
Vol. 1 ,  No. 5, September, 1962 COTTON EFFECT O F  PROTEINS 917 

Study of the Cotton Effect of Proteins wi th  Double Alonochromator Optics" 

BRUNO JIRCENSONS 

From Tht' Urziwrsit) of  Texas M .  D .  Anderson Hospitul and 
T U ~ U J -  Tnslitutc,, Dcpartment o f  Biochemistry, Houston 

Received January 22, 1952 

To reduce stray light, the optical rotatory dispersion of proteins was studied with a 
spectropolarimeter haviiig two monochromators in series. Serum albumin, aldolase, 
bacterial aniylase. &amylase, alcohol dehydrogenases from yeast and liver, glyceralde- 
liyde phosphate dehydrogenase. lactic dehydrogenase, enolase, myokirrase, phospho- 
glucomutase, phusphoglucose isomerase, insulin, and the pituitary growth hormone 
al! exhibited defiriitc Cctt on effects. The rotatory dispersion curves of t,hese proteins 
had negative troughs a t  230--235 mp and positive peaks a t  about 220-225 mp. The 
spwific rotatiox :tt the rninimum of the trough was between --7000 and -17,003", and 
this value *-I:- . A !  :miiriately proportional to the constant - b,, of the Moffitt-Yang 
equation. 

The chief purpose of this study was to establish 
the reality of the anomalous rotatory dispersion 
phenomena which were observed with proteins 
in the far ultraviolet I UV I spectral range I Sim- 
mons and Blout, 1960: Simmons et oi., 1961: 
Jirgensons, 1962a I .  As pointed out recently by 
Urnes and Doty ,1961 1 ,  spurious Cotton effects 
may appear if the a m u ~ ~ n t  of substance in the 
polarized beam is too high. Such optical artifacts 
were observed also by the aut.iior of this paper 
while working with the ordinary one-monocliro- 
mator s~~ectropolarimeter with the wave lengths of 
200- 300 mp 1 .Jirgensoris, 1962a,t) I .  For example, 
solutions of serum 7-globulin exhibited several 
maxima and miniiiia when 0.1-~1 .OC,; soiutiorls 
were examined in i.O-cm cells. and the discontinu- 
ities in the curves disappeared when 0.01 4.05% 
solutions werc used. -4ccordiiig to Urnes and 
Doty 1961 ) i  (.he artifacts are caused by s tmy  
light, i .e . ,  solutions of high absorbance eliminate 
light for which the monochromator is set while 
permitting stray light outside the band I O  reac!i 
the analyzer. For the same re;ison. the troughs 
in the rotatory dislwsion curves at, 230 240 mp 
are shallower .is more 1)rotek. IS placed in the 
beam (Jirgensons, 1962a Eit tit'!' a douhie-prism 
monochromator or two single-! !xisin monochro, 
mators in series migilt, be expected to retiwe st,ray 
light ,Sawyer 1944 . This latter aiternative 
was chosen ir: this work bccxuse twu single- 
prism monochromators were iilreadv a t  h:ind. 
As shown in the Experirnent.,il :;<)<Tion, tlit.  method 
still needs further refinement Fic*weve~, already 
a t  the present stage of' dt.vc>'o!:rne!,t, it shows 
great promise as 3 microinethori fiir c.onfonnationa1 
analysis, since the rotatory p u ~ t ' r  ;!t the rninimuni 
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of the Cotton effect is so great that 0.1-1 mg of 
protein is sufficient for the characterization. 

