)6(32)
_H(S)C(gz)

H(1)C(34)

H(2)C(34)

H(3)C(34)

- 438
-.257
- o431
-6

802

"'0838
-.450

"0244(12)
=.033(11)

-.074(12)

| 113(12)

+196(7)
.329(8)

62
-.610(15)

‘0565

.33{(3)

295

277
5k
.508

485

646

.652(3)
.633(3)
«694(3)

7112(3)

,718(2)
.681(2)
.673(2)
.738(4)
«749

LT70

47T
.538
.366
126
.078
.258
.605
.901(12)
1.034(12)
1.155(14)
1.137(11)

.738(7) -
.735(9) |
.563(9)
.083(19)

«209

271

69

12.7(15)
1267

12.7

15.8(20)
o158

15.8

4.8
10.4
10.4
10.4

T?'OQ‘A o

5.6(7)

5.6
5.6

,16.7(22) .
16,7

16.7

“ &hose éarameters 1isted without standard deviations

aré not independent.



Table IV.

Observed and Calculated Structure Factor Amplitudes

of Methyl Pheophorbide.
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2 in the least

Those reflections with an ¥ were assigned zero wéiéht

squares calculation. ‘




 Tgble V.  Intremolecular Bond Distances?_(in A) of

M

OR=)
1-»N(1);c<45 .
| N(2)=0(6)
| N(2)-c(9)v
- N(3)=C(11)
| ﬁ(a)-c(iz) :
L N@)-c(16)
L N@)-0(19)
o o(1)=0(2)
o(1)-c(20)
G(2)-C(3)
c(2)-c(21)
.0(3)-0(4)' -:
0(3)-0(22)

- 6(4)=c(5)
C(5)-C(6)

| C(é)i0(7)'_

 o(m)-c(8)

C(n-C(24)
- 6(8)-C(9)

©(8)~C(25)
- €(9)=c(10)

C(10)-C(11)~-

thyl Pheophorbide.

Distance
1.364(8)

 1.372(8)

1.348(8)

'1L373(8):'

1.394(8)
1.328(7)
1;347(8)

1.340(8)

1.448(7)

© 1.887(8)
1.35%(8)
1;482(9)'
1.459(7)

1.472(9)
1.371(8)

- 1.412(8)
1.429(9)

1.361(10)

'v.496(1o)

1.453(9)
1.511(10)

' 1.376(8)
1.404(9) o

Atoms

¢(11);6(1é)»
6(12)-C(13)
c(12)-6(27)

c(13)=C(14)

c(18)-C(28)

€(14)-6(15)

© 6(15)-C(16)
- 6(15)-C(29)

c(16)=C(17)
c(17)-C(18)
C(17)-C(30)

_0(185e0(19)
| -c(18)-c(ég)
 6(19)-6(20)
6(22)-6(23)

c(25);c(26)
c(28)-C(29)

- 6(28)=0(1) |

€¢(29)-C(33)

6(30)=¢(31) -

C(31)=C(35)

| c(s3)-0(2)
- c(33)-0(3)

' Distance
| _f,392(8) |
 1.398(8)
©1.528(8)
 1,404(7),'

T’431(8)”
1.388(8)

1ué§b(7)'f"

m.séé(v)

| 1.492(8)
C1.558(7)

7.490(8)
1.515(1q) |

1.408(7)
m.225(13)‘,

1.469(14)

1.211(7)

‘ m.49o(9) o
m.503(10)‘v';
U)o
1.203(9)
- 1.318(8)

n



0(34)-0(3) _'
6(35)-0(4)
0(35)-0(5)
¢(36)-0(5)
N(1)=H(1)N(1)
N(2)=H(1)N(2)
N(3)-H{1)N(3)
N(4)-H(1)N(4)
6(5)-H(1)c(5)
G(10)-H(1)C(10)

C(17)-H(1)c(17)

c(18)-H(1)c(18)
¢(20)-E(1)¢(20)
¢(21)=H(1)c(21)
© G(21)-H(2)c(21)
6(21)-H(3)c(21)
C(22)=H(1)C(22)

C(23)-H(1)c(23)

C(23)=H(2)C(23)

C(24)-H(1)C(24)

C(24)-H(2)C(24)

©1.469(10)

11,187(11)
1.315(10)
1.491(12)
6.78(9)

© 0.62(10)

0.90(9)

" 0.51(11)

1.00

1.01(5)

0.87(5)
0.94(5)
0.93(5)

1.01(7)
0.85(7)

1.24(5)

1.00
1.00
1.00

1,00

C(24)-H(3)6(24)

C(25)-H(1)C(25)

C(25)-H(2)C(25)
~ C(26)-H(1)C(26)
C(26)-H(2)C(26)
© (26)-H(3)C(26)

C(27)=H(1)c(27)
C(27)-H(2)¢(27)

'c(z7)-H(3)C(27)

¢(29)-(1)6(29)

C(30)-H(1)C(30)

c(ao)-u(z)c(so),
C(31)-Hi(1)c(31)

C(31)-H(2)c(31)
0(32)-5(1)0(32)

- 0(32)43(2)0(32)
0(32)-8(3)0(32)-
 C(34)-H(1)C(34)

C(34)-H(2)c(84)

© c(34)-B(3)C(34)

1405(10)
oo
1.00
1.12(9)

T.00

9.00

1,00

1.00
1.00

1,00

1#07(95 B

0.93(8)
0.69(9)-
$.21(9)
1.05(6)

0.77(6)

1.05(6)
0.97(13)
1.00
1.00

8For those distances which are listed without esd's,

" the distance was held fixed,

72



Tabie VI. Intramolecular Bond Angles (in Degrees) of ' ,73
" Methyl Pheophorbide®.

Atoms = Angle C Mem éﬂéléx

| _C(1)-N(1)-c(4) '1ﬁo,5 v G(7)-0(8)=6(9) 106.6 R
C(é)én(z)-c(9) . 106.3 o(n-c(B)-0(25) 1287
C(1)-B(3)-C(14)  108.9 C(9)-0(8)-0(25) 1247
c(16).N(4),c(19) 108.2 N(é)-c(9)-c(8) | 1o§.3"
CR()=C(1)-C(2) 1078 o N(2)-C(9)-6(10) 125.0
N(1)-6(1)-C(20)  125.2 © G(8)-C(9)-C(10) - 125.7
o c(z);c(1)-c(2o) 127.0 - vc(9)-c(1q)-c(ii) 125.2 }'1
- 6(1)=C(2)=C(3) 106.9 | | N(s)-c(11)-c(io) PERE
C(1)-C(20-C(21) 1247 NB-C(11)-C(12)  107.8
0(3)-0(2)40(2r) 128.4 C(10)-C(11)-C(12)- msn{1-:
C(2)-0(3)-C(4)  108.9 C(11)-C(12)-C(13)fivo?&é':
C(2)-0(3)-C(22)  128.6 6(11)-C(12)-C(27) 126.1
 0(4)=C(3)-C(22) 12é.5 o © €(13)=C(12)-C(27) ,i26.9'
N(1)-0(4)-C(3)  105.9 | 0(12)0(13)-6(14) 107.0
N()=GW)-C(5) 127k 0(12)=0(13)-C(28) 144.0
¢(3)-c(4)-c(5)‘.’ 126.7 . C(14)=C(13)=C(28) 109.0
C(4)=C(5)-C(6)  128.8 C N(8)-C(14)-0(13)  109.3
N(2)-C(6)-C(5) 1248 - M(3)-C(14)-C(15)  136.2
3 §(2)-C(6)-C(7) '1mm.4 , ©(13)-C(14)-C(15)  114.5
C(5)-C(6)-C(7) 1237  c()=c(15)-c(16) 127.2
C(6)-C(1)=0(8)  106.4 C(14)-C(15)50(29) 106.4
| G(6)=C(M=C(24)  127.0 C 6(16)=0(15)-C(29) 126.5

C(8)-0(T)-C(24)  TR6.6 . N(4)-C(16)-C(15) 120.5




N(L)-c(16);c(17)
6(15)-C(16)-6(17)
6(16)-C(17)=C(18)

¢(16)-C(17)-C(30)'

0(18)=C(17)-C(30)
6(17)=6(18)=C(19)
6(17)=6(18)=6(32)
‘vc(j?)-c(i8)4c(32)
 N()=C(19)-C(18)

N(4)=C(19)=C(20)

6(18)-C(19)~C(20)
C(1)-C(20)=6(19)
C(a)-ckgz)-c(za)

C(8)-C(25)-C(26)
C(13)-C(28)-C(29) -

2.7

'f26;7_

101.6

11068

111.9

ﬁOW;L
112.6

113.6

123.3

1231

128.8

126,2

1117
106.1

Standard deviations are 0.7-0.9° for those angles

c(13)-6(28);o(1)

0(29)-C(28)-0(i)

| 0{15)-C(29)-C(28)
€(15)=6(29)-C(33)

C(28)=C(29)=C(33)

- ¢(17)-6(30)-C(31)
- 6(30)-C(31)-C(35)
- 6(29)-C(33)-0(2)

C(29)=C(33)~0(3)

0(2)=C(33)=0(3)
: 0(31)-0(35).0(4)-
6(31)=C(35)-0(5)

0(4)-C(35)-0(5)
C(33)-0(3)=C(34)
€(35)-0(5)-C(36)

other angies the esd's are 0.4-0.6°.

130.4

74

123.5

103.9.

1074

115.6

113.8

125.2

2.1

12,2

122.6

126.6
2.5

120.9

1 1'5:’0 3

7.6

" involving atoms C(23), C(26), 0(4) or 0(5); for;the.
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' Figure 2.  -Nﬁmbering scheme for methyl pheophorbide'a. Hydrogen .

,atoms are numbered by the atoms to which they are‘attached.z

XBL 698-1333
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As a’ flnal check on the positions of the four inner pyrrole
half—hydropen atoms we ellmlnated them from the calculation and
reflned only ‘the . four pyrrole nltrogen atoms. The difference
Fourler map in the center of the molecule calculated w1th only
those data whose 51n9/k O 47 and shown in 1gure 3 -agreed
Icloselv with the results obtained at an earlier stage of the
reflnement. ~ Four peaks were present and peak helghts ad jacent
to the nltrogen atoms of Rings I and III were approx1mately twice
as hlgh as those adjacent to Rings II and IV. :

' The atomlc p031t10ns of the last cycle were employed in a
check of anomalous dispersioava. The intehsities of the 3214
unaveraged hk% and hk% were used in thls calculatlon. The calculated
effects were too small compared to the errors in the data to
permit an unambiguous assignment of absolute configuration, but
there was ellghtly Better apreement with the handedness proposed by

Flemlng2

than with the reverse one. Fleming's configuration is
used in all Tablea and Flgures.

In retrospect we examlned the 2/ proposed atomic positions
of the initial trial structure which led to the correct structure.
The distanoe between the oenterlof the proposed and actual molecules
was 0.21 } and the angle between the two molecules was ~10°. The
shortest interatomic distances between atome_of:the proposed and

actual structures were 0.17 and 0.21 A while the longest and rms -

distances were 0.7/ and 0.48 R.




~ Figure 3. Difference Fourier invthé'chlorin pléne of méthyi'
pheophorbide. Positiﬁe contours érerindicated by soiid tﬁin
1in§g and zero contours by’dotfed lines. Tﬁe cdntour"
‘“ inﬁefval is 0.0243 e i3, The sqiid heavy lines designaté
| intramoléculai bonds involving the pyrrole nitr§geniand methine

carbon atoms. -
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Molecular Structure

Thebchlorin ring is nearlyiflat although the denartures from
planarity are statistlcally significant. The deviations from the .
least squares plane through atoms N(1) - N(4), C(¥) - C(16), and c(19)
and C(20)'are presented in Figure 4. (This plane is called the
chlorin plane in later dlscu331ons ) Rings I, 1T, and III are each
planar to within 0.01 & and Rlng V is planar to wlthin O 02 A. Ring
IV is not planar. 'In Ring IV atoms C(17) and C(18) are, respectively,
0.22 & above and 0. 04 i below the least squares plane through atoms |
N(4), C(16) ‘and C(19) This chlorinconformatlon.ls 51milar to that
found in the phyllochlorin eSterS. Relative to the plane through the
nitrogen atoms (1tself planar to within 0.01 &), ‘Rings I and IT are
tipped up, vhile Rings III, IV, and V are tipped down. -

The inner hydrcgen atoms of the triclinic modificaticn of
tetrapheny'lporphine3 (tri-TPP) are on diagonally opposite pyrrole
rings and.repel each other. Therepulsionis manifested in a
diagonal Nf°'N distance of 4.20 A for the nitrogen atoms which
contain hydrogen atoms. This distance is 0.14 k larger than the
diagonal N-+-N distance for those nitrogen atoms which do not contan
hydrogen'atoms. In tne MePFb, although the electron density at :
sites H(1)N(1) and H(1)N(3) is greater than at sites H(1)N(2) and
H(1)N(4) (see Figure 3), the N(1)-**N(3) distance of 4.06 } is

considerably shorter than the N(2)e--N(4) distance of 4.23 i.




' Figure 4.° Deviations (X 100 in R) from the _ieast squares plane A

through 'atoms .N('1’)"_'-#"N(4),V c(1) - C‘(v1(.,)'-’ C(19‘)-C.and c(20).

79



We conclude that the distortion is due to some othér factér,-most

~likelyvtﬁé presence of fﬁe fifthvisocyclic ring. - In the VO-DPEP

structureg; the analogéus distances are 3.96 & and 4.08 A.

 The 0(17)-0(18)_bond length of 1.551 + 0.007 in MePPb,

compared with 1.34 + 0,02 4 in the parphyrin VO-DPEP; exhibits

the singlg-bohd chafacter which distinguiéhes a chlorin from a

porphyrin. Correspondingiy the C(16)-C(17)-C(18) and C(17)-C(ﬁ8)-'_

C(19) angles are»decreaseﬂ'%rom an average of 107 + 3° in VO-DPEP

to an avérage of 101.5 ¢ 0;50 in:MeP?b. .The ¢(16)=C{17) and

c(18)-C(19) bond disfances are increased from 1.43 éﬁd 1.46 4, each

+ 0,02, to respectively 1.492 and 1.490, each * 0.008. Since Ring V

contains a B-keto esfer, Qe examined the Ring V bbnd diétanées‘to

determine-ﬁhe amourt, ‘of kei‘;o;-enol tautom‘er'i.sbm.' The short C-0 |

distancé (r,21i + ,007 i) and the long C-C distance (1.580'1 .008 i)

préclude tﬁe pbésibilityiof muéh tautoméfiém. Thﬁs ourrresﬁlts are

in agreement‘with the results obtained from infrared“absorption24.
The 0(13)-0(28) bona distance of 1.431 # 0}008 X»is“émaller

than the 1.526 + 0.007 R distaﬁce for bond C(15)-C(29). We have

conclﬁdedvthéi the keténe carbonyl is iﬁ conjugation with the chlorin

ring systém.

‘ The vinyl groﬁp on Ring I ié also iﬁ éonjugatioh with the

main chlorin ring. The C(3)-C(22) bond length of 1.472 + 0.009 & in

MePPb islconsiderably shorier ﬁhan the 1.56 + 0.02 A distance for

9

a similar bond in VO-DPEP’, which links an ethyl group to Ring I.
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There is considerable steric hinderance between that v1nyl group in
MePPb and the methyl group also attached to Ring I Not only is the -
v1nyl group shifted out of the chlorin plane by 14 | but the tnree
angles 0(3)-0(2)-0(21) c(z)-c(s)-c(zz) and 0(3)-0(22)-0(23) are
also 1ncreased in such a vay as to increase the dlstance between '
methyl carbon c(21) and c(23) of the vinyl group. Thus angle
c(3)—C(2)-o(21) = 128. 4 is greater than angle ¢(1)-C(2)-C(21) =

124,.7°%; angle C(2)-C(3)-C(22) = 128, 6 is greater than angle

. 0(4)-0(3)-0(22) 122.5°%; and the 126 2° angle for c(3)-c(22)-c(23)

is approxlmately four degrees larger than the: comparable angle in-
buta—1 3—d1ene25. The non-planarlty and angular distortlons increase'
the C(21)"'H(2)C(23) distance from ~2.1 } to ‘the 2.43 A valus |
vwhich is observed.

The Ring II ethyl and Ring V carboxyl groups are oriented in
such a way as to minimize intramolecnlar repulsion. Tho plane
through atom C(8) and the étnyl group is peroendicular'to the
planeitnrough_Ring II to within the expérinental érror.. The orientation

»ooplanar_with Ring II wouid be energetically unfavorable beoau?é .
of the stfong repulsion between atom C(26) and eithef H(1)C(10)

or C(24), ‘The least-squares plane through the carboxylr group ‘v_of.f
Ring V intersects the Ring'V plane at anvangle_of'édo. A.mucn
smaller interoection angle is not allowed because of the potential
interatomic repulsion between atoms H(1)C(17) and either,atomsn

0(2) or 0(3).



