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The I3C NMR spectra of a number of substituted methyl vinyl ethers and vinyl acetates have been determined. 
In both series the polar substituent induces a large downfield shift of the directly bound olefinic carbon. This (Y 

shift varies in only a minor way with changes in the substitution pattern of alkyl groups on the double bond, ex- 
cept for bulky geminate substitution, which decreases the magnitude of this effect substantially. On the contrary, 
the substituent shift on the @-olefinic carbon is strongly shielding and depends significantly on the substitution 
pattern. Thus, alkyl groups cis to the methoxy function decrease this shielding in methyl vinyl ethers, whereas 
substitution at  the geminate position causes a decrease in the @ effect for vinyl acetates. The upfield shift of ycis 
and ?trans carbons are also dependent on the structure of the molecule. These substituent effects are rationalized 
on the basis of steric and conjugative interactions in the substituted olefins. 

The idea of substituent effects has proven to be an ex- 
tremely useful tool in the study of organic molecules by 13C 
NMR spectroscopy.* Substituent parameters have been de- 
rived for a number of functional groups on aliphatic and ar- 
omatic frameworks, but relatively little work has been done 
with olefinic compounds.~ The effect of substitution at 
vinylic positions has been studied extensively only for sim- 
ple alkenes, for which attention has been focused mainly on 
the unsaturated carbonsS4 In the present work, enol ethers 
and enol acetates are examined in order to probe the 
changes in chemical shifts in both the saturated and unsat- 
urated portions of olefins provoked by substitution with 
the strongly interacting methoxy and acetoxy groups. 

Experimental Section 
Spectra. Carbon-13 NMR spectra were obtained using a modi- 

fied high-resolution NMR spectrometer consisting of a Varian 
14.1K Gauss electromagnet with an external leF lock, a Hewlett- 
Packard frequency synthesizer operating at 15.1 MHz, and an 
Ortec time-controlling device for gating the pulses. The free-in- 
duction decay signal was accumulated with a Fabri-Tek 1074 time- 
averaging computer. Fourier transformations were conducted with 
a Digital Electronics Corp. PDP 8/I computer. The limiting preci- 
sion of the chemical shift data is k0.12 ppm (4K data points in the 
time-domain spectra for a 250-ppm spectral window). Measure- 
ments were performed on ca, 10-30% (v/v) solutions in Cc4. The 
solvent was used as an internal standard, and chemical shifts were 
converted to internal MerSi reference by the relation Sccl, - 96.0 
ppm. This relationship was verified in several instances. 

Materials. Most of the enol acetates were prepared from the 
corresponding carbonyl compounds by reaction with acetic anhy- 
dride or isopropenyl a ~ e t a t e . ~ * ~  The enol ethers were prepared 
from the corresponding carbonyl compound5 in the usual manner 
via the intermediate dimethoxy acetals and ketals.6 Mixtures of 
isomers were separated by preparative GLC using a 20-ft column 
of 20% Carbowax 20M on Chromosorb W, or a 20-ft column of 30% 
SE-30 on Chromosorb W. Infrared and NMR spectra are consis- 
tent with the structures assigned. Proton NMR shifts for olefinic 
hydrogens were used to differentiate between E and Z isomers,' 
The structures assigned in this fashion are substantiated by the 
W NMR data. 

Results 
The chemical shifts for the series of vinyl ethers and 

vinyl acetatee are listed in Tables I and 11. The signals cor- 
responding to the olefinic carbons are easily distinguished 
because of their low-field chemical shifts. In appropriate 
cases assignments were confirmed by single-frequency off- 
resonance spectrams Assignments of signals to aliphatic car- 
bons are more difficult and, in many cases, are based solely 
on analogy with the corresponding carbon in the parent al- 
kane. However, possible ambiguities in these assignments 
are not of major significance for the conclusions given 