EXPERIMENTAL 
?'he Proteins.---A four-times-recrystallized bo- 

viiie serum albumin and a chromatographically 
purified human serum albumin i Jirgensons, 1962a) 
were used. According to paper electrophoresis 
tests, the albumins did not contain detectable 
amounts of globulin impurities. The albumins 
were dissolved either in water or in 0.01 M sodium 
chloride solutions. No differences could be found 
hetween the rotatory dispersion of the albumins 
with respect to species, ionic strengt,h, or slight 
variation of p H .  Aldolase, alcohol dehydrogenase 
from veast, alcohcl deh_ydrc genase from Liver, 
,glyceraldehyde-3-phosphate debydrogtinase, lactic de- 
hydrogenase, enolase, myokiticise. phosphoglucomu- 
tcisc, and phosphoglucose isomerase all were crystal- 
lized analytical grade enzymes; they were prod- 
ucts of the C. F. Boehringer und Soehne, GmbH, 
Mannheim, Germany, and they were obtained 
through the California Corporation for Biochemi- 
cal Research, Los Angeles. The enzymes were 
obtained in the form of' crystalline suspensions in 
salt solutions (chiefly ammonium sulfate ', and 
they were dissolved by diluting the suspensicn 
with water. According to the sl:ecifications, the 
enzymes were free of significant amounts of con- 
tarninating proteins; they were transported by 
air mail, kept under refrigeration, and used a t  
least 2 months before the specified expiration 
date. The sweet potato ,j-oni?,l(isi. was a three- 
times-crystallized product from Manri Research 
Laboratories, I% ew York. and recrystallized 
insulin was obtained from the same company. 
The bacterid umyluse was a gift from Dr. Kin-ick,i 
Sugae; the enzyme was isolated from Bacillus 
subtilis cultures, and it  was freshly recrystallized 
by Dr. Sugae. The crystals of the amylase were 
dissolved in a very diluted solution of calcium 
hydroxide (final p H  9.2 8 ,  and the crystalline sus- 
pension of the @-amylase was dissolved by dilution 
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FIG. 1.-Schematic sketch of the spectropolarim- 
eter. L,  light source; M I ,  first monochromator; 
M 2 ,  second monochromator; P,  rocking polarizer; 
C, cell compartment; Ph, photocell; PHT,  photom- 
eter with batteries on top. 

with water. Porcine pituitary growth hormone 
was a gift from Dr. A .  E. Wilhelmi (Emory Uni- 
versity, Atlanta, Georgia); the hormone was 
dissolved in 0.01 M sodium phosphate of pH 8.8, 
and insulin was dissolved in approximately 0.01 
M mixture of sodium chloride and hydrochloric 
acid of p H  3.2. The ammonium sulfate concen- 
trations of the above-mentioned enzyme solutions, 
after final dilution, were about 0.04-0.2 N. 
The concentration of the proteins was 0.01-0.2% 
in most cases, determined either spectrophotomet- 
rically or by micro-Kjeldahl nitrogen analyses of 
the precipitated more concentrated stock solu- 
tions. The concentration of albumin, moreover, 
was checked by gravimetric analysis. In those 
cases where the specific rotation of the protein a t  
a certain wave length was known, the concentra- 
tion of the stock solutions was determined by 
determining the rotatory power. For the study 
of the Cotton effect, usually the same 0.01 or 
0.02% protein solution was measured with 0.2, 
0.5, and 1.0 cm cells, and the per cent concentra- 
tion of the protein was referred to the 1.0 cm 
polarized beam path in the solution. 

T$e Rotatory Dispersion Measurements.-A 
schematic sketch of the instrument is presented 
in Figure 1. The basic unit is that of the 0. C. 
Rudolph & Sons model 80-AQ6 instrument; 
however, the beam from the light source f L )  is 
directed through two monochromators. The 
light first enters the Beckman monochromator 
' M I  1 and from there enters the Rudolph model 655 
monochromator ( M ? ) ,  from which it is reflected 
into the rocking polarizer iP I .  The sensing unit 
contains an R C A  7200 photocell which was boosted 
with additional 90-450 volts from batteries. 
Several Hanovia high-pressure xenon lamps and 
mercury-xenon lamps were used as light sources 
with the aid of a 1000-watt voltage stabilizer and 
power supply, with provisions for magnetic stabili- 
zation of the arc. The slit width of both mono- 
chromators was set to  1.6 mm when the plain 
xenon lamp was used a t  220-240 mp; it was re- 
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FIG. 2.-The Cotton effect of phosphoglucomutase. 
The specific rotation has a minimum of -14,700' at 
232 mu. 