Molecular Dimensions

To coﬁpare the dimensions of this mfloculé with thooe of
porphyrin dorivatives wo‘averaped f,ﬁe bond parametefs of ‘MePPb ,
~and of trl TPP in accordance with C (Amm) symmetry. - Their
averaged‘bond parameters are llsted in Table.VII. The u; B and m
'notationéidésigﬁate the a- and P~ p&rrole carbon'atoms and the>
methine carbon atom. With the éxclusioh of ﬁhe saturated'bond
c(17)- C(18) of Ring Iv,. the two average geometries are the same
.w1th1n the experlmental preclsions. However the spread of values

'1n MePPb is three times that of tri-TPP even thouph the
unoertéiniieS"are only 1% tlmes as great.

On closer inspection, the varlablllty of the bond distances is
not random but is sygtematiot We postulate that the varlabillty is
the résuitvof the unéQual contribution of:threo main résbnance
structuresﬁhich.is in turn caused by tﬁe presehce of both tho saturated
C(17)-C(18) bond and the side groups conjugated to the chlorin ring.

Three unlonized Kekule structures of the chlorin ring of
methyl pheophorblde a with dlagonally opposite hydrogen-atoms may

be described accordlng to the valence-bond technique of Paullng25
(Flgure 1). Two contain inner hydrogen atoms on Rings I and IIT
whereas one'contains the hydrogen atoms_on'Rings IT and IV, If we
consider, first, the C --CB and CB-Cp type bonds of the pyrrole rings,
we see that the pyrrole groups in structures Ia, Ib and II of Figure 1

‘differ, i.e. structure Ia has similar rings II and III, structure Ib
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' Table,VIi,' Average Bond Diétancesrof Methy1 Pheophorbide_and thg

_ Triclinic Modification of Tetraphenylporphin—.

‘Bond or Angle® Methyl Pheophorbide Ietraphenylporphin
T 1.358 + 0,021 8 1.369 + 0,007 &
L I . : . _ - -
. C -CB} o 1446 + 0,033 1441 + 0.015
e B : v : : S : :
GGy : 1371 + 0.024% ~1.353 + 0.006
c-c 1.391 + 0.015 ©1.399 + 0.006 ’
Sem S : ; S -
CoNC . 1085 571.7° 1077 s 150
e a’ - : _ - -
N-C -c§~ 109.7 + 2.7 . 108.8 + 1.4
N-C -C_. 1254 + 4.9 : 126.1 + 0.6
o.-m_ . ‘ . v . . .
C.-C -C  124.8 £ 4.8 _ 125.0 + 1.8
B e m S - |
o BB, v . o
C -C_=C | 127.5 + 1.7 125.6 + 0.4
‘a m a _ o

a Derived frcm Reference’3.‘

b The ¢, B and m designéte the a~ and B- pyrrole
‘carbon atoms and the methine carbon atom.

€ Does not include bond.. - C(17)-G(18).




- Figure 1.

‘Three resonance structures of methyl pheophorbide a.

“XBL 696-727
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has Similar"ringe I and II, and structure II has similar rings I and
ITI. 1 Ve examine the bond lengths of Table V in detail, the
C -CB and - CB—Cﬁ bonds onequivocally correspood to valence bond ”
.structure-Ib.' Considering the C -C bonds, the bond distances
conform more ‘to structure Ib than to any other 51ng1e structure of
Flgure 1 although there is some evidence of a contributlon of Ia
in the shortening of bond 0(14) C(15). The shortest N-C bond
1ength is N(3)-C(14) which can be contributed .only from VB strubture
II, and bond N(1)-C(1) is shorter than bond N(1)- c(4), which. can’
occur only from structure II, Otherwlse the C-N bond lengths
.conform more to Ib than to any other.

The dlstribution of inner hydroeen atoms most consistent wlth |
the unequal contribution of resonance structures of Flgure 3 is
their predominant localization on Rlngs I and III - Examples already”
exist for both ordered and disordered pyrrole ,atoms. Among porphyrio ‘
and phthalocyanin gtructures tr1—TEF3 has inner hydrogen atoms loceiized.
on just two diagonally opposite nitrogen atoms vhile phthalocyaninzi
' tetragonal—TPP4 and porphin2 all have four disordered half-hydrogen
atoms. Our electron density results correspond to hydrogen atoms
on all four rings, but with an excess on Rings I and III,

Nuclear magnetic'resonance studies of several symmetricel
: porphyrin328 have shown that the ring curreots and presumably the

shapes of all four pyrrole groups are identical. This implies
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that the hydrogen atoms are notilocalized vwhen the.pofphyrins are

in solution. Katz and coworkers, in»fheir n.m.r. study29

of chloro-
phyll and its derivati#es, féuhd twbvdistinct peaks for the two
inner Hydrogen atoms of mgthyi pheophorbidé. Since no tﬁo p&rrple
grouiZZChemically eqﬁﬁvﬁlgnt? Qe éonciudé that the hydrogep atoms
of chlqrophyll in sﬁlution are locélized on two.nitrogen-atoms.bv

We wouid ekpect from.sﬁeric'coﬁéidergtiong.that the hydrogens

, would‘lié‘on,diégonally'Opposite-nitrégen-atomé; Thevmoleculér n

orbital Calcﬁlationé'of Weiss, Gouterman and deayashisofhave

predicted that they will 1ie on pyrrole Rings I and IIT.
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. The»moleCules pack in sheets neerly pernendiculer‘tolthe ég.
plane with all of the molecules relatedoby translatlons'within the
: sheett The angle between the normal to the plane through the chlorin
3 rlng and the normal to the ac plane is 74 .; The 1ntermolecu1ar
,spa01ngs to the ad}acent parallel molecules at p031t10ns 1+x, z, 2
and 1+z, x, 1+z are 3. 492 A and 3. 525 A. These dlstances are .
somewhat larger than the intermolecular spacings of 3. 43 A and
>3 39 .4 for porphln2 and methoxy1ron(III)mesoporphyrln-IX—dlmethyl -
ester31 and are a consequence of the lack of chlorin—chlorln |
attractlve 1nteraction. ‘There are no chlorln-chlorln 1ntermolecular
dlstances less than 3. 5 R and the side groupe vmeny of whlchlare
not coplanar w1th the chlorln ring, determine the 1nterplanar
spacing81 There is one contact between atom H(2)C(23) of the

z and C(27) of the molecule at 2+x, X, 1+z.

molecule at position X, ¥,
The intermolecular angle between the molecules 1n one sheet and

those in the adjacent sheets, which are related by the screw axis

' symmetry element is 32 The ethyl, the C(32) methml and both esten

groups are all in the region between the sheets whereas the other :

side Proups are between molecules within a sheet. A view of the packlng

as seen down the reciprocal ¢ axis is shown in Figure 5. The

-intermolecular bond distances are presented in Table VIII,
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StereoScbpic_#iéw of two scréw—axis—rélated methyl

‘Figure 5. ..

and neighboring molecules related to

1
.

pheophorbide molecules

them by translations in x and y.

XBL 698-1331




T‘able' VIII. Inter.molecular Spacings Less than 3.5 A for vC-v--CA
and C°-°N A:pproaches and Less than 3.0 K for Ce-+H Approaches.

2 ‘The equivalent position numbers ‘are 1 for X, ¥, 2
‘and 2 for -x, M, -z.

_ 0  Positi ﬂnmhg_ __9_ 2: __ggglatlgng in
Atom 1 Atom 2 Distence of Atom 22 x ¥ z

‘N(1).l' H(V2)C(2’v7) | _2‘.9.4' | S 10 o

'N(zi' 0(23) 3460 R - T 0 o
| N(3) . H(3)C(21) 2.82 1 10 1
| c(21) 3473 1 70 7
c(1) ,H(2}C(27) 2.95 o f_ 10 1
c(26)  H(3C(34) 275 2 T
oW sam 2 T
c2n)  H@2)(8) 291 : 3 oo 3

6(30) o(1) 3.329 b e
c(a)  o(1) 3427 1 1 o0 1
c() H(2)0(31)  2.87 o - 10 1
c(a6) m@)C(24) 2.8 2 o o 3

- H(1)G(23) 292 2 10 3
Cof) m(3)c(z:2) 2.88 . T 1 ,o;; 0
H(1)C(18) 2.85 1 T T
- 0(2) 'H(1)b(20) 2.93 1 T oo 7
o(3)  H(2)c(31) 2,76 | 1 Too 7

o(5) H(2)C(24)  2.91 2 - ',‘ o 0 2
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Powder Pattern

The pbwder‘pattern of.methyl pheophorbide was obtained ‘to ,
compare with those of chlorophyll a32, chloroohyll b33, bactero- -
chldrophyllg' and pheophytin and its metal derlvatlveSSA.r The
five most 1ntense llnes in the powder pattern of MePPb are at d-
spaclngs of 14.28, 3.62, 3.41, 6.67 and 6.17 A which correspond'
to the following reflections: 020; 112, 102 and 231; 132 and1012;
120 and‘b1i; éndv021:and 117.. 'The‘powdéf'patferh of MePPb is quite
different frbm those of either the éhlofobhylls or the pﬁeopﬁytinates.
Thus it is likely that the crysta11iné péckiﬁg-of methyl pheéphorbide5§

is different from any of those mentioned above.
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Packing Qg'Chlorophyll in Photosynthetic Lamellae

Stelnman 35 FreyaWysslingaé, and Park37 have demonstrated that
the chloroplast membranes are composed of 200‘5 units which exist
in highly ordered arraya. These particles, called Quantasomes,»mey

- be the morphological photosvnthetic unit38 - Each quantasome contains

approx1mate1y 230 chlorophyll molecules37. It is generally acéepted
hat the number of energy traps is much less than the number of
chlorophyll - oL molecules. Therefore a mechanlsm for
the transfer of energy from one chlorophyll molecule to another -
-13 requlred. R |
| Chlorophyll ls very hygroscopi024._ In fact, the presence of
small quantlties of.water are necessaryhto.form microcrystalline i
vchlorophyll3 What is biologicallv interestlng is that chlorophyll'
' water complexes have a 31m11ar electron paramagnetic resonance
spectrum to.photosynth631z1ng chloroplasts, vhereas anhydrous>i

39

chlorophyll does not Previous structural determinations of

- the molecules of'MgTPP-HzO5 and Mch-H20°205H5N6 lead us to believe

that the water molecules are coordinated as a fifth 1igand to hhe
central magnesium atom which is O. 3- 05 £ out of the molecular
plane. ‘An infrared absorption study of cholorphyllewater

24 indicates that the water molecule is hydrogen~bonded

aggregates
both to the Ring V ketone carbonyl and to the the 0(2) ester
carbonyl oxygen atomsvof the adjacent molecule. The OH stretch

absorption frequencies for the hydrogen atoms of the water molecule
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are at 3240_,cm-'1 for the hydrogen bond involving O<1) and 3460 em”!
for 0(2). wé have used a correlationAO between O-H stretch absorption
frequencies and the corresponding O---0 distanceS»te estimate that _ ~i
the O{water)...0(1) and O(wafef)~-}0(2) distances are 2}78 aﬁd.2.89 A;?
respectivelym | ‘ ' 7 |

Our molecular model of chlorophyll has dimensions similar to
MePPb»But With a magnesiﬁm etom substituted‘for the inner hydrogen
vatomSa ‘We placed the ﬁagﬁesiumvatom at a‘disfance of 0.50 & out
of fhe plaﬁe end a water molecule 2.02 L above the ﬁagnesium atom;
The environﬁeht of the magﬁesiﬁm‘atem Qee derived from the resﬁltsl' ’ é

6 5

of the structural determinations of ‘MgPce H 0~ 20 N~ and MgTPP'H?O-f

575
-The_s1mplest model for the periodic arrangement of chlor0phyll

subject to.fhese boundary conditlons‘is one in Which adjacent

molecules are related by a 51mple translatlon. Adjacent moleeulesl

are then parallel and Rings I and IIT overlap. However, even

when the molecules are at theﬁﬁ maximum possible'interplanar’spacing

of 5.19 ﬁ,‘there’is considerable crowding between.the Ring V |

carboxyl group of one molecule and Ring I ef the other. If the

Ring V carboxyl group is rotated around EOnd C(29)—C(33), considerable

intramolecular crowding'befween atoms 0(3) and H(1)C(17) resﬁlts _ N o

when fhe'carboxyl group is rotated by more than ~42°. Even in .

this orientation the intermolecular distance between atom C(34) ' -
and atom H(1)C(18) (which is above the ring) is too short. Thus we

were induced to eliminate the model_involving only translations.:
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In the second model whlch ve con31dered we combined a twofold
rotation symmetry element with the translatlon to form a 21 screw .
axis. The 2 ‘screw axis relates neighboring molecules, which are

not neCeeSerlly parallel in thls model. Now the Rings III and Vof ~

one molecule‘oVerlap with Rings V and III of an adgacent molecule.

One such arrangement of chlorophvll molecules for which the 1nter—

molecular contacts are chemlcally reasonable is shown in Flgure 6,

a-stereoscoplc view of a pair of molecules.- We have several

conclusions about such a dimer: 1) The magneeium atom must'be
substantially out of the chlorln plane to maximize 1ntermolecular
spacings between the Rlng v carboxyl group and the chlorln rlng.

It is O. 50 A out of the plane in this model a d1stance identical to

that found in aquo-magne51um phthalocyanin. 2) The molecules must
"be non-parallel to 1ncrease the dlstance between the Ring v carboxyl
-group and the atoms of Ring I1. In our model the 1nterplanar

‘angle is.14“ ‘but orientations with larger 1nterplanar angles

cannot be excluded a priori. 3) If the molecules are separated'
by theif maximum possible distance, atom C(27) of one molecule

collides with atom C(30) of the adjacent one. This particular

-intermoleculayhistance is increased as the intermolecular distance

is decreaeed, subject to the hydrogen-bonding constraints. The

decrease in intermolecular distance is limited, however by

'possible contacts between the Ring V_carboxyl group of one molecule
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Figure 6. Stereoscdpic view of proposed model of a chlorophyll®
water dimer. Only thevfirst‘carbon atom of the phytyl. group

is shown.

X8l 6910-5917
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and Riug II of the other. We have usedaan interplanar spacing ofe,
5.49 %, which is half the distance between‘the nth and (n42)th'
molecule. 'This distanoe.is 0.22 A'less'than the maximum-possible |
1nterp1anar spa01ng subJect to these constraints. 4) The: Ring IVV

alkyl: chain and the ethyl group of Ring II must be rotated from

the positions in the crystal structure of methyl pheophorblde to.

'avoid 1ntermolecu1ar 0011131ons.

95

29 .

Nuclear magnetic resonance: studies of chlorophyll aggregates
'have 1ndlcated that the magor area of overlap 1nvolves Rlngs III and
v, although the chemical shlft caused by aggregatlon is very small.‘_

'Thus our postulated model agrees with the n.m.r. data.

Plant lamellae when stained with KMnO4 and v1ewed under

the electron mlcroscope exhlblt a banded structure41. The bands

appear to be'layers of protein and lipid, and at least the phytyl

. chain of the chlorophyll molecules may be in the lipid fraction.

In their study of the permeability of thin films, Danielli and
' 42 |

Davson™" suggested that membranes are composed of protein molecules

which:areIadsorbed onto a lipid layer. We propose a model (Figure 7)

for the aggregation of hydrated chloropﬁyll'moleoulee within the

lipid layer. In this Figure, the phytyl group of chlororhyll has

been replaced by a methyl group. The phytyl groups, which radiate

'out opposite sides of thevchlorophyll'uater_polymer, extend toward

the proteiu bands on each side and are necessary to firmly orient

the chlorophyll heads which are in the center.



Figure 7. - Stereoscopic view of prdposed model of a chiorophyllf

96

. water polymer which might'exigt in photosynthetic lamellae. Only

the first carbon atom of the phytyl group is shown. The region
V on'bbfh sidés of the depicted po1ymer contains phytyl chains,

lipids and , farther out, pfpteins.-

XBL 6910-5918




As a varlatlon of the modeL the chlorophyll water polymer
could be bent enough to form a 01rcu1ar cover for the quantasome.
“The phytyl’chains would be in one of two pdssible cbnfigurations.v

In the flrst half the phytyl chal?s would progect out from the

._quantosome and half woildd prOJect in. In the other possiblllty,

‘all phytyl chains and some of the 1ipids would be on the sutrface
" of the quantosome. In any of these 1inear and nonllnear models
.thévchlorih”grqups are orlanted in suth a-way that any molecule éan
.absorb A photon and transmit tﬁe_energy to an adjacent molecuie.
via the water molecule. Energy can be trahsmiﬁied to the 0(1)
carbonyl, vhich ié in resonance with fhe rest of the ehlorin

group. ln thls way, energy can be shuttled untll it is trapped

in some unlque chlorophyll—proteln complex.