below. The validity of the concept of substituent effects for 
these compounds was confirmed by reasonable linear corre- 
lations (slopes approximating unity) for plots of the shifts 
of given carbons in the vinyl derivatives against the corre- 
sponding carbons of the parent olefins. The correlation for 
the j3 carbon for both types of compounds is improved by 
subdividing the data (see Figures 1 and 2). For vinyl ethers 
the two subgroups are compounds with alkyl substitution 
cis to the methoxy function and compounds without this 
feature. Vinyl acetates give a better correlation when sepa- 
rated into compounds possessing and compounds devoid of 
substituents geminate to the acetoxy-bearing carbon. The 
conventions indicated in I have been adopted to identify 
the different carbons. 

I (X  - H, OMe, OAc) 

Discussion 
I. Vinyl Ethers. a Effect. The a carbons of enol ethers 

(I, X = OMe) are shifted ea. 30 ppm downfield with respect 
to the corresponding carbon of the unsubstituted olefin (I, 
X = H). This shift is considerably larger than the ca. 17 
ppm deshielding promoted by a similar substitution of the 
nonpolar ethyl group. Vinyl ethers without geminate sub- 
stitution show substituent shifts in the range 31.4 & 1.1 
ppm. (Owing to the limited data available, maximum de- 
viations from the average values are used throughout this 
paper.) However, geminate substitution causes a decrease 
in the a shift which is related to the size of this substituent 
as illustrated by the series 1 (30,6 pprn), 4 (27.4 ppm), 6 
(23.8 ppm). The larger cyclic compounds 11 and 12 appear 

<? 
l ,R H 
4,R e CHj 
6,R I*C,H, 

to behave like other geminate-substituted examples, al- 
though five-membered compound 10 shows a larger CY ef- 
fect. This variance in substituent shift is probably related 
primarily to differences in the polarization of the double- 
bond electrons caused by the gem-alkyl group in the parent 
alkene,O and to nonbonded interactions between the me- 
thoxy group and the gem-alkyl moiety.10 



Methyl vinyl etherb (1) 

(E) -1 -Methoxypropene (2) 

(2) -1 -Methoxypropene (3 1 

2 -Methoxypropene (4 1 

1-Methoxy-2-methylpropene (5 )  

2 -Methoxy -3 -methyl -1 -butene (6) 

(E)-1 -Methoxy-1 -heptene (7) 

(2)-1 -Methoxy-1 -heptene (8) 

(E)-4 -Methoxy -3 -heptene (9) 

1 -Methoxycyclopentene (10) 

1 -Methoxyc yclohexeneg (11) 

1 -Methoxycycloocteneg (12) 
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Table I 
I3C Chemical Shifts for Some Methyl Vinyl Ethersa - -- 

OCH3 cs - C l  C2 c3 c4 c5 c6 c7 Compd (No.) 

153.2 
(30.6)c 
147.5 
(31.8) 
146.4 
(30.7) 
80.4 

(-35.3) 
141.4 
(30.9) 
76.8 

147.0 
(32.5) 
145.6 
(31.1) 
14.2' 

(-34.3 ) 

(-0.1) 
161.1 
(30.9) 
155.5 
(28.7) 
158.3 
(28.6) 

84.1 
(-38.5) 

96.0 
(-36.8) 
100.2 

(-32.6) 
160.2 
(27.4) 
109.0 

(-31.7) 
168.9 
(23.8) 
101.8 

(-3 7 I 3 
106.6 

(-32.5) 
18.3j 

(-2.6) 
92.3 

92.0 
(-34.8) 

93.5 
(-36.2) 

(-37.9) 

12.5 
(-6.8) 

8.8 
(-10.5) 

20.4 
(1.1) 
14.3' 
(-9.0) 
33.1 
(1.4) 
27.7 

(-6.8) 
23.5 

(-1 1. 0) 
94.3 

(-37.6) 
28.6 

(-3.6) 
22.7 

(-2.7) 
.24.3 
(-2.3) 