duced to 1.0 mm when the more powerful (225- 
watt) mercury-xenon source was employed. Sev- 
eral series of measurements were made also 
with an Osram XBO 450-watt xenon lamp a t  slit 
widths of 1.0-1.6 mm. The oscillating polarizer 
was set to a symmetrical angle of 5' (and in a 
few series of measurements on albumin solutions a 
10" angle was also used). Teflon cells of solution 
layer thickness of 0.1, 0.2, 0.5, and 1.0 cm were 
used, and the fused silica windows were tightened 
by means of plastic spacers. (These cells are 
provided by Rudolph Instruments Engineering 
Company, Little Falls, N. J.) The zero point of 
the empty instrument and of the cells filled with 
solvents was checked a t  various conditions. 
Readings were taken a t  2-5 mp increments of 
wave length, and the specific rotation was com- 
puted from an average of 5-15 readings a t  the 
same wave length after correction for the zero 
point. The reproducibility was found satisfac- 
tory within the wave length range of 235-250 mp, 
but it was poor in the still shorter wave length 
region (see Results). Thus there is more confi- 
dence in the data a b u t  the negative trough than 
about the positive peak. Also i t  appeared that 
the prisms of the monochromators differed some- 
what in their dispersing property in the far UV 
a t  the wave lengths belov; 230 mp. All measure- 
menta were made a t  room temperature of 23-25". 
It is possible that a two-prism monochromator 
with a minimum of optical elements would be 
more efficient than the present arrangement. 
Because of the electrical noise and small angles 
to be measured, which usually amount to only 
0.03-0.1', the error was about * 10 to i 15% 
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FIG. 3.--The Cotton effect of enolase. Curve 1, 
0.Ol1/, enolase per 1-cm path: curve 2 ,  0.005',, 
solution per 1-cm path. T h e  open circle a t  226 m+ 
is equivalent to the filled circles of curve 1. 

a t  the minimum of the Cotton effect and cven 
larger in the 200-225 mp range. Errors are in- 
volved also in the determination of the proteir. 
concentration, especially in the cases of enzymes 
which were available only in 2-5 mg quantities. 
Another source of error is the possible imperfec- 
tion in the manufacture of the small cells of 1.00 
and 2.00 mm. I t  is obvious that a recording at-  
tachment would be helpful, since many curves 
could be obtained in a short time and thus the 
reproducibility and errors could be evaluated more 
precisely than was possible with the present in- 
strument. 

RESULTS 

The results are presented i n  Figures 2 - 7 .  
Figure 2 illustrates a typical example of the rota- 
tory dispersion in a relatively wide spectral range. 
The specific rotation is plotted against the wave 
length of light. The curve shr4ws the rotatory 
dispersion of phosphoglucomutase, a muscie 
enzyme which catalyzes the isomerization of glu- 
cose-1-phosphate to glucose-6 phosphate. The 
measurements in the near UV wero made with a 
0.2% solution in a 1.0-cm cell, and 3: 220 250 mw 
the optical activity was de+einsi8.ed with a 0.02%, 
solution in a 0.2-cm cell. 'The &)tton effect with 
a positive peak and a negative trough, with a 
minimum a t  232-233 rnw, is characteristic, and 
the specific rotation a t  the minimum in this in- 
stance is -14,700'. 

In Figure 3 is shown the rotatory dispersion of 
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FIG. 4.--The Cotton effect of aldolase. Curve 1 
(triangles), 0.01',, aldolase per 1-cm path; curve 2, 
0.004 ( enzyme per 1 cm. The squares and disks 
about curve 2 show the reproducibility a t  each wave 
length. 

a 0.01 % solution of enolase in the far UV. Curve 
1 shows the rotatory dispersion of 0.01% enolase 
in the 1.0-cm cell and curve 2 the same solution 
in a 0.5-cm cell. Since there is a small difference 
in the Cotton effect, it Seems that even the double- 
monochromator optics could not eliminate all of 
the stray light. This was confirmed with other 
examples, e.g., Figure 4 illustrates the behavior of 
aldolase in concentrations 0.01% (curve 1 and 
0.004% (curve 2 )  per 1.0-cm path. Moreover, 
the scatter of the points about curve 2 shows that 
the reproducibility, especially a t  the short wave 
lengths, is poor. The same can be said about the 
Cotton effect of serum albumin, which was 
studied extensively. 