97
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gghydrogg'ghlorophyll Dimers

43

Houssier and Sauer™” have studiad _the circular dichroism (CD)'

and magnetic circular dichroism (MCD) of anhydrous solutions of

chlorophyll a-and two of its analogues. One analogue, protochlorophyll

a, is unsaturated in bond C(17)-C(18) whlle the other pyrochlorophyll

a, has no carboxymethyl group attached to Rlng V. Houssier and

' Sauer found that the CD and MCD spect,ra of dimers of chlorophyll a

and of pyroohlorophyll a are 51m11ar but that dlmer spectra of

chlorophyll*g and protochlorophyll a are dlfferent.. Since the Ch

_and MCD spectra are sen51t1ve to the overall reometry of the dimer,

they concluded that the carboxvmethyl group off Ring V is not involved

.in stabilizing the dimer but that the carboxyphytyl group is involvad.'

In addiﬁiOn, they accepted'the propOsal of Katz et al..29 that tﬁere_

is always a Mg-+-0(1) interaction in the dimer. | |
We have used the . computer program called ORTE% to 1nvest1gate

possible dimer configurations of chlorophyll and protochlorophyll.

The:chIOrophyll1model.which we used was derived ffom the VO-DPEP

staucturé9,‘and the magnesium atom was arbitrafily placed in the

plane, Sferéoscopic pictures of plausible arrangements of the

.anhydrous ch1orophy11 and pfotochloroohyll dimers, subject to

these'consfraints, are presented in Figureé 8 and 9. The inter-

planar angles are 450 for chlorophyll a and 140 for protochlorophyll a.




Figure 8, Anhydrous chlorophyll dimer>.

ABL 695- 2276

e

~ Solid circles, larger circles, and & designate nitrogen
" atoms, oxygen atoms and magneéium atoms, respectively.

The other atoms are carbon. -
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The electronic absorption spectra of meteiloporehyrins vary
depending on the central ﬁetal ion. Gouterman3 showed that the |
oscillator strength of the 0=-0 absorption bend of the relatively

'ueak vigible (g) transit&en could be correlated with the energies of

both the Q band itself and the extremely intense Soret (B) tran31tion

- 104

in the blue or near-viclet. He used the 1naited data then available '

to try to establ&sh a correlation between these three quantltles
and the electronegativity of ‘the central metal. Becker4 measured
the spectra of the meaoporphyrin derivatives of nineteen different
metals and found that they "cannot be related in a simple way w1th
electronegativity. |

. statistlcal .

. In. thls paper, we present a, A correlation between .
spectroscopic energy levels and the structures of metal porphjrine
ae determined'byeXQray,erystallegraphy, T9~d9.this,We first need
a way'of_expreesiné_differencesfin porﬁhyrin structure in terms of '
a single cbn@rolling parsmeter. iﬂhrough analysis of the resuits'of
ten publishee crystal struetures of_porphjrin:derivatives (as

listed in.Table 1), we found that the moleeular bond distancee-and

¥

angles vary in & systematic way with hole size. The hole size of a

4 25 half the average distance between

porphyrin can 'be defined
diagonally opposite-nitrogen'etems.‘ _ |

There are feurlindependentvbond distances and six independeht'
bond angles in a square planar (D ) porphyrln ring. We determined -

each of these for each of the ten porphyrins by averaging the

!
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Table 1. Porphyrin structures used in the analysis of hole size.

Nickel(II) 2,z;-&iacétyideuteroporphyﬁn dim]ethyl ester ', 5,
Copper(II) tetraphenylporphin 6 .
Chlofohemin (Chloroiron(III) protpporphyrin—lx) , 7
“Pailadium(II) tetraphenylporphin 6 -

Chlbroiron(III),ﬁétraphenylporphin? _ 8"
.Mbthoiyiron(III)‘mesopb#phyrin-lx dimethyl ester 9 -
. >ﬁqubzinc(II)‘tetraphenylporphin'V ' o v .'10n_ 

" Porphin - S : 1
Tetraphenylporﬁhin in tétragonal crystals g 2

- Tetraphenylporphin in triclinic crystals . ﬂ?v'
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experimentally determined valueo according to'D4h sjﬁmetry. We
then used the method of least squares to obtain the best linear
relationship betveen hole size and bond angle or bond distance.
Each experimental value was weighted by 1/0 , where 02 is the
larger of two numbers: ihe r.m.s. difference from the average
'value and the average standard deviation of the individual
meagurements. ‘ |

These 1iccar corre1ations between hole aice and cclecular
parameters (bond anglos and bond.distances) noﬁ:made it_poscible
" to establish a standérd gecmetry correspondicgvto a metalloporphyrin
with a "large" and a "small" hole. For this purpose, werused |
hole 3ize§o£'2.062 A and 1.960 l,vrespoctivaly'the largest aod
smallest measufed holes fbr square porphyrins. We also calculated
c "msdicm“ geometry for a hole size of 2v0i1 E.. The moiecular
parameters corresponding to the largest and smallest hole sizes are
listed in Table 1I, along wlth the linear correlation coefficient 5
r, vaich is a measure of the corre&ation between parameters as

between
well as the r.n.s. difference A the observed and: the calculated
bond parameters.

The numberihg scheme and the general changes producedvby
enlarging the hole size are shown in Figure 1, which is a‘threefold
exaggeration of ‘the chahge from small tovlcrge hole gize. As the
hole size increases and ﬁhe nitrogens are forced farthef ffom the
geometric center of the ring, the a«N=a angle increases and the

a~N distance decreases. The a carbons are forced outward, lengthening

the a-m distance andvincreasing the angle a-m-a.




"Table II. Porphyrin geometry as_a'function of the hole size.,

' Holp-sige
Mo
o )
p-p
a=Ne-a
Neop
Neeg~-m
~ p-o-m
a-B<p

a=m=a

_1;;960 X
1.39
1447
1.351

. v/

o

110,24
125.36
124.53
107.20

123.74

2,062 1
1.363
1.439
1.350.

1.39,

108,31°

108.96
125,69
125.48
107.21
126419

8 inear correlation coefficient.

&

~0.62
-0.33

0,02

T 0.38
0.75

~0.40

0.18

0.41
0.01

0.58.

0.010 §

0,010

0.015

w011

1157
0.91
0.53

- 0.57

0sds,
0.66 -

hR.ﬁ.s. differéncéfbetween obéerved and,chlculated parametef.
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Figure 1. Effect of e#pansion of the hole size on the porphyrin :
geometry, three times exaggerated, as derived from x-ray data.
The solid lines'cdrrespbnd to a porphyrin'with hole.size of
1.858 A, the dashed lines to a porphyrin with hole size of

2.164 K. (These are not. the values used in the calculations.)

XBL 699-5605
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The molecular orbitals for the general metalloporphyrin were
calculated using the self-consistent molecular orbital method of :
Pariger, Parr and Pople (SCMD—PPP)16 and the four-orbital model and

'17

"traditional® parameters of Weiss, Kobayashi, and Gouterman The

calculations uislthe input geometry to calculate repulsion and resonance
1ntegrale; Sincej:zmrametere were originally chosen17 to minimize
the effecte of the geometry, f, any dependence cf a calcuLated
‘Aquantity on the input geometry should be significant. The calculations
predict~ ‘that’ the bond orders and lowest excited singlet energies : |
should be invariant to changes in the input geometry, but that the
lowest excited S - triplets should show a measurable i
dependence on'the holevsiae. analogoue calculations uging the ,
1nterpolation formula for interatomic electron repulsion formulated
by Pariser and Parrzgave much the same qualitative prediction. This-
formula is the one used by Sundbom' in hér recent molecular orbdtal
calculation on porphyrins.
The lowest triplet energies of a variety of metalloporphyrins
have been measured by Becker‘. Many of . these data relate to com~
pounds whose hole sizés have not been accurately determined. We
.have therefore develdpedﬁ method'ofveetimating the hole sizes of
metalloporphyrins from ionic radii determined from x-ray measure-u ) :"': i ‘
ments of inorganic crystals. ' I
This undertaking is complicated by the demonstration by Shannon

. and Prewitt19 that the effective ionic radius in metal fluorides and
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oxides depends not only on the ionic charge'but alsoon its
coordiﬁati@n number and electronic‘spin state,19, Using their data

"we estimated the effective ionic radius of tetraqoordinated Ni(II),

r(Ile(II)) from ionic radii of ¥Ini(11), Cy(11) and 2n(I1) by

r(IvNi(II)) = (W Ni(II)) + g{r(lv

“-u51ng the relationship.
- r(MTey(1)) + r(MVzn(11)) - = (M

to Ni on the_periodic table.)_-ﬂhe ionic:radius'of the vanadium atom

Cu(II))

Zn(II))], (Cu and Zn are adjacent

was esttmated from the vanadium oxygen distances of vanadyl
bisacetylacetonate.zok The ?effective radins" of the oxygen aﬁons
of the acetylacetonﬁte grpup wés'found by subtracting the effective
fonic radii of VIMn(IiI) V2,(11), (1), VIc,(IiI) and 'TFe(III)
from the metal oxygen distances of their respectlve acetylacetonat9521 25
The other three values of ionlc radius. were obtained dlrectly from
Shannon and Prewitt" Figure 2 shows  a - good -, correlation
between the ionic radius es determined by these methodg_and the
experimental hole gize in the five metailoporphyrins fof which
both data are available. | | |

" The existance of correlations between the 1onic radius and hole
size and between hole size and porphyrin geometry implies that
‘there should be a correlation between thé ionic radiﬁs and porphyrin ‘:
geometry., Our molecular orbital calculations therefore predict that -
the ionic radius should :;ﬁ; be correlated with the phosphorescénce‘v

energy and the singlet-triplet separation. Figures 3 and 4 show




Figure 2. = Metalloporphyrin hole size derived from x-ray data as

& function of the ionic radius of the central metal in - -
19 |

fluorides and oxides.
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Figure 3. Points indicated by x are experimental phosphorescence 112

energiés-of metalloporphyriné plotted as a function of the
jonic radius of the metal. All metal ions are divalent. Line
indieated by o—0 is ﬁredicted lowest triplet energy of
8 pbrphyrin'with'holé sise cofiesponding to avparticular

i

ionic radius.
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Figure L.»

Singlet - Triplet ‘IEner'gy Separation (cm -1y IO"3 )

Experimental singlet-triplet energy separation of

metalloporphyrins as a function of the ionic radius of the

metgls All metal ions are divalent unless otherwise indicated.
{
5.;
x Hg
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o X R »
X ‘ » .
X L -
. 3 L 3
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the dependence of the experimental phosphorescence ‘energy and singlet-
triplet sepnration respectively, as & function of the ionic size
derived from the data of Shannon and Prewitt for the seven metal-
1oporphjrins for which the necessary data isyavailable. Our ,: | -
theoreticel predictions are - 1ncluded in Figure 3. vv~ Figure :
5 1ndicates ther. much weaker dependence of the phosphorescence energy .
on the electronegativity of the central metal atom. The analogous
plot for ihe energy ofvﬁhe loweet'einglet‘is found in Figure 2 of
‘reference Ac. | » | |

The moleculer orbital calculations of Figure 3 predict a stronger
dependence'of.the phosphorescence energj'on-the molecular‘geometry
than ieiexnerimentally obgerved. ,
Hoard has shown14 that the central atom in metalloporphyrlns is
coplanar: with the four inner nitrogen atoms onlv if the metal—nitrogen _
distance, M--N, is less than 2 01 A which corresponds to an effective
ionie distance of O. 63 A. This ‘means ‘that the Cd and Hg atoms in their -
respective porphyrins would very'likely be substantially out of the
plane of the central nitrogens. This would result in a much
" smaller hole size than the linear correlation of Figure 2 would
predict. The phosphorescence energy of the Cd and Hg porphyrins
would therefore be higher than we would have predicted.

Table III lists several possible correlations, the linear -
correlation coefficient for each and_ics agsociated probébility.27' R ;ﬁ
The moeﬁ significant experinental correlation is between the ﬁriplet

energy and ionic radius of the central_metal.atom (Figure 3). For




Figure 5.

of the electronegativity of the metal atom.

divalent unless otherwise indicated.
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Table III. Correlations and sigmificance levels.

Number g; siggificance ev b
a - 19 | ~ o |
triplet energy - ionic radiuvs . 7 . o =0919 : <0D,01  wvs
electronegativity - 16 o 0.488 - 0,07 s
‘ 29 _
- metallic charge _ 9 . _ R P /A o 0.7  ns’
N | 19 o R o
singlet energy ionic radius o 0772 0.04 =
28 : '
electronegativity 19 0,707 . <0.01 vs
. 29 - | S |
'~ metallic charge 8 =0.412 0.3 ns
. 19 i '
singlet~triplet ionic radius : T - 0,805 _ 0.04 s

energy separation

& Linear correlation coefficient.

b v8 = very significant; s = Significant;. ns = not sigﬁificantQ»

9Ll



| | IR
triplets the'direct geonetric effect of the sigma'strainvdue to
increased 1onic size is enough to. explain the triplet dependence
on ionic radius.}

For singlets, statistical analysis of the data shows that
EQ.variee in a significant way with the metal'e electronegativityzg.
Tne correlation is masked, however, by a strong dependence-on_eome
other variable. In statlstlcal term1nology27; : the
llnear correlation is significant bt accounts for only r 50%
of the variatlon. The singlet dependence on 1onic radius is not
due to the direct geometric effect at least according to our -
calculations, but must be due to some other unknown factor. In
an attempt to pin down this unknoun variable ve loeked for a

experimental i
correlation between“singlet and trlplet energy and the- metallic
charge as calculated by Zerner and Gouterman 29 No correlation

was found inneither case.

We conclude that changes in the ring geometry of metalloporphyrins

produce small but significant'changes in the electronic properties'
of the molecules, as far as can be judged from the small sample of
data available. The correlations between hole size and phosphorescence

energy ehould be confirmed and extended by additional spectroscopic

and crystallographic measurements on metalloporphyrins.
This means that differences in ground state geometry shouhd be

taken into account in detailed theoretical ‘axplanations of porphyrin
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spectra, and the coordination number of the Centrél metaivatom '
should be.speéifiedg. 'No sgtisfactory théory for the effect of
ligands on porphyrin'specfra exists. From the present sfudy we
conelude ‘that the coordinatioﬁ numberiﬁay have a small but
siénificant effect én-metalloporphyrin absorpti§n eﬁergy levels
simpiy by viriue'of the change iﬁvionic raﬁiué of the central- |
metél. For example, the ionie fadiué of Pd+2 in the‘square planar

arrangemént is 0.64 319

, but the iéniC'radius increases to 0.86 }
when the Pd%?'incréasés ifs éoéfdination to sixfold;, Ff@m Figure 3
we éstiméte that thelincredsed hole size SHoﬁld be enough to sﬁift
the phosphorescence energy by as much as -1300 cm’i whén the number
of 1igandS‘of the Pc'i.'—'.2 is increased from féur‘to six, A similar
‘chénge in>tﬁe coordinétibn number of Mg+2 from four.té sixhshould
also shift the phospﬁorescenCe energy by as much as —1800‘cm’1.>

If these pfedictions_are confirmed, it may be pogsible to use
experimental measurements of the phosphqrescence‘energies for

other metélloporphyriﬁs together with published values of the ionic®
‘radius ofvthé cations themseives to determiﬁe'the coordination

ﬁumbér of the metals in the ﬁetalloporphyrins in varied chemical
environmen#s; if ﬁhe ovefall correlation of phosphorescence energy
\with hole size i8 confirmed, it may be possible to usé phosphorescencé
energy as'a "épectroscdpic ruler” of hole siie without the necessit&

of gathering x-ray data.




119

References

3 ."M. Gouterman J g_n_z __l_;y_g., 30, 1139 (1959)
4L &) R. S. Becker and J. S. Allison, _J. Phys. Chem., 67, 2663 (1963),u

| b) J. B. Allison and R. S. Becker, ibid., 67, 2667 (1963),
e) R. S. Becker and J. B. Allison, %bid., éz, 2675 (1963)
5 - T.A. Hamor, W.S. Csughey and J.L. Hoard, W,
- 87, 2305 (1965). |
6 E.B. Fleischer, C.K. Miller and L.E. Webb, ibid., 86 2842 (1%4)
7  D.F. Koenig, Acta Cryst., 18, 663 (1965). |
8  J.L. Hoard, G.H. Cohen and M.D, Glick, W
89, 1992 (1967). |
9 J.L.Hoard, M.J. Hamor, T.A. Hamor'and W.S. Caughey, ibid.,
| 87, 2312 (1966). | |
10 M.D. Glick, G.H. Cohen and J.L. Hoard, ibid., §2, 1996 (19670.
11 L.E. Webb and E.B. Fleischer, iuid, 87, 667 (1965)
2 MJ. Hamor T.h, Hamor and J.L. Hoard, m., 8¢, 1938 (1964)
‘13 S.J. Silvers and A. Tulinsky, mg., 89, 331 (1967).

e e R I




14

15

16

17

18
19

21
22

23

25

26

27

28

29

Je. L. Hoard in "Structural Chemistry and Mblecular Blology,

A. Rich and N. Davidson Eds., W. H, Freeman and Co., San
Francisco, Calif., 1968 PP 573—594.

W. C Hamilton, "Statistics in Physical Sciences," Ronald Press

co., New York N.Y., 1964, p 31.