18.ge 

20.2 
(-1.5) 
30.5j 31.1f 

29.3 31.2 

154.8 30.3 
(25.6) (0.7) 
21.1 31.4 

(-1.5) (-0.8) 
23.3 22.7 
(0.8) (-1.5) 
31.0 25.8 

(-4.4) 

(1.1) (1.1) 

(-0.1) (-1.0) 

(-0.5) (-0.1) 

22.4 

22.3 

18.af 

(-0.9 

(-1.0) 

( 4 . 5 )  

27.2 
(1.8) 
25.8 

(-0.1) 

13.7 
(-0.7) 
13.7 
(-0.7) 
1 2 . 6  

(-1.6) 

29.5 
(-0.3) 

52.5 

54.9 

58.5 

53.9 

58.0 

53.5 

54.6 

58.4 

52.5 

55.6 

54.0 

28.3 53.3 
(1.7) 

4 In parts per million downfield from Mersi. Data from ref 21 (neat). Converted to  the Me4Si scale using 6, (CS2) = 193.7 ppm. c Ab = 
&OMe - b'RH, the difference between the chemical shift of the carbon in the vinyl ether and that of the corresponding carbon in the parent 
olefin. d Carbon cis to the methoxy function. e Carbon trans to the methoxy group. f Assignment not unambigously established. 8 Assign- 
ments are tentative both in the vinyl ether and in the corresponding cycloalkane. 

t 

Figure 1. Correlation between I3C chemical shifts of /3 carbons in 
methyl vinyl ethers (ROMe) and the corresponding alkenes (RH). 

/3 Effect. An olefinic carbon /3 to the methoxy group suf- 
fers a large upfield shift. The magnitude of this effect ap- 
pears to depend on substitution at  the /3 carbon cis to the 
functional group (see Figure 1). Thus, cis-substituted com- 
pounds are shielded by -32.3 f 0.6 ppm, whereas vinyl 
ethers without cis substituents show a (3 shift of -36.5 f 2.2 
ppm. (The scatter in these values appears to result from 
minor systematic differences with substitution patterns.) 
For comparison, an ethyl group introduces a /3 shift of only 

llo l20 130 uo 150 

Figure 2. Correlation between the I3C chemical shifts of p carbons 
in vinyl acetates (ROAc) and the corresponding alkenes (RH). 

ca. -10 p ~ m . ~ ~  The large shielding effect on the /3 carbon is 
rationalized on basis of conjugative interaction between the 
double bond and the oxygen which increases electron den- 
sity on the /3 carbon.11J2 The difference between the two 
types of vinyl ethers may be attributed to a decrease in 
electron transfer in the cis-substituted compounds, since 
substituting a t  Rcis with an alkyl group modifies the con- 
formational equilibrium I1 * I11 + IV so as to increase 
gauche conformation I11 which is not important for conju- 
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Table I1 
13C Chemical Shifts for Some Vinyl Acetatesa 

~ ~ 

Compd (No.) C1 c2 c3 c4 c5 c6 C7 Cg C=O CH3 

Vinyl acetate (13) 141.2 96.6 166.1 20.1 

2 -Acetoxypropene (14) 101.2 152.8 19.3' 167.4 20.5' 

2-Acetoxy-3-methyl-1-butene (15) 98.6 160.9 32.1 20.1 167.0 20.5 

1 -Acetoxy-2-methylpropene (16) 130.2 116.3 15.2d 1 9 . 2 ' ~ ~  166.4 19.9' 