Since it was expected that the double mono- 
chromator system would eliminate the stray light, 
this dependence of the specific rotation on the 
amount of protein in the beam was questioned. 
and the rotatory dispersion of bovine and human 
serum albumins was repeatedly measured under 
the same or different conditions. Comparison of 
16 series of measurement showed that the best 
reproducibility could be achieved by working with 
the mercury-xenon 225-watt lamp a t  5 @ symmetri- 
cal angle and a slit width of 1.0 mm of both mono- 
chromators. The concentration dependence was 
ascertained, and the results are presented in 
Figure 5, where the specific rotation a t  the mini- 
mum of the trough is plotted versus logarithm of 
concentration 1 per cent concentration times 103, 
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FIG. 5.--Serum albumin. Dependence of the 
specific rotation a t  the minimum of trough on the 
amount of protein in the beam. On the ahscissa is 
plotted the logarithm of per cent concentration 
(times l O J ) ,  and on the ordinate the specific rotation 
a t  a minimum of 232-233 mu. 
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FIG. 6. -~ -Thc  Cotton effect, of yeast alcohol de- 
hydrogenase (curve 1; and !iver alcoho: dehydro- 
genase 'curve 2) .  Amount of protein G.004'; per 1 
cm in both cases. 
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FIG. 7. -The Cotton effect of $-amylase (curve 1) 
and lactic dehydrogenase (curve 2 ) .  The points 
represent average values from three series of measure- 
ments in each case. Amount of protein in the beam 
0.004-0.005f,( per I-cm path. 

as referred to 1.0-cm layer of solution). Because 
of the large scatter of the points, the straight line 
relationship is subject to doubt; but if extrapola- 
t,ion to zero amount is made, as suggested pre- 
viously (Jirgensons, 1962a j ,  the extrapolated 
specific rotation of albumin a t  the minimum is 
about - 23,500", whereas the single-monochro- 
mator technique yielded - 18,500'. 

In Figure 6 is shown the rotatory dispersion of 
the aicohol dehydrogenases from yeast and liver, 
respectively, and it is obvious that the enzymes 
differ significantly with respect t,o their Cotton 
effects. Finally, Figure 7 demonstrates the 
Cotton effects of $-amylase and lactic dehydrogen- 
ase. The curves represent in each case average 
values from three series of measurements on the 
enzyme solutions having 9.004-0.005 % enzyme 
per 1.0-cm path. Measiirements with more pro- 
tein in the beam also were made, and a concentra- 
tion dependence was observed with all proteins. 

Definite Cotton effects uere exhibited also by 
norcine pituitary growth hormone, insulin, bacte- 
rial amylase, glyceraldehyde-3-phosphate dehydro- 
genase, and phosphoglucose isomerase, and in all 
instances the troughs .vith the 0.01-0.02% pro- 
tein solutions were shallower than with 0.004- 
0.0057~ protein per 1.O-cm path. 

'Fhe results are summarized in Table I. In 
the first colum:] are shown the directly observed 
values of the specific rotatior: a t  the minimum of 
the trough a t  2.72-234 mp. In the second column 
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TABLE I 
SPECIFIC ROTATION O F  SOME PROTElNS A T  THE MINIMUM OF THE COTTON EFFECT (232-234 In!&) DETERMINED 

WITH THE DOUBLE-MONOCHROMATOR TECHNIQUE 
Slit width 1.0 mm; symmetrical angle 5'; mercury-xenon 225-watt light source; concentration of protein 0.004- 
0.005% per cm solution layer (first column). The data are compared with the bo values (second column) and 
extrapolated values (see text). 

- 1. I C 0  - [ 1y ]C+O - [a I",,,, ",in 

(2 mono- 
c hrom. ) - b, chrom.) chrom.) 