R. Pariser and R. G. Parr, J. Chem. Phys., 21, 466, 767 (1953);
~ J. A. Pople, . Farady Soe., 43, 1365 (1953); R. G. Parr,

"Quantum Theory of Mblecular Electronic Structure "W, A.

Benjamin New York, N. Y., 1964.

" C. Weiss H. Kobayashi and M, Gouterman, J. Mol. Spectr., 16,

415 (1965)

M. Sundbo«a Ac gg hem, §gggg R 22 1317 (1968)

R. D. Shannon and C. T. Prewitt ég&g,@gzg&., 25, 925 (1969).

R. P, Dodge D. H. Templeton and A. Zalkin, J. Chem. Fhys.,

35, 55 (1961).

B. Morosin and J. R. Brathovde, Acta Cryst., 17, 705 (1964).
H. Montgomery and E. C. Lingafelter, ibid., 16, 48 (1964).

H. Montgomery and E. C. Lingafelter, ibid., 17, 1481 (1964).

B. Morosin, ibid., 19, 131 (1965).
R. B. Roof, ibid., 9, 781 (1956).

R. C. Pettersen, ibid., In Press.

K. W, Smillie, "An Introduction to Regression and Correlation, "

Academic Press, New York, 1966.
A. F. Clifford, J. Phys. Chem., 63, 1227 (1959).
M, Zerner and M. Gouterman, Theoret. Chim. Acta, 4, 44 (1966);

M. Zerner and M. Gouterman, Inorg. Chem., 5, 1699 (1966).

120



»

 THE ~ CHOLINES

121




122

Choline chloride, [ (CHB) 3»1(:}{201{_20}1]+ cl, is one of the most'
radiationFSensitive molecules in the solid state (Tolbert et al.,
1953). As a measure of radiation sénsitivity we define a G-value as
the number of molecules decémpqsed per 100 electrom volis of
absorbed radiation. The G-values of choline chloride and a number
of other organic compounds (Tolbeft and Lemmon, 1955; Lemmon et ai.,
1955;'Lemmonvet al. . 1958) aré listed in Tablé I. Choliné chloride
. is radiation senéitive to far.ﬁltra-violet liéht, x-rays, f-rays and
Y;fays. ‘The overall decomposition‘réaction is [(CHS)SNCHQQHZOH]+jC£'
radiation 5 [ (cy ) wi* cf~ + CH.CHO. |

. 3°3 ) R 3 -

The decompositidn is the'resuit of a cooperativs process.' After
a single molecule is decomposed, a chain reaction‘is_initiated in
which 300-éOOOO addiiibnaivmolecules aré decompoéed (Lemﬁon et.al.,'
1955).5 At'abbut 750 c there is a phase'transformatién of the
crystailiﬁé'chéline-chlofidé (Seriin, 1955). Choline cﬁlofide in
this new éhasé and in solution (Lemmoh et al., 1958) is stable to |
radiation. Thus the cryétalline packing plays a crucial role in
the deéémpoSition. |

The érystal structure of choline chioride ét.rdom temperature
vas detefmined by.Sénko and Tempieton (1960) and at high’témperatUre
by Collin (1957). The structurés‘of fivé analogues of choline |
chloride havé been determined: muscarine iodide (Jellinek, 1957),
acetyl choline bromide (Canepa et al., 1966), choline~O-sulfate BN
(Okaya; 1964), L-a=-glycerophosphorylcholine (GPC) (Abréhamson and 

Pascher, 1966), and GPC-CdC£2'3H20 (Sundaralingam and Jensen, 1965).
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None of thesevstructures has been determined to the‘high accuracy
obtainable by present 501nt111atlon—count1ng technloues. We were
interested in determlnlng hlgh pre0131on structures of choline chloride
‘ analogues to_compare bObh intra- and inter- molecular dlstance.

| Choliue'.iod'ide’was. prepared from a 1:1 mixture of dimethyl-
aminoethanol and methyl iodide in methanol. Tﬁe;mixture'was
refluxed for two hours and evaporated to dryness. When recrystalllzed
from ethanol the choline 1od1de formed thin plates; when re-
crystalli7ed from dlmethyl formamide it formed‘thlcker crystals.
Choline bromlde was prepared from chollne 1od1de by dissolving thev
iodide in water adding an exce8& of Ag20 slowly, filtering off
the AgI and titrating with HBr. The water was evaporated under
high vacuum and the bromide recrystalllzed‘fromislowly evaporatlng
ethanol. Other choline salts were prepared from cholinebiodide'.

by the addition of the appropriate acid to ‘chaline hydroxide.
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Betaine Hydrochloride

Clastré-(1964) has published a preliminary structure report
C for betaine hydrbchloride, in which.hevrefined the R.valué'for two
of the théaimensional prqjections down.to 0.18. Bdnd diétdnées
~ which we calculated from his p‘ub_'vLish.ed atomic coordinatesa. implied
that the;Q—N bond lengths ranged from 1.49 to 1.63 A in lengthf‘
We undertook this structure investigation to provide an accurate 
'étructure;btoiloéate the positidns of the hydrogen atoms, and

g

to invesiigate‘the packing.
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Small colbrless crystals of betaine hydrochlofide were kindly
supplied to us by Dr. R.'M.‘Lemmén. TheSe.ﬁere then recrystallizedv
iﬁ the fofm of colorless needles by the e&gporation of a'watgr—
methanol sélution to drynesé at room temperature.. The unit-cell
diménsiqps.were obtained froﬁ careful measurements of the{Bragg
scattering angles for the hOO, OEO,Fénd OO& reflecﬁiohs, as measured
on a manually operated'General Klectric XﬁD-S diffréctometér. The.
alpha déubieﬁ'(k = 1.5405 A fé; CuKa1) was reséivedvfor those réflections
of highest ordér. The crystai used for both the determination of
cell dimensions andithe collection of daté was mounted on the
'crystaliographic b axis, énd the 8 angle was obtained directly from
the angle dﬁ the ¢ circle between the h0O and the'Ooﬁ reflections,
The unit cell parameters (aﬁ 230),afe shown in Table 1. The absence

of reflections hOL with £ odd and OO with k odd indicate the

“ space gréﬁp 221/0.. The cryétél; which was ﬁounted bn the needle
axis, measured 0.09 x 0,09 x 0.43 mm. The four most prominent faces
were the (100), (001), (700) and (007). The observed dénsity of
1.314 + .005 g cm-3, which was determined by flotation in a chloroform-
ethylene.dbphloride mixture, agrees well with the value &i3131g‘cm€3
calcﬁlated for a molecular weight of 153.5, for Z = 4, and for a
unit cell volume of 776 A,

Integrated intensities wereameésured with a card controlled,
automated General Electric XRD-5 diffractometé;. The copper

radiastion was filtered by a 0.001linch thick nickel foil plaéed
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Table 1. Ehi& Qsil_tngamﬁiaza

This Work o 1%81%1‘0
Th28 + 002 8 T.45 ¢ 02}
9,108 £ .005 . 9.15 + .02

’11.55@
| 9.7 £ .03  97.0

e

.003 11,65 + .02

= 6 o B
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between the crystelvend the receiving slit,.and a =26 ecen-weaﬂ |
employed. The intensities vere meaeured for all reflections lying
within half a sphere in reciprocal space corresponding to d-specings.

z 1,006 } (29 1000) The intensities of equivalent reflections

were averaged teo give 794 independent reflections of which 782

vwere above backgroundo The 32 largest intensities were romeasured

at louer xbray'flux to avoid flooding of the counter. Cryetal decay,
moni tored by 24 periodic measurements of six standard reflections,

wes less than 5%. The calculated linear absorption coefficient u

L 39 em” -1 (for CuKu). The data are uncorrected for absorption effeets,
uhich may vary by a factor of the crder of 1. 15 for the extrame cases.

Net intensities I and their standard deviations o(I) were calculated
expressions

from then: 1= I rons = (tr/2tp) (B +B)) and P =T+
(tI/Zt )2(B + B ), where B1 and 82 are the number of counts for
each background reading and tI and tB are the times spent ecanning

counting
the peak andatho beckgroumd For n meaaurements of the intensity

of a particular reflection (n vas always 2’2) the intensitiee
vere averaged and o(I) the stendard dev1ation of the mean, was
caleulated from oy (I) squal to the larger of [(I -1)2]%/(no1) and "
[Zcélii)]é/n by using the reletionehip»dz(l) = oL(I) + (pI)_, vhere
P, a constant, was set equel.to O.CA to_reduce the weights.of the
most intense reflections.

"~ The full matrix leeet squares nrogram used was our local -

unpublished version for the cDC 6600 computer. The atomic scattering -
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factors used durlng this analysis were those glven by Cromer and Mann
(1968) for the C1” Cl 0 N and C atoms and those of Stewart,

Davidson and‘Simpson (1965)ffor the hydrogen atoms. The scatterlng

factor for the N atom was calculated from the scattering factor of .
Nt (Hurst and Matson, 1959) by using the relatlonship f(N ) =

L2f(N) + f(N+3)]/3. For the chlorine aton the anomalous dispersion
corrections of Cromer (1965) were used. The function mlnlmlzed in

the least-squares refinements was R 3= Zw([F |-IF, l)z/Zw|F |2, In

2
the early stages of refinement the welghts

were set equal to 1.0,
but in the later stages they were set to O when I = O and to 1/02(F)
(1p)™"o(T), o(F)

[o(FR)]% if'I..é o(T) and o(F) = F = [F ..o(Fz)]15 if I > ofT).

otherwise; o(F) was calculated from o(I) : o(F?)

.H.

'JohnSOn’s-ORTEP program (1965) was used for the stereoscopic

pictures and as an aid in the thermal analysis.
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Structure Determination and Refinement

Bocause at the ﬁiﬁs Ve were not aware of Clastre's report (1964),
the structure vas sotved independently. The chlerine—chlofine
vectors were evident in a Patterson ﬁap, but theifbinterpretation
vas ﬁmbiguousa The y coordinate of chlorine is near 1 therefore D
the infe;sion vector (2;,21;25) and the screw axis vector
(2;,&,2(141)).both appear in the Hafker section at : = 4. The
ambiguity escaped notice, and by bed luck the urong choice Qas
made. As & result the chlorine z eoordinate was assigned a value
vhich was % less than the correct one. & Fourier map phased by this .
chloriné atom indicated eightvﬁther atoms. These nine atems, some
‘of which were later noticed to be at unacceptabie bond distances,
gave R = Z||F_|-|F ||/Z|F,| = 0.33 for all the data but R = 0.09 for
reflectiéﬁs_with both k and £ even. This result auggesﬁed eirors‘of
% in‘sémé yorz coordinates. Addition of Q to ths y coordinates of
three atoms gave more reasonable bond distsnces and decreased R to
0.31,but calculation of interatomic distances showed that molecules
related by ﬁhe inversion center were too close togéthér,'with
some atoms less than 2 } apart. Therefore, the entire molecule
was moved one-fourth of the unit cell in the z diréction, at which
point R dropped to 0.10, |

After the thermal mbtion of the chlorine atom was approiimated S o
by an ellipsoidal anisotropic model, a Fourier difference map |
revealed th;'poaitions of the twelve hydrogen atoms among the‘

highest seventeen peaks. The hydrogen atoms were given individual




isotropic temperatnre factors and a11 other atoms were given
anisotropic temperature factors. The R value dropped to 0.027.
The valuos of |F l/'F | for the reflections of. highest intensity |
were all leas than 1.0. Therefbro an extinction correction of

the form P ' = F, (1.0 + o), where ¢ =2 x 10"8, vas

ﬂ applied to give a uazimum correction of 5% for the strongest '
._ reflection, and R dropped to 0.026. |

Up to this point, the atomic scat’terin_g factors of c1” and |
neutral N had been used. Two other poasibimitioa were tried. iﬁo
first, vith N and C1” P gave an R value of 0.032, and the second ,

with both N and a noutral, gave an R valus of 9.627' the largest'
shifts in the atomic positions and bond diatances vere all 1ess

than one third of the respective‘atanda:d deviations, All further _

_1*31

discussion will be for N neutral and C1~ atoms. The final weighted -

" R, value was 0.034 and the standard deviation of an observation of

_unit weight Vas 1.33. The largest shift of any paramoter in the
'final least aquarea refinenont was leos than one per cent of ita

- gtandard deviation. Thoro was no syatenatic trend in |F |/|F ' as 2

a function of either 28 or the intensity. The higheat peak on the‘

£inal differsnce calculgtion was 0.11 electrons L'a.
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Results and Dlscussion

P OIS AT O PSPt PSAIO Pt 55 s B Pt B Pt

A stereoscopie view of one molecule, which shows the numbering
$cheme of the atoms , is presented in;Figure 1. ‘The observed
structure factor amplltudes lF | as well as the flnal calculated
structure factors |F | are 1lsted in Table 2. The final posltional
and thermal parameters for the hydrogen atoms are given in Table 3
while those for the non—hydrogen atoms are glven in Table 4.

The atomic p031t10ns found in this investlgatlon dlffered
from those of Clestre (196L) by as little as Q;O2'ﬂ for the chlorine
atom to ee much as 0;16 A for atom C(2). The mean difference was
0.07 &, which is more than twenty times the estimated standard
deviations in this investigation. Clastre made no statement |
concernlng the precision of hlS results.

Selected intramolecular dlstances and angles are. llsted in
Tables 5 and 6, respectively. Because_of thermal motlon,_the
observed bond distances tend to be less than thevtime-average
distances between atoms. Our'ignerance’of the phase relatioﬁsv
of thermal ﬁotion prevents an unambiguous correction for tﬁis
effect, but eome estimates have been made on the basis of a ridihg
nodel. For bonds N-C(1), N-C(), €(5)-0(1), and C(5)-0(2), for
_which this model seems reasonably consistent with the ebserved
thermal parameters, the corrections fall in the range 0.010 to 0.0f8 ﬁ.:

The orientations of the methyl aﬁd methylene groups are Very‘

nearly staggered around each of the four C-N bends, the departures
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Stefeoscopic view of one niolecule of betaine hydrochléride.
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Table 3. Einal Atomie Fractiona) Coordinates eﬁé.!h§;!n1 2a;eme§e:a
© vith Their Standard Deviations for Hrdrogen Atoms in Betaide

The dumbérs in parenthesis here and in succeeding"tables-are the

‘standard deviations of the least significant digit(s). The

thermal parameters are in units of square Angstrdmk. The

temperature factor has the form: T ® e¥pf-B(sing/A)?]

H(1)
H(2)

~ H(3)
H(4)
H(5)
H(6)
H(7)
H(8)

_\H(9) |
H(10)
H(11)
~B(12)

Ep 4

«7362(26)

.8486(29)'
.6466(32)

.8855(26)
-0216(28)

.9188(27)

+9151(28)

+8157(26)
.7100(30)

.6186(25)
-5008(23)
.3407(27)

X
.1542(25)
.2080(21)
.2250(26)
-3019(24)
.3508(20)
4692(25)
«4549(20)

.5774(27)'

4784(24)
.5103(22)
4191(17)
-3387(25)

.7369(18)
6421(16)
.6230(20)
.3857(17)
-7967(14)

+8622(16)

.6139(15)
-6754(16)

.5804(18)

.8037(16)

.7108(15).
9524,(18)

‘B

4.6(5)

- 3.3(4) -

4.1(5)
4.0(4)
3.7(4)
hel(5)

4.5(5)
4.8(5)

3.7(4)

2.7(4)
4.3(5)
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Table 4‘

c1
0(1)
0(2)

c{(1)

c(2)

c(3)
Cl4)

c(s)

Final Atomic Fractionsal Ceordinates

x

«21472(6)

.37681(18)
.58012(19)
.76178(16)
-74561(36)

.91492(28)

.80332(35)

.58779(24)' ,

.51843(24 )

j)]’ vwhere

X
924207(5)
.39010(16)

- .21083(15)

.37283(14)
.22378(24)
,37401 (28)
.1.8153(27_‘)
.42035(22)
.32588(23)

i

&

1.09234(4)
-90178(12)

+89939(12)
.7314.8(11 )
67674(23)
.82812(20)

+64025(22)

.T1360(16)
-86515(14)

h, is the ith Miller index, b

mmm&,&,&@gom;g_mw
The thermal parameters are in units of square Angstroms.