(E)-2 -Acetoxy -2 -butene (17) 14.6 110.8 145.7 11.4 167.4 20.3 

(2)-2 -Acetoxy -2 -butene (18) 18.8 110.0 145.2 9.9 166.6 19.7 

2-Acetoxy-3-methyl-2-butene (19) 15.5 116.8 138.8 18.0' 16.8e 167.4 20.5 

(E)-1-Acetoxy-1-heptene (20) 135.5 113.5 27.1 29.1 31.1 22.3 13.8 166.0 20.1 

(2)-1 -Acetoxy-1 -heptene (21) 134.0 112.8 24.3 28.8 31.3 22.3 14.0 165.8 20.3 

(E)-4-Acetoxy-3-heptene (22) 14.4 19.8' 119.0 147.9 30.7 19.8e 13.5 167.4 20.5e 

(2)-4-Acetoxy-3-heptene (23) 13.4 18.6 117.2 147.5 35.3 19.6e 13.4 166.5 20.1° 

1 -Acetoxycyclohexenef (24) 148.4 113.0 21.5 23.5 22.5 27.0 167.4 20.5 

1 -Acetoxycyclooctenef (25) 150.3 115.3 24.5 29.3 25.5 27.5 26.0 29.3 167.8 20.5 

(19.6) (-25.0)b 

(-14.5) (20.0) (-0.2) 

(-12.5) (15.8) (0.4) (-1.6) 

(19.7) (-24.4) (-8.1) (4.1) 

(3.2) (-12.5) (21.5) (0.0) 

(2.2) (-15.2) (20.0) (-6.7) 

(2.8) (-14.0) (20.7) (-6.8) (0.3) 

(21.0) (-25.6) (-7.4) ( 4 . 3 )  (-1.2) (-1.0) (-0.6) 

(19.5) (-26.3) (-10.2) (-0.6) (-0.9) (-1.0) (-0.4) 

(0.1) (-1.1) (-12.9) (18.7) (1.1) (-3.5) (-0.1) 

(-0.6) (-7.4) (-15.2) (18.1) (0.2) (-3.6) (-0.1) 

(21.6) (-13.8) (-3.5) (1.0) (0.0) (2.0) 

(20.6) (-14.4) (-2.1) (0.2) (0.2) (2.2) (-3.1) (13.2) 
a Chemical shifts reported in parts per million downfield from MerSi. fjiRX - @RH, the difference between the chemical shift of the i car- 

bon in the enol acetates and that of the corresponding carbon in the parent olefin. C The assignments are not unambigously established. 
Carbon cis to the acetate function. e Carbon trans to the acetate function. f Except for C1 and CZ,  the assignments for the other carbons in 

both the acetate and the parent alkene are tentative. 

R,,, ARgem 0 = ARgem 
IV (s-trans) 

AR"" --L - 
A R,,, 0--R 
R 

Rcls /" 
R 

I1 (s-cis) I11 (s-gauche) 
gation.13s21 In addition a shielding contribution for com- 
pounds without cis substituents may come from steric in- 
teraction between the methoxy function and the hydrogen 
a t  Rcis.22 Support for the operation of this mechanism is 
derived from the chemical shift behavior of the methoxy 
group (vide infra). 

?cis and ?trans Effects. Generally, substitution of a vinyl- 
ic hydrogen affects both cis and trans carbons attached to 
the other olefinic carbon. For instance, a methyl group 
shields a ycie carbon by ca. -5 ppm, whereas the effect a t  a 
ytrans position is smaller and variable in sign.23*24 In vinyl 
ethers both types of carbons experience an upfield shift 
suggestive of an increase in negative charge. The ycis car- 
bon is shielded by -10.2 f 1.2 ppm, considerably more 
than the -4.2 f 2.6 ppm shift of the ytrans carbon. These 
values vary appreciably with substitution pattern, especial- 
ly ytrans, which is smaller in the presence of a geminate sub- 
stituent. The shielding at  the y carbons appears to reflect 
the p effect and, therefore, parallels the transfer of electron 
density to the /3 carbon. In addition, the ycis carbon is 
shielded by a through-space steric interaction with the 
added methoxy group. For simple cis-trans isomers, the 
through-bond contribution appears to predominate, as evi- 
denced by shifts of ca. -11 and -7 ppm a t  the y carbons of 
isomeric cis and trans compounds, respectively (e.g., com- 
pare 3 with 2, and 8 with 7). 