(1 mono- (2 mono- 

Albumin, serum 

Phosphoglucomutase 
Myokinase 
Growth hormone 
Insulin 

Lactic dehydrogenase 

Aldolase 

Phosphoglucose isomerase 
p- Amylase 
n-Amylase, bacterial 
Glyceraldehyde-3-phosphate 

Enolase 
Alcohol dehydrogenase, yeast 
Alcohol dehydrogenase, liver 

dehydrogenase 

17,200" 

14,700 
17,300 
13,400 
15,000 

13,700 

12,600 

12,700 
13,300 
10,400 
10,700 

10,800 
11,200 
7,000 

385 

364 
300 
276 
265 

245 

229 

209 
195 
192 
172 

170 
155 
108 

23,500" 
19,300 [ 

23,000 
19,200 
22,300 
18,000,' 
20,500 
21, 5OOr1 
18,100 
1 4 ,  OOOil 

17,000 
18,400 
15,000 

16.000 

18,500" 

12 000" 
18,500 

13,300 

9,000 

13.000 
10,000 
9,900 

6.500 

a The variation illustrates reproducibility a t  somewhat different conditions. 

are given the - bn constants of the protein. They 
were determined from the rotatory dispersion 
data in the near UV by using 0.14.2% solutions 
in 1.0, 5.0, or 10 cm tubes (slit width 0 .34 .5  mm\, 
and plotting the [ a ] ~  x ( A 2  - A,,*) values against 
Xu4 ( A 2  - A,,?), where [ a ] ~  is the specific rotation 
a t  wave length A,  and A 0  the Moffitt-Yang con- 
stant i=212  mp) (Moffitt and Yang, 19561. 
(The refractive index and residual molecular 
weight factors were disregarded, since they do not 
affect bo greatly; if this correction is introduced 
the b ,  values of Table I should be reduced to 
about 10%. I In  the third column of Table I are 
presented the specific rotation values a t  232-233 
mp obtained on extrapolation of the specific rota- 
tion to zero concentration, nnd in the fourth col- 
umn are given the same values :is obtained earlier 
flith the single monochromator optics i Jirgensons, 
H62a ,. 

DISCUSSION 

A glance at the experimental data qives the 
impression that even the double-monochromator 
technique does not provide straightfonvard an- 
swers regarding the precise description of the 
Cotron etrect The reproducibility is not satis- 
fxtory,  and not all stray light is eliminated. Thus 
the data are or only tentative value. and further im- 
rxotements in the technique are called for This ir( 

especially true f w  the shorter wave range of 200- 
'230 rnb. The spec,fic roiatiori vaiues a t  the mini- 
mum of the Cotton effect, however, can be used 
now for comiderqtion of ronformation The sDec- 

cific rotation values a t  this point determined with 
the present instrumentation are larger (more nega- 
tive) Lhan those obtained previously (Jirgensons, 
1962a). This result would be anticipated from 
the modification in optics and light sources em- 
ployed and from the use of lower protein concen- 
trations. Thus, the present data appear more 
reliable than those previously reported i Jirgensons 
1962al. The degree of precision of both the 
directly observed and the extrapolated values is 
low, so that the intrinsic specific rotution of the 
proteins is somewhat uncertain a t  the present 
time. Reduction of absorbancy of the sample 
by dilution further increases specific levorota- 
tion, and the extrapolated values may be closer 
to the true values than the directly measured 
quantities. 