T -r,m-gzzaﬁhihj/(
axis length, and i and j are cycled T through 3.

i

B B.. B

Br B By Bz
3.34(3) 4.38(3) 3.59(3) -.30(2)
3.60(7) 4.38(7)  3.9(7)  .52(6)
4.37(7) 3.71(T) 3.95(7) .59(6)
2.50(6) 2.77(8)  2.77(6)  .03(5)

3.48(11) 3.77(11) 3.56(11) -.04(8)

«16(9)
.05(9)

2.51(9) 4.45(12) 4.18(11)
3.84(11) 4.11(12) 4.74(12)
2.45(8) 8.09(9) 3.13(9) -

-09(7)
2.63(9) 3.45(10) 2.65(9) -.13(8)

The temperatnrevfactof has the form:
is the ith reciprocal ‘

Bys B3
1.17(2) -.23(2)
1.64(5)  .67(6)
1.25(5)  .96(5)

40(5)  .17(5).

-.06(8) -4 (10)
1.65(10) .91(10)
-31(7) -.09(8)

-26(7) -.30(7)

.85(11) -.70(9). »
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Table 5. - Intremclecular Distances (in }) in Betaine Mmsblmn |

Standard deviations have been estimated by the method of least

squares and are indicéted in parenthesis.

No()

N-C(2)
N-C(3)
N-C(4)
- 6(4)=C(5)
c(5)=0(1)

o c(5)-0(2)
c(1)-H(1)

c(1)-H(2)

c(1 )~H(3)

- C(2)-H(4)

- 6(2)-H(5)
c(2)-H(6)

1.496(3)
1.498(3)
1.504(3)
1.497(2)
1.500(3)

. 1.316(2)

1.193(2)
0.95(2)
0.92(2)
0.91(2)
0.98(2)

0.93(2)
1 0.95(2)

c(3)-H(7)

c(3)-H(8) -
c(3)-H(9)
C(4)-H(10)

- C(4)=H(11)
0(1)-H(12)
H(12)*"C1

o(1)**c1
0(2)*°n
0(2)*°c(1)
0(2)°°¢c(2)

0(2)°°"(1)
0(2)°"H(4)

0.95(2)
0.96(2)

10.92(2)
S 0.90(2)

0.91(2)
0.82(2) -
2.15(2)
2.955(2)

. 20893(2)
- 2,979(8)
13.090(3)

2.38(2)
2.44(2)



Table 6. Intramolecular Bond Angles (in Degrees) for Betaine

Hydrochloride.

Atom::
C(1)=N-C(2)
6(1)-¥-¢(3)
C(1)-N-C(4)

¢(2)-8-C(3)
C(2)~H-C(4)
C(3)«N-C(4)

N=C(4)-C(5)
¢(4)=C(5)-0(1)
C{4)=C(5)-0(2)
0(1)-C(5)-0(2)
c(5)-0(1)-H(12)
0(1)=H(12)"*C1

Angles
16@5.7'5(1_6)'
108.31016)
11.70(15)

108.50(15)

4111;’41‘(.14)
107.04(15)
116.35(15)

108.96(17)
125.97(17)
125.07(17)

168.4(21)
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from an entlrely staggered conformation being only 9 4° for N=C(1),
be 3 for N-C(2), 1. 6° for N—C(3) and 1.9 for N..c(4) The plane
of the carboxyl group is at an angle of 6.7° to that of atoms N,
| C(A)- and 0(5) The result is that the entire catlon conforms within
about 0.1 A to the symmetry of a non-crystallographlc mirror plane.
The mirror plane passes tnrough (or near) atoms H(12), 0(1), 0(2)
c(s), c(z,) N, c(3) and H(7) and relates H(8) to H(9), H(10) to H(11),
and the methyl groups C(1) to- C(2) ‘The carboxyl group is planar
w1thin experlmental error. ,

~ The carboxyl group is twisted areuﬁd bond C(4)-C(5) in such a
way that 4§¢m 0(2) is almost as close to and 0(1) as far,ffom the
nitrogen atom in the same holecﬁle as is possible. This reeults in
-~ an extended shape for the molecule in w@ich‘the.careoxylvhydrogen
atoﬁ is remote from the positively ehafged ammonium group and thus
can easily hydrogen bond to the chloride‘ien. Tﬁe 0-H:¢:C1 angle |
is 168 + 2°, and the 0--+Cl distance of 2. 955 + .002 & is much
shorter than, for example, the 0---Cl distance of 3.03 * | ﬁ

: dietance in choline chloride (Senko and Templeton,-1960).
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The molécuiar packing is shown in Figure 2, and the closest
intermolecular approaches are listed in Table 7. For the bonded
hydrogen atoms of this molecule, the center of gravity of the.>
electron.distribution as determined by x-ray diffraction is somewhat
removed from the equilibrium nuclear position. Therefore, the
intramoleéular C-H and O-H distanées listed in Table & are
systematically éhorter and the’inierﬁolecular packing distances in
Table 7 involving hyﬂrogen atoms are systematically longer by | y
approximately 0.1 § than the équilibrium internuclear geparation

as would be determined by neutron diffraction, for example.



Table 7. Shortest Intermolocular Distances (in &) for Crystals of ™41
mmmmn |

The equivalent position rmmbers are 1 for x,y,2; 2 for x,ﬁ-y,éﬂ;

-3 for -x,-y,~z; and 4 for -X, 34V, =20

N

- | Position Number Atom 2: Iranslations in

Atom1  Atom2 Distance  of Atom2 x ¥ 2
c1 B(10)  2.79(2) 3 ! 11 2
- B(1)  2.80(2) . 2 0 0 0
B(2)  2.88(2) 2 -1 0 0

- H(6) 2.88(2) 3 1 1 2

CH(T) o 2.89(2) 2 -4 0 o0

H(5)  38.02(2) 2 - 0 0
H(8)  3.18(2) s 1012

H(3) 3.20(2) 2 0 0 ©

H(9)  3.21(2) b L I

- H(4) 3.26(2) 1 -4 0.0

. H(8) 3.42(2) 4 111
ey o) 3.270(3) 4 1. -1 1
o 0(2)  s.:48(3) 2 0 0 -1
c2)  0(1)  3.440(3) 1 1 0 o
6W) 02 3.459(3) 4 10 1

0(1)  o(1)  3.396(3) 3 1 2
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Figure 2. Stereoscopic view of one unit cell of b‘etaine hydrochloride.

Xt 092-254
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Choline Ieeide |
The cﬁoline iodide which we uied ineeuf strdcture déiermination ‘

had been recrystalllzed from a dlmethyl formamide solutlon by the B

evaporation to dryness. A‘small fragment-w1th max1mum dlmen31on

0.1 nm was sllced from an aggregate of crystals and was mounted on .

the b axis. This fragment was used for both the determlnation of

cell dlmen31ons and the collection of intensity data. The systematic

;absences (OkO k # 2n) in Weissenberg photographs suggest that the

space groupeis elther P2 or P21/m. Thé cell dlmensions whlch we

1
determined‘from a least sQuares'anelysiw of the p031t10ns-of nrneteees
 1ndependent refleétlons are a2 = 9. 081 + O. 002 i, b= 8. 176 O 002 A,
¢c =5, 868 0.001 A and B 29 0. Of Intensity data were
-collected on a GE-XRDS gonlostat equipped wlth a scintillatlon
'counter a Eulerlan cradle goniostat anﬂ a &r-filtered Mo x-ray
‘source. The backgrounds were estlmated from a plot of the backsround
as a functlon of the Bragg scattering aﬁgle. Of the 818 hkt and th
datg collected by peak counting methods at a 4 takeoff angle and
. with>26 = 50°, 755 had net cousts above the background. The
ihtensities of four reflections at X:= 90° were each‘messufed.at
severai © values. Since'ﬁhe spread’in intensity.for eech refiection 
was less thsh 9%, we did not make an ebsofptien correction. The '
' ierystal‘decay, measured by periodic measurements of two standafdv
vrefiections,'was negligible.

We used the-atohic scattering factors of Crbmer»end‘Mann-(1968)'

' for the ﬁon-hydrogen atoms and those of Stewart, Davidson and:Simpson
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(1965) for thé hydrogen atoms. The anomalous scattering factors

of Cromer (1965) were used for the iodine (Af' = -0.64 e, af" = 2.15 e).

Our least squares techniques, weighting scheme, and computer programs
are;idenfical to those described in previous chapters. Five percent
of the intensity was'included in the uncertainty of the intensity

measureménts.
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Solution ‘and Refinement - of the Structure -

AP T PS rs s PP ISP I Pt PG s s 0 s 0 T s Pt ARNR KRS~

The,structure was originally solved by‘Patterson technidues
from a set of gonio.stetvdata obtained by W. G. Guarles in 1962.
We found dt neceesary to discard appreximetely one fourth of the
date set whose intensitiee.differed from these on a set of films.

When we fixed the y coordlnate of the 1od1ne -atom at Y =%
the nltrogen atom and the carbon atom of one methyl group also had
Y coordlnates of % . w1th1n thelr Sﬁandard dev1at10ns. In addltlon
the other two methyl carbon atoms were related by a pseudo-mirror
plane. The other three atoms heavier than hydrogen were off the
pseudo-mlrror plane by amounts of o. 2—0 5 R which were far greater
than the uncertalnties in the y—coordinates. Thus we could exclude
the p0531b111ty that the molecules crystalllze in an ordered
fashlon in space group P2 /m. ' -

There are a nunber of other p0381b111t1es whlch must be con51dered
in & final determlnation of the crystal structure. . The moleeules
~might. be ordered on space group P21.

disorder must be consideredl Twinning_is a very real poesibility'

'More than one type of

einCe observations under the polarizing‘microecope indicetedAthat

most cryetels were twinned. If7£he'"Single" cryefel:ie_ﬁwinned;.
the frag¢tion in eachvof the two handednesses must be determined.
Another possibility is that the single crystal is composed of
many small domains of both handednesses, in which case it would

~ be more appropriate to consider the molecule_es being disordered

in space group P2, /m. In all of these cases, the atomic coordinates
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of the atoms will be approximately'the same. Thus the bond.distances
will be nearly the same in ell.casés.

| The way tor choose among these alternetives is to- measu-e the
amount. of anomalous scattering. However 1f the anomalous scatferlng
is max1mlzed the absorptlon effects will also be max1mlzed and the
large absorptlon will lead to an inaccurate structure. The two
X=ray sources which we have used are copper whose Af" is 6.68 e

and absorptlon coeffic1ent is 292 cm -1 ~and molybdenum whose AfY is.
2.15 e and_oabsorption coefficient is 87 cm . |

In order to confifm the structure which Qe determinedrfrom the

data of W. G. Quarles, we obtained a set of data using CuKa radiation
and peak'counting methods. The molecular struoture was the eame, |
but the absorption effectSVWefe large enough to limit severely the
accurec&:of our effucture determihation."We.measured'e eecond?set
of data with Mqu radiation. This set is described in the preVious
section. The thipd_and last data set was taken at the USDA Western
.Region Laboratories with.the help of Dr. K. Palmer. We used
scenning techniques and CuKo radiation to measure the intensities

of a11 Blgvoet palrs of reflectlons out to 20 = 145 . We found

it necesgsary to enclose the crystal in a capillary since the aged
crjstals were more hygroScopic.'.The x—ray absorotion effects were
severe enough to produce a factor of 2.8 in the ratiorof the highest
tc lowest intensity of eeveral reflections aﬁ X = 90°vas the.phi -

value was altered. During'the two weeks which.it took to collect
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the data, the intensity .of one standard decreased monotonically
by fifteen per cent. The intensities of the other'two standards

increased by ten and twanty per cent in the flrst week and then

began to decrease. We 1nterpret‘thisas both decay of the. crystal

and an increase in the mosaicity of the crystal which tends to increase
1ntensity._ The resultant data set contai*ed 1ntensit1es for Laue- :'
symmetry related reflections which differed by as much as 3OA
'Based on the structure derived from the second data set we have
‘calculated that the magnitude of the anomalous scattering effect

w111 be at most two ‘or three o(F ) if 5% of the intensity is 1ncluded E
| in o(I) . Thus the errors in the third set of data precluded the
possibility of obtaining not only an accurate structure but also a
resolution of the space group problem, “Since the second.data_set,
which vas obtained with MoKo radiation, had both the smallest
absorptionleffects and the most reliable intensity measurements,i
we used it in the subsequent analysis to obtain anvapprOXimate ‘
molecular structure and packing arrangement.

dAn R-value based on the positions and the anisotropic temperature

factors of eiyht atoms heav1er than hydrogen was 0.043. When we Vi

1ncluded the hydrogen atoms in the calculation sbut ddd not refine
vthem, the discrepancy 1ndex_dropped to 0.039 for the 755 non-zero

data and to 0.047 for all 817 data. The weighted discrepancy 1ndex
.was 0. 048 and the standard dev1atlon of an observation of unit weight
was 1.17. There was no systematic trend in w(AF) as a function

either of_the intensity or Bragg scattering‘angle.



148

Results and Discussion.

PP ePererg PO P s Pt Bt i g ot

The observed and calculated structure‘factor amplifudés are
listed in Table 1, and the molecular numbering scheme for all atoms
heavier than hydrogen is depicted in Figure 1. Hydfogen atqms H(1)-
H(3) are attached to C(1), H(l;)-H(é). to C(2), H(7)-H(9) to C(3), o
H(1'o) and H(11) to C'(z,), H(12) and H(13)'to' C(5) and H(14) to the
oxygen atom. ' The final*atoﬁic coordinates for ali the atoms are
listed iﬁ.Taﬁle 2, ard the anisotropic temperature factors of all
atoméﬂheaviér‘than hydrogeﬁ are giGen‘ih Table 3.' Thevtempe?aéure‘
factors for all the hydrogen étoms ye?e fixed at 5.0.

_ We present the intramolecular bénd distances and angles in ,
Table 4. 'Tﬁey arevlisted merely as a matter of record sinée'they
undoubtedly suffervfrom thé syéfematic errors whiéﬁ,resultvfrom our
ignorance of the amoun£ of twinning ﬁnd disorder. Slightly more
plausible C-H distances are obtained if the nitrogen atom is on the
other side of = %, but when we tiiedvrefining théréﬁfucture with 
this parameter changed, the x—cbbrdinate of the nitrogen refined
in one cyclé back to its,original.position. The ¥ cooﬁdinates<df
the atoms diffef from ¥ = % by the amomits (in R): _0.1'0 + 0.03 for
N, 0.02 + 0.03 for C(1), 0,36 * 0.01 for 0(4), 0.58 + 0,02 for c(s)‘.v
and 0,16 + 0.05 for 0. If atom C(2) were to be reflected through the
pseudo-nirror plane at y = %, it would be 0.16 + 0.07 A away from

atom C(3). : ;
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Table 2. . Final Atémic Coordinates of All Atoms in the Asymmetric
 Unit of Crystals of Choline Iodide.

‘:The positions of hydrogen atoms were not refined.

ATOM X oy 7

1 -.27751(6) 1/4 1.1440¢1)
o  .0734(8) «2691(5) ° .929(1)
N .2769(8) .26214)  .480(1)
ci1) «371(1) .264813)  .691(2)
ct(2) «314(4) .092(4) «337(5)
c{3) .306(2) «390(4) <345(3)
Cl4) .116(1) 2206(1) .538(2)
c(s) «04T7(1) .321(2) C .T04(2)
H{1) « 3646 .1430 . 7905
H{2Y  .3406 «3409 . 7836
H(3) <4743 <2669 <6545
H{4) .2552 .0797 .1886
HES) .3126 -.0126 | <4209
HI6) . 4157 .1088  .2907
HET) .2557 -4895 .4037
Hi8) 42640 <3584 1943
H(9) -4139 <4061 <3145
H{10) 20694 .2050 ~ .3838
H(11) 251 . .0921 .5976
H{12) . 0841 . 4324 - 6651
K(13) -.0600 '~ .4128 = .6631

_Hi14) -.0291 = .2722 - 9909




ct1)

ct2)
ci3)
Cta)
~C(5)

AT OM

‘Table 3. .

81l
4.1413)
306‘3’

"'309‘3)

4.8(5)

10.1618)

3.9(8)
3.914)
4.1(5)

‘Anigotropic Thermal Parameters (in-R).

The form of the ”anisotropic thermal elliﬁsoidsrwas

the same as in previous chapters of this study.

822

4.1313)

11.91(14)
400(5)
6.1(7)
3.1(7)-
4.5(12)
3.81(7)
6.1{7)

B33
5000(3!
3.T7¢3)
3.0(3}
3.6(4)
T7.2{13})

3q°(9):

4.,0(4)

5.9(6}

812
«1619)

‘foz‘e)v
_ -«1(9)
C3.709)
,‘.§(71.
:-01(6)

-5{3)

-1.3{5)

813
«86(2)
-612)
«312)

=.5(3)

«8{10}

-016)

«31(4)
1.0(5%)

- B23

- ~e3{1)

. =e5(8)
‘L§3(10’

-1.4(10).