Comparison of the rotatory po.wr in either 
rolumn one or th-ee of Table 1 ivith the b, con- 
stants indicates thab the more negative the 
suerifir rotation a t  the ininimiirn of the trough, 
the more negative generally is bo. And since 
there is good evidence that b, can he correiated 
to Ihe u-helix content iMofEtt and Yang, 1956; 
Urnes and Uoty, 1961), i t  Fieems t h t  the Cotton 
e!Tert vzlues x e  related to the ct-helix content in 
Ihe macromo!ecu!es, an assumption made first by 
Simmons and Rlout 11960), arid Siknmons et aI 
'1961 j .  These authors brought additioria! cvi- 
dence in favor of th i s  assumption by showing 
that the a-helical polyamino acids, e.g. polv-CY- 
L-glutamic acid at  pH 3.5 ,  yielded a Cotton effect 
similar to that o f  some proteins, wheieas the 
random chain ~ ~ ~ l y a m i n o  .=rids gave smooth 
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curves. It was, however, surprising that the 
specific rotation values found by these authors 
for the helical polyamino acids or muscle proteins 
a t  233 mp were only about -12,000°. Since 
this value was obtained with the common single- 
monochromator optics, i t  was of considerable in- 
terest to  make comparative measurements wikh 
the double-monochromator system. According 
to a personal communication from Dr. E. R. 
Blout, some of the helical polyamino acids were 
checked recently with a double-monochromator 
spectropolarimeter, and the substances had [a]233 
values of -12,000 to -16,000'. This is only 
slightly higher (more negative) than the value 
obtained with the ordinary optics (Simmons et al., 
1961), and in the same range as  found here with 
the globular proteins. Since the latter, according 
to their A, or bo values, can be only 30-70% a- 
helical, this posed a serious problem concerning 
the validity of the reasoning as well as possible 
imperfections in the experimental methods. Dr. 
Blout kindly sent a specimen of the a-helical 
poly-a-L-glutamate (sodium salt ), and the rota- 
tory dispersion of this polymer was measured with 
our spectropolarimeter having two monochroma- 
tors in series. An aqueous stock solution of the 
polymer was prepared assuming 10% moisture 
in the sodium salt, and the pH of the solution was 
adjusted to 4.5 by adding hydrochloric acid. 
The stock solution then was diluted to 0.02% 
and the rotatory dispersion was measured in 1.0, 
0.5, and 0.2 cm cells with monochromator settings 
of 230, 232, 233, 234, and 236 mp. In  agreement 
with the results of Dr. Blout's group, i t  was 
found that the specific rotation of the 0.02% 
solution in a 1.0-crn cell was -12,000'. How- 
ever, higher valukg of - 14,300' were found when 
there was 0.01% of the polymer per 1-cm path, 
and -15,500" for 0.004% of the substance per 
cm. These results enhance the confidence in 
the technique, but a t  the same time they expose 
new problems. If it could be assumed that the 
polyglutamic acid was not 100% a-helical, the 
reconciliation between the protein and polyamino 
acid data would be easier. 

Since the present instrumentation, including 
the double monochromator, does not entirely 
solve the problem of accurate rotational measure- 
ments a t  shorter wave lengths, further improve- 
ments in the instrumentation will be beneficial. 
The difficulties could be overcome to some extent 
by extrapolatioii to zero concentration or zero 
path, but it is not yet well established how this 
extrapolation should be done. With proteins, 
the logarithmic plot yielded straight lines, al- 
though only 3-1 points usually were available 
and the fit was not excellent. In the instance of 
the poly-a-L-glutamic acid, however, a simple 
nonlogarithmic relationship between the [a]a33 
and concentration was found, and the slope of the  
line was small. This may be due to a lesser ab- 
sorption of light bj the polyamino acids than in 
proteins. Also i t  is possible that the dependence 

between the amplitude of the Cotton effect and 
conformation in the polyamino acids is somewhat 
simpler (or diferent) than in proteins. The 
amino acid side-chain effects, solvent effects, and 
the presence of other orders aside from the a- 
helix are some of the factors worthy of considera- 
tion. 

In  conclusion: the elimination of stray light is 
essential for the study of the Cotton effect of 
proteins. This elimination was partially achieved 
with the present instrument, but further improve- 
ments are essential. The rotatory dispersion 
curves here reported have positive peaks and 
deeper negative troughs than the curves obtained 
previously. The employment of a double mono- 
chromator does not yield better reproducibility 
than the ordinary apparatus; however, the 
presently constituted instrument with a double 
monochromator does appear to give more reliable 
rotational measurements a t  shorter wave lengths, 
presumably by reducing stray light. The directly 
observed specific rotation of proteins a t  the mini- 
mum of the trough a t  232-233 mp is between 
-7000 and -17,000°. These values are roughly 
proportional to the bo values, which are known to 
express the a-helix content. However, the di- 
rectly found rotatory power is not the intrinsic 
specific rotation, because all of the stray light 
could not be eliminated. The values found by 
extrapolation to zero amount of protein are even 
more negative but the uncertainty of this extrap- 
olation is so large that it is impossible to give 
accurate values a t  the present time. 

The theoretical difficulties involved in under- 
standing the rotatory dispersion as dependent on 
conformation have been discussed by several 
authors, notably Kauzmann (1957 1, Tanford 
et al. 11960), Schellman and Schellrnan (1961), 
and Urnes and Doty 11961). Moreover, some 
important points have been elucidated in recent 
papers of Leonard and Foster 11961) and Rosen- 
heck and Doty 11961). 
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The nuclear magnetic resonance spectra of twenty-two porphyrins in CDCls solutions 
are reported. Included are metal complexes of Ni(II1, Pd(II) ,  and Zn(I1) and a chlorin. 
Interpretations of effects of the spectra due to differences in the electron-withdrawing, 
magnetically anisotropic, and shielding characteristics of substituents, and in their 
relative positions, have led to detailed proton assignments of value in the characteriza- 
tion of natural porphyrins and their derivatives. Particularly important in these inter- 
pretations are long-range deshielding effects of magnetically anisotropic substituents 
and the effect of the ring-current field. The latter effect decreases with increasingly 
electron-withdrawing substituents (as reflected in decreasing nitrogen basicity) and 
upon metal complex formation, but is not greatly affected by chlorin formation. 

Several reports on the n.m.r. spectra of por- 
phyrins have recently appeared (Becker and 
Bradley, 1959; Ellis et al., 1960; Becker et al., 
1961; Abraham e ta l . ,  1961; Abraham, 1961). As 
in these spectra the different protons extend over 
a wide range of resonance frequencies and spin- 
spin interaction between groups a t  different posi- 
tions on the ring is not observed, the spectra can 
be more readily interpreted than might be ex- 
pected and thus constitute an extremely useful and 
much needed means for elucidating the structure 
of porphyrins and related compounds. 

In this paper we wish to report our studies on 
:he n.m.r. spectra of porphyrins. The porphyrins 
previously studied with one exception contained 
only substituents which have nearly equivalent 
“electrcn-withdrawing capacity” (simple alkyl 
groups, or hydrogen in the case of porphin). 
in  this study compounds with strongly electron- 
withdrawing substituents are also included as are 
compounds of varying symmetry of substitution. 
Effects due to metal complex formation were 
noted and a cnlorln (i.e.,  dihydroporphyrin) has 

* This work was supported by grants from the 
U .  S. Public Health Service (H-6079 and RG-5144). 

been compared with its corresponding porphyrin. 
These spectra were of interest both for charareriz- 
ing new compounds, such as the green a-type heme 
associated with cytochrome oxidase (Caughey and 
York, 1962) and also as an extension of other stud- 
ies of structural effects in porphyrins and metal- 
loporphyrins (Caughey et nl., 1962; Alben and 
Caughey, 1962). Marked effects of changes in 
structure upon the strength of the ring current field 
and of long-range deshielding by magnetically 
anisotropic substituents have been observed, a d  
a number of new assignments for protons com- 
monly encountered among natural and synthetic 
porphyrins have been made. 

EXPERIMENTAL 

N.m.r. spectra were obtained with a Variari 
Associates spectrometer operating a t  40 mc. 
second. Spectra were scanned from low to high 
field a t  rates of 70 to 300 cps’minute. The 
porphyrins were dissolved in CDC13 a t  a concen- 
tration - 0.1 M. Tetrarnethylsilane (TMS) was 
 sed as an internai reference. The data are ex- 
pressed in p.p.m. referred to tetramethy M a n e  
as 10.00 (7-values, according t o  Tiers (1958). 