'2@0(1’
‘104(8)

;-02(3)

«6{5)

- hsl
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Table 4.  Selected Intramolecular Distances and Angles in

Choline Iodide.

atons - Distence (A)  mtoms  fngle (Degrees)
Lo sasn o cD-wc@)  m)
0-C(5) 1.40(2) 7 c(1)-N=c(3) 115(2)
N-C(1) | o 1;50(1) o | C(1)=N=C(4) . . r08(1)
N-C(2) | 1.66(4) : , o C(2)=N-C(3) . 108(3) |
N-G(3) as@) c@eNo) w2
No@) o 1.s82) O c@emol) 1)
C(4)=C(5) 1.50(2) | : N-G(4)-C(5) | '».,i11(2)
ol sas) ool 1)

0e+¢C(1) o 3.08(1) G(5)=0--eI .~ 102(1)
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Figure 1. Molecular numbering scheme for choline iodide.

" XBL6911-6543



Thé‘molecular orientations'of the Choliﬁe catiqn:in.choline
chloride aﬁd choline iodide are nearly identica1.~-In both cases
the oxygen atom is as far away_asvpossible from the nitrogen atom
and therefore extended towards the halide ion.: The ihtramolecular
distances from O to C(1) and to N in these two crystals are the
same within experimentél error (3.07 and 3.26 &, respectively).

The packing in choline iodide ié.almost‘éxclﬁsively between
io&idé and choline ions. The only_chélirie—éhpline heavyl‘at.om
intermolecular distance less than 3.5 i is the O---C(B),distahce
of 3.3, + 0.02 k. The crystal packing of choline iodide is

shown in Figure 2.
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Figure 2.

vStéreoscopic viéw of the crystalipackihg of choline

_'chloride. The view is down the axis.
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Chollne Bromlde

Becéuse'the crystals of choline brpmide are vefy hygroscbpic,
we mounted sinpie crjstals in Lindemann.or quartz éapillaries
under a nitrogen atmosphere in a dry box. From measuréments on | .
the goniostat of the d-spac1ngs of the hOO OLO and OOy ‘lines
with ér-filtered Mo radlatlon we determlned that the cell dlmensions
are g = 19.5¢ = 0.01, b = 7.311 + 0.007 and ¢ = 5. 682 + 0.004. These
unit cell dlmens1ons are w1th1ﬁ experimental erfor of those determlned
by Senko and Templeton (1960) Ve conflrm that the probable space
group is one of the orthorhomblc palr Pna2 or Pnam dependlng on
whether or not a center of symmetry 1s-present.' |

A full set of iﬁtéhsity data was recorded on film with Ni-
filtered Cu radia#ion;, During the seventy hours that it took to
record a.}iﬁeup osciilation photograph and the h0£~g4£ Weissenberg
layers; we_notice& that thé shape of thé spots became more diffuse
and fhat extra spots appeared'On the x~ray pattern. We bresent in
the accompanying Figures reproductions of lineup pictures ahd zZero
layer Weissenberg plctures taken both at the‘beginning-of tﬁe
experiment and after seventy hours of x-ray exposure."The powder .
paiternllines and refleétions which‘appear seem tovbe correlatéd
with the molecular radiatipn damage.' Since decomposition of
choline bromide is slower than that of chdline chiori&e, we tend
to agree with the suggestion of Senko and Teﬁpleton (1960) that ' . |

the structure of choline chloride which they determined is a time
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avefagé'étudy of decomposed and undéCbmpbsedlmolecules,- The

stfﬁcture of undedomposed choline chloride and bromide mdlecules

could be determlned cnly at room temperature w1th the use of

many crystals or at low temperature.
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Figure 1. Initial lineup and zero-layer Weissenberg photographs

for choline bromide.
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Phosphonium Anglgggg

It s Pt Bt Pt ok Pt P PG s Pt P

We have obtained a lineup picture as well as the hkO, hk1
and hk2 level Weissenberg pictures of the phosphonium analogue of

choline éhloride, i.e. [(CH PCH20H20H]+ C{”. = The crystals were

3)3
quite poor and were mouhted in capillaries under a nitrogen
atmosphere. Nevertheless, by using Ni-filtered CuKa radiationm,
we have determined that the cell dimensions are a = 12.09 * 0.04,
b = 10.36 + 0.04 and Q :’6,90 + 0.04 with four molecules in_the
 unit cell. The probablevspaée group is either Pnaz1 or Pnam.
Since choline chloride and its phosphonium analogue crysta1lize

in diffefeht'spacé groups, their packing arrangements must be

different.




gh;gigm for the Decomposition of Chollne Chlorlde

~ o AR

The amount of room availaﬁlé for atomic movement in the'solid
state is very small. A necessary condltlon for molecules in the

solid state to be unstahle to radlation ‘is that there exlst

decomp031tlon products which can be formed withouwt alarge amount of:

movement;. In the absence of this condition. we would expect the
converse. For betaine hydrochlorlde there do not exlst stable
products which would result from a cleavage and crvstals of betalne
| hydrochloride are stable to radlatlon. Although the molecule

[(CH ) 4NCH,,C

161

CH CHZOH]+ cl~ could form the propanal and trimethylamine.

molecules, the extra methylene group of the parent compound probably'f

prevents the migration of hydrogen atoms in. the rearrangement to

‘the stable products, and this molecule also 1s stable to radlatlon.

In order to be very radiation sen31t1ve the molecules must be .

arranged in a way which is conducive to,a chain reaction. Of the

four analogues of choline chloride which we have etudied /none.haa

the same space group symmetry and therefonybacklng arrangement as the :

choline chloride. A clue to the type of uniqueness of choline
_chloride came from radiation labeling studies of choline_chloride,

“in which Lemmon and Smith (1963) found that almost all of the

atomic migration involved only the hydrogen atoms of the.—CH20H OH

(Ac').group. We explored the possibility that those hydrogen atoms =

" are involved in the chain mechanism. . .
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We have previouslj~located and listed the atoﬁic positions of
the hydrogen atoms in-beﬁéiné h&drochlotidg. We Qere able to
calculate the propable locations of.the five Ac' hydrogen atoms
in choline chloride and iodide bylusing the conventional tetrahedfal 1 -
geometry for carbon atoms C(A) and C(5) and by assumlng that the
hydroxyl hydrogen atoms are hydrogen-bonded to The hallde atoms.
The shortest C---H and O-;-H dlstances 1nvolv1np only the Ac'
groups in these three molecules are: 2.72 k for both C(4)~-'H(13)
and 0°**H(10) in choline iodide, 2.98 A for . 0(2)+++K(11) in
betaine hydfochloride, ahd 2.76 } for C---H(11) aﬁd 2.51 i for
0-<H(10) in.choline.chlofide; rThe 1a§t;méntioned disﬁance is
interestingly shorter than the others,.énd the C(4) atom to which
H(10) is attached is at a distance of 3.506 & from the oxygen atom.
.Thus this hydrogen atomgis pointed almést direétly towardé the |
oxygen atom. In féct,thé CaHe 0 ahgie is 1720.' Wefare inauced
to suggest that theéé atoms are involved'in the‘propagation steps
of the ehain‘reaction mechénism. | |
If the proton of H(10) jumps to the oxygen atom of the
neighboring molecule in oné-of these chain propagating steps, a
earbanion is left béhind. ‘The hydrogen atoms on Ac! could migrate
- until the negative charge rests on the oxygen atom of the Act'. ‘ _ - P
This negatively-charged oxygen atom could, in turn; induce |
another H(10) atom to migrate from the next ad joining molecule.
Twe views of the crystal packing of choline chloride are

presented in Figures 1 and 2.
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Figure 1. Stereoscopic view of the crystd packing of choliqe"

’_éhloride. The view is down the & axis. -

\><“>§>< , \></><\><
m@@ W



Figure 2. Stereoscopic view of the crystal packing of choline

iodide. The view is down the b axis.
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| Lindﬁlom, Lemmon and Calvin (1961):have'feported.that the

' saturation damage in choline chloride is 17%. - In our proposed

mechénism, the protbn is passed between molecules related"by the

2, sérew axis in the z direction. As the chain of molecules
. R . N - o . .

decomposes, the position of‘the_molecules in adjécent chains

'méy be altered enough to make them immuhe tovfurther damage.

The normal behavior of the choline iodide results from a -
packing arrangément in thch_ - Ac' groups are too far apart for

protons to jump between the molecules. We predict.that‘thé choline

-bromide,»ﬁhich has a radiation sensitivity intermediate between thé
:chloride'and»iodide,'will haveva_H(10)---O_disténce which is
A2.55-2.65_ﬁ.v'More X-ray drystallographic work 6n the cholinev-_

“bromide is necessary to check this prediction.
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Sryatal and Melecular Structure of 7-Chleromercurinaphthslene-1-
sulphonyl Flgggigg,‘é’Possible-Protein Label
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Fenseleu et al’ (19677_have proposed ‘that" chloromercurinaphthlene—

sulfonyl fluorides HgC&SO be employed as heevy atom labels for

)106
X-ray structurel work on proteins. The sulfonyl fluoride, the

reactive group of the label ‘has been demonstrated to react with
the active site of

the hydroxyl group of the serine residue of/xthe protein chymotrypsin

“(Weiner and Koshland 1965) The utility of these naphthalene
derivatives as labels is derived from several factors. 1) Their

‘selective reactivity necessitates determining the heavy atom

.positions for only a small number of sites. ) Their covalent

linkage ensures both an occupancy factor close to 1.0 and a
relatively high contribution to the high—angle diffraction data.
3) Several isomers have been synthesized e.g. the 4, 1- ’ the |
5,1- , thev7,1- , end the 5, 2- derivatives (Fenselau et al, 1967),
and any of these can be used as a label. |

In the synthesis of several of the isomers, an smino grouo is

converted to a diazonium salt and then replaced by thevchloromercurict

.‘group'through the mechanism of an SN1 reaction. It was possible,.
, ; dnll N
however, that the positive charge of the carbonium ion intermediate

‘,hed migreted resulting in an unexpeCted‘isomer. A single.crystal

x-ray analysis was undertaken to determine whether or not the actual

isomer was the expected one. In addition, more detailed knowledge

" of the structure of these labeling compounds could be of use in

‘the solution of labeled protein structures.
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Samples of the 4,1~ and 7,1~ derivatives, both crystallized from
dioxane, were obtained from Dr. D. Portsmouth and Frof. D. Koéhland.
The cell dimensions, determined from Weisse;bérg film data for the
4,1; derivative and from careful meésurements of the QOO, 0x0, OO&,
hOh, and Epg'reflections on a manual Eulerian éradle goniostat for
the 7,1~ derivative, are‘listed in Table 1. The probable space  '  o
groups were determined fromIsystematic‘absenées_on Weissenberg
pictures. The densities Qere'determined by flotatidﬁ iﬁ nixtures of
1,2-dibromoethane and 1,1,2,2-tetrabronoethane.

The cryétal of 7,1échloromercurinaphthalenc~1—sulfonylwfluoride,
which was cut from a larger crystsl and used for the data teking,
was_ﬁedge—shaped. Its'average height, width and thickness wero
0.26, 0,14 and 0.065 mm, respectively. = It was rounted on the
reciprocal ¢ axis. 'Tﬁe intégrated intensities of all daté_within
half of a sphere in reciprocal space of radius d = 0.84 R (26 = 50°)
were obtained'by a 0-20 scan technique using Zr filtered molybdenun
radiation. (Mo Ka1,'k = 0,70926)., A General Electric XRD-5 goniostat-
equippedeith a DATEX card reader and a Kulerian cradle_goniostat
was employéd to collect thé intensity data. The decay of thé
crystal (~10% in ihe éourse ofbthe daté~taking) was monitored by -
periodic measurements of the intensitigs of three standard reflections. | -
‘All.data later were scaled up in order to keep the average intensity |

of thesec threec reflections the sanec.



Table 1. t]n";‘t cell parameters for _t_v_gg. ch;orgmer_cinfiggght@lggg .

gulfonyl fluoride (CMNSF) derivatives.

yA
'dobs_

d_ca.l-

-Space Group

7, 1~CMNSF

90725 + 0.003

6.836 + 0.002

4

8,351 + 0.003

90.

190,99 + 0.03

9.

2
2.64 + 0.02
2.66

P2, .0r 221]m;;,

4, 1~CMNSF

+

' 17.50 £ 0.06

+

4492 + 0,02

13.13

G 2

0.05
%,
104, + 1,3
9.
4
2,65 + 0.02

2,63

C2, Cm or C2/m
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The crystal surfaces were approximated by the (100, (77,1,0),
(051), (051), (527), ana (416) blanes in the correction for
absorption (u = 145.6 em™! for Mo Ka radiation). The crystal
dimensions and face indices were fifst estimated from measurements :
made under a light microscope. The iﬁtensifies of ‘the 001, 002, and
007 reflecfions‘at X = 90° wefe each measured at'24vdifferent phi
values. The crystal dimensions ard face indices.then were adjustéd
by small-aﬁounts uﬁtil'the spreads in’intenéitiés after the
absorption correction for the thr@évreflections were redﬁéed from
factors of 2.27, 2.32, and 2.27 to 1.17, 1.15, égd 1.15, respectively.

The atomic scatfering factors used in the analysis were those
of Stewart, Davidson and Simpson (1965) for the hydrogen‘atoms énd
fhose of Cromer and Mann. - (1968) for the Hg, CL, S, F, O, énd C atoms.
In addition;'average scéttering factors used to approximate the F
and O atoms of a completely disordered sulfonyl fluoride group were
calculatediby using the relationship f£(OF) = [ 2r(0) + £(F) ] /3.
For a partialiy disordered éulfonyl fluoride grqﬁp, the scattering
factors oflthe 1:1 fluorine-oxygen atoms were calculated: £(F0) =
[ £(F) + F(0) ] /2. The anomalous dispersion corrections of
Cromer (1965) were used for the Hg, C, and S atoms.

The full-matrix least squares program used was our local
unpublished version for the CDC 6000 computer. The function

. ee ' 2 A . 2 /e 2
minimized was (RZ) = Zw( ‘kbol - ‘}Cl ) /ZglkFo[ , wﬁere Fo



and F_ are the observed and calculated structure factors and the

weight w = O if I=0. If the intensity 1 > O, the weights were

calculated from the larger of the counting statisties and the
differencéfbetween duplicate measurements (DeBoer, Zalkin and -
Templéton; 1968). Other programs used in this analysis include

ORTEP (Johnéon;'1965)} a thermal ellipsoid plotting program,'and

HORSE, our'modified version of Hamilton's absorptibn correction

program.
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Structure Determiration

The positions of all the aioms heavier than hydrogen wcré
deduced from a three.dimensional Patterson function which wes
based‘on the data uucbrrected for absofptidn{ The stfucture consists
of the naphthalene ring end the Hg, S, and C£>étpms with equal of
hearly equsl y values. In addition, the sulfonyl fluoride is
érranged in such a way thét onevatom is rearly or exactly in the
plane of the naphthalene ring. 'Thevother two atems of the s:1fonyl
fluvoride have‘the same or nearly the same x and'g coordiﬁates; bﬁt
they are (approxirately or exactly) equidistant from the naphthalene
plane and onvopposite sides. The $tructure, then, correspon:s‘to
: eithér the molecule located preciselybon the ﬁirror plane in space
group Pé1/m‘with.two atoms related by the mirror plané or the mole-
cule located nearly on a pseudo—mirr r planc in spaceigroﬁp T21.
The central crystallographic problem waé to decide.betwecn these two
alternétives.v In ofdér to choose between the ﬁwo alternativés, ve
ahaxyzed anomal ous scattering,.deviations from psevdosymmetry,

thermal motion and the agreement between the observed and calculated

data,

Six hydrogen atoms were included in all least squires refinementg

. - . - . o . . v . ¥ v
at fixed positions of 1.0 A from their respective carbon atems., They
vere initially assigned a group isotropic temperature factor which

o ' o2 o Ae s ' : .
was fixed at 5.0 A”. No distinctlion was made tetween the fluorine

and oxygen atoms at this stzze.

H
1
i
|
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Three trial structures were refined in‘space group P21: the
'.flrst had all atoms -of the naphthalene ring and the chlorlne atom
on one_side of the plane x = 3 (the X coordlnate of ‘the Hg atom v
was‘fixed'at 1'- for all refinements) the second trial structure
" had the chlorlne atom and naphthalene rlng on opp031te sides of the .‘
plane, and the third trial structure had both the naphthalene and
chlorine on- the same 31de of the plane but the y coordlnatesb switched
for theltuo sulfonyl fluoride atons related by the pseudo-mirror.
_plane.. Both the second and third tr1a1 structures reflned 1n one
cycle to the same molecular conflguratlon as the first trial structure.
This vas achleved for the second trial structure by the shift
of the N4 coordlnate of the chlorlne atom to the other side of t}e
mirror plane and for the third trial structure by the adJustment of
the x and z coordinates of the tw0 eulfonyl fluoride atoms related
by the pseudo~mirror plane. Thus 1t is sufficient to analyze the
results of the refinement of the first trial structure in the -
discussion of space group P21.

Thevanalysis'of anomalous scatteringvfor the molecular structuref.

of snace.grOup P21 indicates that the deviation from the centric
space grcup'P21/m is not meaningfﬁil» The rms difference between
the calculated values of F(hki) and F(nkl) is 0.465 E(Fs), and:the
rms spread in the observed pairs of data between F(hg&) and F(hkd)
isl1.459‘3(F°), where'a(Fo) is the averaged standard deviation

for'the'pair,of reflections. Thus the random and systematic errors -
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in the data are more than three timee as much as the effect.of tne-
anonalous scattering. For the 28 pairs(of reflections Whoee
calculated values of |F(hk£) - F(hk&)l are greater than G(F ),

the observed difference between pairs 1s of opp031te sign for

seven pairs and of smaller magnitude for fifteen of the remaining'
21 pairs. | N - | |

None’ef.the refined atomic positions of spaee'group'P21‘v
differ from the centric symmetry of.qpace groun P2 /m'by much more
tnan the.steneard devietiene. The oxygen ‘atoms dlffer from mirror .
symmetry by only 0.054 A while the uncertelnty in the posit1on of
each is 0.027 k. For the thirteen atoms (excludlng theng etmm
fixed et 2'2 %) nearly on tke mirror'piane ‘the;rms distance
- from the plane at y = % 1is O, 042 k. The largest distance for any
of these atoms is O. 065A for atom C(2) but this is only 2.7 times
the uncertainty in its y coordlnate. ‘These distences are smell in
comparison with the 0.264 A amplitude of thermalimotion for the
thirteen‘atoms perpendicular to the ac plane. Thus the atoms are
better described mathematically by a model of large anisotropic
thermal metion perpendiculér'to the plane than b& a model with:
disordered atoms. | .
The conventional Revalue, defined as R = Z || Fol - |Fcl|/Z(Fo),

was celculated for the two structures in the two space groups and
was based on two different data sets. For the centric space group:

P21/m, the gg& and gE& data were averaged, but for the non-centric
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_space group P2 , they were not. The group isotropic temperature

32 at which value '

'factor for hydrogen atoms was reflned to. 4 27 A
it was held fixed in all subsequent refinements. The_ualues of -
"Rce and R ﬁ, where Roepn 18 the conventional R va]ue for the
‘centric structure using centric data and refined in space group
‘P21/m'and R ' is for the corresponding structure in space group |

21, were 0. 078 and O. 071 respectively. After the data were
' corrected for absorption R on = = 0. 0267 and R bn O 0296.- Thns
the agreement between observed and calculated data is not 31gnigicantly
better for the molecule reflned in space group P2 /m.

For the above reasons, we have decided that the 51 extra '

- parametensneeded to descrlbe the molecule in space group P2

rather than P2 /m are not sufficiently worthwhile to Justify

their use._ A1l subsequent description of ‘the results and the_l
discussion will be for the space group P2 /m.

: The atomic ‘scattering factors used for the oxygen and fluorine
batoms were the averaged ones calculated as mentioned above. The_A'
possibilities that the sulfonyl fluoride was complétely ordered or
.only partially disordered vere investigated. For the completely
ordered sulfonyl fluoride the scattering factors of fluorine were'
used»forithes atom on the mirror plane and those of oxygen forythe
other two mirror-related sulfonyl‘fluoride.atoms. The result uas
andincrease in the discrepancy index from 0.0266 to 0.0273. For

the_model with a partially disordered‘sulfonyl fluoride group,lone’-"
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oxygen.atom is ordered on the mirror plana but the other oxygen and
the fluoriné atoms are disordered at the other site. For the partial -
disorder model, the discrepancy index is 0.0269.  For all three models,
the moleqular distances and angles are thevsamcbwithin'fhe experimentzal
precisién. Sirce the déta ao not discriminate amnong the three nodels,
we were forced to chodsé the partial “digorder a§ the correct mpdelv
on the baéis of the interatomic bond distahcés (vide infra). A1l
atoﬁic cdofdinates and bond parameters mentioned below are for the
description with.the sulfbnyl fluoride partiﬁily disordered..

The éﬂéﬁic coordinates were refined until the méximum‘shift.
was less thah one per cent of its staﬁdardvdeviationE The final
R-value is 0.0269 for the 1034 observédvand 0.0281 for the 1055 zero
end nonzero data. The szvalue is 0.031, and the standafd'deviétion
of an bbservation of unit welght is 1,04.>1There is no systematic
trend in H(AF)2 as a function of either the intensity or the |
Bragg scattering sngle. On the difference Fourier mép based on the
fiﬁél structure, the highest three pcaks with electron density
ranging fréh 0.75-1.05 G/R3 are due to anisotropiés in the thermal

motion of the mefcury atom.
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Results and Discu331on

s s s SN Pt Pt P O PPt ) P s ot Pt o P

'The obéerved and calculaﬁed étructuré facfors are liéfédvin
Table 2, and the numbering scheme used in this analy31s is depicted -
in Figure 1. From the data we have derived the atomic fractlonal
coordlnates of all atoms in the asymmetrlc unit (Table 3) and the :
anlsotropic ‘thermal motion of all atoms heavier than hydrogen
(Table 4_). The bond distances and bond angles which we have derived

from the‘ﬁﬁomic coordinates ére listed in‘Tables 5 and 6, respectiveli;
We‘ha§é'¢onfirmed.that the cryst&l is composed df‘moleculés of
" the 7 1-1somer of chloromercurlnaphthalenesulfonyl fluorlde as was
orlglnally_expected. The molecule lies on the mlrﬁg;:e; spe01al
.ﬁoéition df space group P21/h. The rms average magnitude of thermalj
mbtion.ié gre#tést‘for the chlorine,‘fluorinevahd oxygeﬁ étomélan&
:least fqr'thé_carbon atoms. The directions of the thermal mofioh :
of the fluorine and oxygen atoms suggest-a small aﬁqunt-of_libfafionw
of thé'sulfonyl fluoride group around bond S-C(1). N o
In'ordervto determiﬁe the degree of order in the.éulfonyl.
fluoride gfoﬁp,‘we analyzed its bond disfances.v Althdugh, to dur
.kﬁoﬁledge, the structure of no other‘Sulfonjl.fluoride hés been
détermined in detail; the 5-0 and S-F distances can be estimated
from the results of two other separate.strﬁcture detérminationé.

The two S-0 bond lengths in a p-bromobenzenesulfonyl gluéal.mOIecule ‘

vere found to be 1.38(2) and 1.42(2) i (Camerman and Trotter, 1965).
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—' Table 3; Eiégl.ggggig fractional céggdigatgg ggg,gggig'eggimatgg€

. “ §£aggard~ devi/at.iogg for g_ll j_;_h_q atoms of 7-chlorome régi%phthglene-
| 1-gulfonyl fluoride. | . '

. 'I'he.nmnbers in paréntheses here' and in succeeding tables in_dicaté

the estimated standard deviations of the least significant digit(s).

AT(M _ X: _ Y , o z _
HG . 118721(3) 174 ©.0520T(4)
S CL -.0216(2) /4 -o1729(3)
S L 1103(2) o 1/4 <1918(3)
K8 «B529(6) : 174 «22271(8)
£ ) «6641(5) L0TT5(6) T L0998(5)
ct1) «6216(7) ' 1/4 L «36971(9) .
cez) e 6997(8) 1/4  .5091(1)
CL3) . ".6388(9) 174 «655(1)
Cla) «49691(8) : 174 «6656(9)
S CU5) «269013) 1/4  .538101)
Cle) < 18757y 1/4 0 L.4022(9)
ct) L2447(8) - 1/4 «2490(9) -
c(8) «3869(7) 174 «2337(9)
C19) e 4T44(7) 1/4  .3714(8)
CL10) - 4129(7) 1/4 «5257(9) -
H(Z) L3022 174 « 5039 :
H(3) « 6973 - 1/6 <7543
CHU4), <4534 B VS L T729
H{S) - .2258 1/4 6437
H{6) . 0853 S V2R . 4139
H(g)

.4281 o 1/4 1248

i
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Table 4. Anisotropic thermal parameters (in A ) with their

estimated standard:déviations for ail atoms heévier than

hydrogen in 7-chloromercurinaphthalene-t-sulfonyl fluoride.

The temperaiture facuor has the form: T = exp[ -% ZZ Bijhihj
/(bibj) 1, vhere h, is the Miller index, b, is the ith

reciprocal axis length, and 1 and j'are cycled 1 through 3.

[ : ry o~y s : N :
g1l h2e . 37 31z

T
(5N
W
™~

5}

2.21(2) 5.40(2) 1.95(2) o —.;9(1) o
2.981(9) 10.6(2) hal(1) B -.99(8) 0
2638 691 PEPYEE! LAGLT) 0
2.6103) 10.6(5) 5.4102) 0 <203 ¢
5.210(2) 6.72(2) Sont2) AT 1.4(2) “l.71(2
1.6103) 2103 3.3 0 -.3(2) 0
2.0(7) 1,207 G474 o -3 o
3.704) 3.4107%) 3.5103) o —1.40(7) 3
3.1(3) 3.503) 3,203 C -.002) ¢
2.0(2) 6.2(2) 3.904) o YRS
leb1(3) 4.3 3.703) G L3(2) 0
2.103) 3.3(4) 3.u(3) 0 -.5 (%) 0
2.102) 2.2(7) 3,007 ¢ - L0 U
2.003) 2.9{3) 2.903) o 0102y 0
2.8(3) Paob(2) 31,203 0 103 0

853
N



Table 5,

' :'method of least squares and.are indicated in

I

Hg-C%

Hg-G(7)

$~0
S~FO
$-C(1)

c(1)-c(2)
c(1)-c(9)
C(2)=C(3)
- C(3)-C(4)
, 6(4)=C(10)
©(5)-c(6)

& a1 hjﬂrégen atoms held fixed.

”vwm(mum
. :7-QQlgzgge:snzigsnhxhélgngr1 gylzgnxl Fluoride.

parentheses. .

Digtance
2.303(3)
© 2.033(8)
1.406(7)

1.473(4)_

1.731(7)
: 1.377(11)
1.433(9)
1.363(12)
1.384(12)
1e41.(11)

© 1.,358(12)

- Agogg

c(5)-C(10)

c(6)-C(7)
g(7)-c(8)
© ¢(8)-C(9)

c(9)-d(1o)
O-'fFO
0-++C(1)

0-+-H(2)

"FO++-FO

FO"’C(1)
Fo..._}{(g)

‘Standard deviations have been estimated by the

' Digtance

1. 403(11)

.404(11)  |

1.391(10)_

' 1‘0419(10)

1.430(10)

»'2.399(7)

2.580(9)

7.2;4r§
2.359(9)

2.583(7)

- 2.592




Tableb , -

 Atoms
Cl-Hg-C(7)
0mS-FO -

0-8-0(1)

 FO=S-FO

FO-5-C(1)
S~=C(1)=C(2)
'}s-c(1)fc(9) |
C(z)uc(i);c(g)
C(1)=C(2)=C(3)
C(2)=C(3)=C(4)
C(3)-C(4)-C(10)

c(6)~c(5)—0(1o)

Intramolecular bond angles (in deerees) for

| Angleg
179.3(3)
-112;8(3)
11033(5) |
106.3(2)

_107.2(3) :

C116.7(4)
121.4(4)
 121.9(7)
120.8(7)
120.5(7)
-120,5(7)
121.3(7)

Atoﬁs '

0(5)6(6)-C(7)

Hg-C(7)-C(6)

Hg-G(7)-C(8)
C(6)=C(7)=C(8)

C(7)—C(8);C(9)

o(1)-c(9)-c(8)
 cl1)-c(9)-c(10)

C(8)-G(9)-6(10)

C(4)=C(10)~C(5)

€(4)~C(10)-C(9)
0(5)ac(1o)ec(9)

L 184

B Ahgles" |
120.9(7)
' 119.6(4)

119.6(7)
120.6(7)

'v25.3(7) .

116.3(6)

118.5(7)
120,9(7)

120.0(7)

119.2(8)
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The S-F distance, determined by microwave spectroscbpy, waé found

to be 1'.585_(1) A in thionyl fluoride (Son) (Ferguson, '1954,) and
1.57(1) & in sulfuryl fluoride (SF,0,) (Fristrom, 1952). The

distance of 1.406 + 0.007 § from the sulfur atom to the sulfonyl
fluoride atom in the mirror plane in 7-chloromercurinaphthalene—1-
sulfonyl fluoride is the same as S;O distances in the other structures.
Moreover the distaﬁce'of ﬁ.473 + 0,004 A from the sulfur atom to ihe -
SO2F afom nqt in the molecular plane is thc’avéragc‘of the S-F and

S-0 distances in the other;moleculés. It is on thevbaéié‘of'bond'-
lengths that we have assigned the O and FOlscatteriné factors to

those atoms, since the data db‘nét discriminaté among'the'thvee
possiﬁilities. Ih;the’partially disordered model, vhich we feel':
correspoﬁds_moSt closely 1o the molccﬁlar orientation, the strongly
electroneéative fluorine atom is always near atom”H(S).

The paftial disdrderﬁof £he.bxygén and fluorine atoms in the
Sulfony1 fluorideigroup may bé dﬁe to a randon mixture of two isomers
of_the‘holecule. in order for the éulfonyl-fluoride to spin around
the S-C(1) bond | the'cldsesfzintefatOmic:approach fdr the molecular
geometry in ihis crystal would be 1.84 A for atoms H(8) and an
6xygen atom. This distance is 0.2 i less than the sum of atomic
"hard-shell™ fadii of the atoms (Bartell, 1960); Thus the barrier"
to rotation, at least in the solid state, is considerabie. Even at

the equilibrium positibn in the crystal,: the fepulsion between atom
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H(8) and the Sulfonyl fluoride group is‘suffielent.tolbend the sulfonyl |
fluoride gronp ewayvfrom‘the hydrogen' the'repulsion'is manifested
in the S-C(1)-C(9) angle of 12144 + 0.4° which is larger than the
116.7- 0.4° angle for atoms S-C(1)-C( ). |
‘The nolecules pack in sheets in the ac plane. The naphthalene

rlngs in the sheets are related by centers of symmetry 1n such a
way that there is almost complete overlap of rings in ad301ning
 sheets (see Flgure 2) The sheets are separated by a dlstance of
% [ or 3.418 + .002 A. There is just enough staggerlng of the
'overlapping naphthalene rings to inerease the mlnimum 1ntermolecular -
C-C dlstances to 3. 44 + 0. 002 i between atoms C(4) and C(9) and -
3.452 + 0 002 R between atoms C(2) and C(5). ALl the other 1ntermolecular
carbon-cerbon dlstances are greater than 3.55 R. In~the'projectlon
down the b axis, the carbon atoms lie.0.41vﬂ away from each other for__h
the separation between C(4) and C(9); 0.49 k away for atoms C(2)'and o
C(5); and greeter than 0.97 & for the‘other atoms.l‘Thus the lerge_, |
amounts of staggering result from the necessity to minimlze
intermolecnlar steric repulsion by.slight increase;'of the
1ntermolecular distances.

| The forces holding the molecules together are the attractlons
betweenihe electrop081t1ve mercury and hydrogen atoms and the -
electronegatlve chlorlne,vfluorlne andvoxygen~atoms. Each - =
~:mercury etom is adjacent to six neighboring molecules: two in.
the same sheet, two in the sheet above and two in the sheet below.

Of the two molecules in the same sheet, only one molecule is close




Figure 2. Stereoscopic view of the packing of 7-chloromercuri-

paphthalene~1-gulfonyl fluoride looking down the b axis.
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" enough to_be;considered to be interacting and thaticbntribﬁtés én
:O'atomkat a éisﬁance_of 2.973 + 0.006 &. ,The other sheets each -
qohtributq-é_0£ épd FO atom. - The FO atom is 0.35 i closer tojthe

f Hg atqﬁ thgnlthé Cﬁ.étom and is out éf the plane of the’naphthalenei '
rings téwards the mercury atom. Each'chlbrine atom isvadjaceni-toi

an H(é)vafpm in one molecule and an H(5) atom in éﬂdthef, all in the

‘ Same_sheét; and to two mercury atohs‘in'adjacent sheets, one_ahbve
”ahd one.beldw. Theée aﬁd other éloSé intermolecular diétanceg:ére

listed in Table 7.




) . - o . L4 .
Table 7. Selected intermolecular distances (in A) in crvstals

‘of 7-chloromercurinaphihalene-1-sulfonvl flucride.

Carbon-carbon distances are for overlapping naphiialene rings.

Atoms | - Distance.

Hg o 2.973(6)
2F0 0 3.343(4)
2 ¢t :_‘3.691(2)

o H(3) . 2.7
H(5) - 2.88
HR) 3.7

o owme) 2.7,

FO H(Z) 3 : 2.7%

o) 205 sus2(2)
2.€(10) | . 3.599(2) .

c(s) =2c¢(8) - 3.553(2)

S 20(9) 3.595(4)

C(4) 2 ¢(9) O 8.444(2)

o

Ns)
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Unit Cell Data for Two Oxaziridines

It has been suggested (Wald and Brcwn, 1958) that a nitrone,

+ A0 .
RR'C::sz:;"v , may be the photosensitive species in visual pigments.

It is known that the nitrones rearrange to form oxaziridines,
0. _ . .

RR’Cf:———N-R", under the influence of light. - There is some question

about the'possible thical activity of these molééules.

H.vOno has prepared.and crystéllized‘the‘stéble iriphehyl
oxaziridine'and a bromine'defivativé: FN;(p;bromophenyl)eC,Cm
-diphenyloxaziridine. The non—brominéted'compﬁuhd-forms stabie
yellow-crys£als. Itsvcell diﬁensions, obtained with CuKa radiation
from an oscillation photogfaph and thé gbﬁfgsﬁ Weissenbergilay&fs,v
are a = 17.55 + 0.03, Qv¥ 18.27 * 0.03, ¢ = 9.44 + 0.02, and the
.probéble.éﬁécg group is eithervPca21 or Pbem (with the a and L
-axes switched). The probabie number of molecules in the unit cell -
is 8. The.pafa—bromo'derivative forms tan colored crystals which
turn dark‘brown‘if kept in the iight at room temperature. We

refrigerated the crystals to preveht their decomposition until

we used them. Its cell dimensions, again determined from

i

oscillation photographs and Weissenberg pictures, are a = 14.31

1°.

i+

+ 0.03, b = 10.03 + 0.03, ¢ = 13.75 + 0.03, and B = 109
The probable épace group is P21/n, and the number of molecules in the

unit cell is four, if the densities of the two compounds are similar.
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HWe'éonblﬁde from the spacegroup'symmétrftgat there is no
unique handééness for all moleculesvof the p-bromophenyl'-:
derivafive, sinée the.éymmetry elementé in the space gfoup inC1ude'
a cénter of symmetry. The triphenyl oxazipidine m&y lie in_av |
cenfric épacevgroﬁp. A.ﬁore'detéiléd'struétural énalysis would

be necessary to answer this question.

G. Wald and P. K. Brown, Science,127, 222 (1958)
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Glossary .

PPN NP P

absolute configuration. Handedness, usually determined from

anomalous dispersion, in x-ray crystallography.

‘absorption. Lot = IeMY where t = thickness, p = coefficient, _ f
The absorption coefficiént, w, depernds on the Wayelength ard the
total number of electrons/unit thickness“through which the x-ray

beam must pass.

anisotropic thermal moticn. Ateomic vibrational motion which is

represented by an el]ipsoidal model.

anomalous dispersion. vPhase shift due to the Qxi3ten¢e of any
aton wifh an absorp£ion elge on the long Qave—icngth side Qf the
radiation used for diffraction. It leads to a brcakdownAof Freidel's
law for non-centric crystals»énd can be uséd te dptermine absolute
configuratibn because of the handedness of the x-ray patterq. The
atomic scattering factor,vf = fo + Af! {'iAfl|; where ALY and ALY

are the rezl and imaginary components due to anomz2lous scattering.,

asvmmetric unit. Some;fraction 1/n of the unit cell in which
there is no crystallographic symmetry relating its compenents (ﬁ
is an integer); Thé.poéitions of the atoms of the asymmetric unit
are determined in a crystal structure anélysis. The otﬁer atoms in

| v

the unit cell are related by symmetry operations. : _
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™.

atomic'séétﬁering factor. _Scattering‘power of an.atom (inhele¢£f§ns).
.Itidecreaéeé‘with increasihg Bragg diffraction angle.bécgusébof R
destructive”inpefference:in the finite atomic volume. Theia;s.f.‘of
atoms with:hiéher‘atomic numbers drops-off moré:slbwly as the‘Bragg

angle increases than those with lower atomic number.

Bijvoet pairs of reflections. . Pairs of reflections‘related by
extra symmetry elemehts appearihg in the diffraction pattern :and due

to the validify bf;Friédel}s law.

block matrix least gquares. See least squares refinement.
Bragg's Law. A =24d sing, fundamehtal diffraction law involving
A thevx;fay wavelength, 0 the angle through'which'the x-ra& beam is

diffracted and d the spacings involved in the crystal.

cell dimengions. Set of three lengths ahd-threg QngleS'which :

describe the shape of the unit cell.

center g£ symmetry.  Symmetry element which, when present at

the ofigin, relates a'point'at X,y ,2to o' point at .x;.y,-z.k 

centric. 'Pbssessing a center of gsymmetry.

- collimator. Narrow tube used to produce a nearly parallel x-ray -

beam.
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crystal. Three dimensional periodic arrangement of atoums.
crystal structure. Determination of the location of the elecirons

in a crystal by determining the symmetry of the unit cell and the

contents of the asymmetric unit.

gésoacinvs.' dhk£ = spacings bétween planes (having indices hk?)

through the crystal. The d-spacings depend on both nxt and the unit

cell dimensions.

density calculation. Calculated from a knowledge of z, the number

of molecules present, the molecular weight of each molecule and the
volume of the unit cell. It is measured directly-by-adjustinﬁ_the

density of a solvent sysiem until a crystal neither sinks nor rises

in it.

diaéonal‘least souates.' See least sguarecs refinement.
differépce sVchesis. | -See Fourier serigé. |
diffraction. Interference of scattered electromagnetic radiation

(often by a periodic-array). In x-ray diffraction the xfrajs are
scattered by the électrons in thé matérial; The sbacings between
diffractién maxima give inforﬁation about the size and shape of fhe
unit cell, and the.intensitiég containvinformation about the érrango-

mnent of atoms.
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diffrécfbmeter. Instrument equipped generally with a scintillation

(counter; the crystal can_be-brientéd by adjusting three angles x,

o and" 9 in such a way that a single reflection is detected at a timé_

by the counter placed at an angle 26 with the .incident x—fqy beam.

discrepancy index. = See R value.

Evmgg. H:SeevFourigr'sefies;

E 22132-'.- See'normalized structure féctors.-

elec&foﬁ'dengitx map. - See Eourierjéeries.

gguivélgﬁt gogitiong. Positiohs in the.unit.céllnrélafed:by.

symmetry operations of the space group.

Eulerian cradle. Geometrical arrangément for orienting a crystél A

as a function of three angles, without imparting any translation to it.

extinection. ‘Partial reduction of intensity due to destructive

interference when a diffracted beam suffers subsequent rédifffaétion'
from the other side of the same array of planes. It is"serious ohiy ]

for intense reflections and in perfect crystals but is négligible 'i

- when the mosaicity of the crystal is chéidérable.
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extinctions. See systematic absences.,
filter. Thin piece of metal which selectively absorbs the KB x-ray.

. . - . as L N 2uiag
Fourier series. Mathematical pericdic function of form A =2 K e T

-2 n
wvhere K_ = Fourler coefficient, ¢ = phase.
. n h b n
Type , 4 a L
electron density P 1 Fo or Fc, observed or
(Fourier map) _ _ calculated structure factor
3 rier iy - |Ir
difference Fourier P 1 |llo‘. | c]l
E-map '-n p K . E, normalized
structure f,ctor
Patterson map P 1 F02
structure factor Fc' -1 f, atonic scattering
calculation ’ ' factor
Fourier transform. See transforin.
tedelt , = T— 1t s ( 3
Friedel's law. Ihk{ Ihkg’ true in the absence of anomalou

scattering. It results in a centric x-ray patlern and potentisl

problems of space group identification.

full matrix ledast sguares refinement. See least squares refinement,
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goniomiter héad. - Crystal holder with édjustgple arcs used. to

orient a_cfystal in the xfrayvbeam;

goniogtat.  ~ See diffractometer.
habit. ~ General crystal shape which results from the development

of sets_of faces related by the point group symmetry,

- heavy atom method. = See Patterson teChniqué.
ihdicés. - Three integers which describe the diffracting'plane;‘. ‘

Their reciprdéals are in the ratio of the'intercepté of the plane
with the three coordinate axes of the unit cell. In the notgtion,

integrated intensgity. All the x-ray photons diffrééted from'oné )
plane. It is obtained either by peak scanning (while counting) or

:by having the counter aperature much larger than the diffractéd spoﬁ..

intensity. . I:: kF2, where the structure factor F debends on theﬂ
structure and k is a constant. It is measured on a diffractometer

with a scintillation counter or by estimates on film.

isotropic temperature factors. Atomic vibrational motion which'vf

is<représented by'abspherical model.
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lattice.. Periodic sequence of points (usuallyvin three dimensions).
It is used for a quantitative description of the periodic property

(pure translational) of a repetitive pattern.

Laue szmmetfv. - Point group symmetry plus an inversion center,

Only Laue groups (rather than point groups) can be determined from

x-ray data (in the absence of anomalous scattering);

least souares refinémgﬁg. | _Systematic variations in the pzarameters
used to désgribe a strucfure in such a vay as to minimize the
differegce'between the observed and calculated data. .The set of
linear equationsg uséd,to determine éhifts of parameters may be

represented by a matrix. In a full matrix technique,

all diagonal
éhd off—diagoﬁﬁl terms are éalcuiated and>uéed._ in diagonal least
SQuares; only the diagonal elements are used., In block techniques,
‘blocks of térms are used. which includc_sone or all.diagonal elements
but only sone off-diagonal terms. SinCe the equatibns are non-

linear, & least squares refinement of the parameters does not always

refine to the correct structure.

lorentz factor. = Geometrical factor which affectsthe intensity of a

reflection. It depends on the method by which the data is obtained.

Miller indices. Indices which do not have a common divisor.

See also indices.
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moneclinic. - Crystal lattice which contains one twofold eXis;

As a conseQuenCe;_the unit cell dimensions are af¥'b;# c, dv: Y= 90°

and B # 90°.
mosaic blocksg. - Mathematical conception of ideally impeffect

S . o
crystal, composed of infinitesmally small perfect crystals..

noncentric. Not possessing a center of symmetry.
normalized structure ﬁactgrs, E., - Structure factors ﬁut on an

:absolute scale and corrected for both the thermal‘motion of the
vibrating atoms and the decrease of the atomic scatterlng factors
with 1ncreasing Bragg scatterlng angle. The normalizalon increases.
“the relative values of the higher angle data whichare more sen31t1ve _

U to detaiISvofvthe structure than the low angle data.

optical goniometer. ‘.' Deviee for measuring ihterfacialeangles of‘:
a crystal; by preeise observation of the orientatien ahgles uhén

- faces are madefﬂo reflect e beam of light in a given directieh.' Tﬁe
results which may.be obtained are the‘indices of the faces, fhe
1nteraxial angles, the axial ratios and the p01nt proup symmetry

(if a sufficient number of types of faces are present)

optical transform. . See transform.
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orthorhombic. Crystal lattice which contains three orthogonal
twofold axes. As a consequence, the three interaxial angles of the

unit cell each equal 90°.

packing. Crystalline intermolecular arrangement,
Patterson techniague. Use of a Fourier map which has peaks at

vector distances from an origin corresponding to interatomic vectors

and whose heights are proportional to the product of electrons for

each of the two atoms. It can be calculated without any knowledge :
' T . N s 1a2 . :

of the structure, since the Fourier coefficients are F~, which can

be found directly from the intensity. In the special case of only

one heavy atom present, the heavy atom can be located easily and its

position used to generate a starting set of phases.

phase.,  Quantity associated with each structure factor value.

The phase is a function of both the planar indices and the atonic .

position of all atoms in the unit cell. For centric space groups
the phase ~ O or w. For noncentric space groups the phase of a

reflection may assume any value.

photographic methods. ‘Technique for obtaining permanent records

of data. A WGissenbcrg setup, . whiich is one kind of moving crystal-

moving film technique, often is employed. : b
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point gzggg_. Thirty-two combinations.of three dimenSioﬁal,

repeating symmetry elements which do not involve tran;lations.

The faces of a crystal exhibit the point group (or higher

symmetry).
polarization factor. Geometrical fadtor which affects the .

intensity of a reflection. It depends'dnly on the Bragg scattering

angle and. is a result of the polarization of the diffracted x-ray. beam.

1

powder pattern. — X-Ray diffraction pattern of a powder, ie many

small non—oriented‘cfystals. It consists of lines (rather than
discrete spots as in single crystal work). It is used for identiﬁying

erystals éndibccasionally for determining the structures of very -

small molecules.

R value.  Measure of'the discrepancy between the observed and

calculated structure factor values.

reciprocal space. Mathematical abstraction which:makes_it. ,

convenient to deal with inverse quantities. A diffractihg plane

in real space is equivalent to a point in reciprocal space. :This

makes'iticqhvehient to consider diffracted spotsvas points in.

reciprocal space.




reflectiong. Diffraction intensity data.
scale factor. Proportionality constant used to put the observed

and calculated structure factors on the same scale. It can be
: : g _

found by Wilson's method. . ‘ ) e
scatterine factor. . See atomic scattering factor.
scintillation counter. Quantum counting spectrometer which

works by ionizing a Nal erystal. It is used to measure intensities

to precisions of ~5% (Film methods: ~20%).

screening aperture.  Collimator at the receiving end of Eulerian-

cradle goniostat used to.eliminate stray, non-diffracted radiation.

.
Do

screv axis Symmetry element composed of both a rotation axis snd

a translation. A 21

screw axis in the y direction relates a point
at x,y,z to a point at -x, zty,~z. : ' .

size of crystal. Mﬁst be less than the x-ray beam size which is
~0.5 mm but have enough electrons to produce an observable x-ray

pattern, ie weigh about 1 pg.

Space group. One of the 230 self-consistent combinations of
symmetry elements possible in an infinite repetitive pattern in N

three dimensions.
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special Qggitigg. Point which is unchanged byvthe operations

of one 6r moré symmetry elements of a spéce group.

Mﬂmﬂﬁmmmﬁm@m §wiAi/(n—-p)

where w; = weight, A, = ||F°]-|Fc!|i, n is the number of_datg_and‘

i
p is the number of parameters. It is used as a measure of correctness

of weighting scheme.

statigtical mgggggﬁ. -~ Probability techniques for determiningb

phases of reflections.

structure factor. Quantity proportional to the square root of

the intensity. For caléulated value, see Fourier Séries¢

gystematic absences. Utter extinction of the intensities of

certain reflections due to the destructive interference of
scattering from molecules related by symmetry elements involving

translation.

takeoff angle. Inclination of the incident beam to the surface i

~ of the target.

tempgratufe.ngxgmgigzac Numbers used.to-describe the‘magniiude of

~ an atom's thermal motion. See also isotropic and anigsotropic

thermal motion.
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thermal motion.  Atomic mption‘which'ieasens the‘xnray scattering,
trangform.  In the Fourier series, the data:(structufe factors)

and structure (electron density) are transforms of ‘each other,'ie
when the phases of the ref1ectiohs are known, one caﬁ be calculated
from the other. The'opfical tfansform method is a téchnique for
generating a periodic gréup of spots (ahalogous tordata)'from

a model of the structure.

trial and error solution. R Technique_for systematically varying
the position of a model and choosing the best model ofi the Basis,»
of the agreement between the observed data and the data qalculatedv

on the basis of it.: -

trial structure. Set of pfoposed atomic positions which can be.
used to calculate structure factors. The trial structure is often
refined to a structure in better agreement with the data by the

technique of least Squéreso

§winning, Existence of two different orientations of a léttice

in one (apparent) crystal.

unit cell. Portion of a structure enclosed in the parallelopiped

described by ;he three unit vectors of the lattice.




of the structure factor. The uncertainty depends on the counting
statistics and the_spréad'in duplicate @easurementsQ'
WGigsengggg technigue. See.photogréphic méthods,_

Wilson's method. Plot of the decrease of'diffrécﬁed intensity

as a function of. the Bragg scattering angle. It is used to

determine the overall scale factor and temperafure factor.

x-ray. =~ High energy photon thch has been producéd by Bombardment
of a piece of metal, eg‘Cu, Mo, Fe or Cr, in'a_vécuuﬁ. ‘A'K électfon
of the mefél'is knocked out bj»a high energy elgcirqn, and an
electron fiom a‘highervorbital takes its plaee;.emitting an x-ray

as it does so.

weight of a reflection. .Inverse.of'the squafe of the uncartainty
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A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
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vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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