Other  Carbons. Carbons of the gem-alkyl chain appear 
to follow the general trends observed for straight-chain 
alkyl derivahes,  namely, deshielding at  &em (1.3 f 0.6 
ppm) and shielding a t  ygem (-1.6 f 2.9 ppmh4 Long-range 
effects, such as those at  remote carbons in the alkyl chains 
of the isomeric 1-methoxy-1-heptenes (7 and 8), are note- 
worthy. 

The  Methoxy Carbon. The methyl carbon of the ether 
function falls in the chemical shift range of 52.5-58.5 ppm 
and depends on the structure of the molecule analogously 
to the /3 shifts. Thus, in compounds without cis substitu- 
tion this carbon is found at  higher field (52.5-55.6 ppm) 
than in cis-substituted ethers (58.0-58.5 ppm).26 Steric in- 
teraction between the methyl and the &vinylic hydrogen in 
s-cis conformation 11 (Rcia = H; R ;F CH3) helps to account 
for the observed chemical shifts of both the methoxy car- 
bon and the /3 carbon (vide supra). 

11. Vinyl Acetates. a Effect. The acetate function de- 
shields the a-olefinic carbon of enol acetates by ca. 20 ppm. 
The magnitude of the shift does not depend to a large ex- 
tent on the alkyl substitution pattern of the double bond, 
although geminate substituents larger than methyl de- 
crease the a effect as shown by the significantly smaller 
values for compounds 15,22, and 23 (see Table 11). The cy- 
clic compounds do not show this behavior, suggesting that 
the decrease in the deshielding effect is caused by steric in- 
teractions between ygem carbons and the acetoxy group. 
For compounds differing only in the stereochemistry of the 
alkyl chain relative to the acetate function (Le. pairs of E 
and 2 isomers), the a carbon is consistently at ca. 1 ppm 
higher field for the isomer with cis-alkyl substitution. 
(Compare 17 vs. 18,20 vs. 21, and 22 vs. 23.) 

8 Effect. The dependence of the shielding of this carbon 
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on the structure of the molecule is evident from Figure 2, 
which shows a clean separation into groups of compounds 
with and without substitution a t  the geminate position. 
The @ carbon of the double bond in geminate-substituted 
vinyl acetates (@ shift of -14.0 f 1.5 ppm) is less shielded 
by more than 10 ppm relative to compounds lacking this 
type of substitution (@ shift of -25.6 f 1.2 ppm). The gen- 
eral upfield shift at  the /3 carbon is again ascribed to conju- 
gation between the double bond and the attached oxygen.26 
The smaller shift for geminate-substituted vinyl acetates is 
associated with less conjugative transfer of electron density 
to the @ carbon, alkyl substitution a t  the geminate position 
sterically hindering attainment of conformer IV (R = OAc) 
and forcing the molecule into the s-gauche conformation 
111. In both of the subgroups compounds with cis substitu- 
ents are upfield of those with trans groups. 

ycis and ytrans Effects. As with vinyl ethers, both car- 
bons bonded to the @-olefinic position show upfield substit- 
uent effects. The magnitudes of these shifts parallel those 
of the f l  shift. Both ycis and ytrans carbons are strongly 
shielded in vinyl acetates that  do not bear alkyl substitu- 
tion a t  the geminate position (y shifts of -9.2 i 1.0 and 
-5.8 & 1.7 ppm, respectively). However, a geminate sub- 
stituent causes the shielding of the ytrans carbon to drop 
considerably (ca. -1.0 ppm), whereas the shift of the ycis 
carbon (-7.0 f 0.4 ppm) decreases only slightly. The gem- 
alkyl group decreases electron transfer to the @ carbon and 
also retards charge relay to ytrans by virture of its cis steric 
interaction with this carbon. However, steric interactions 
between the ycis carbon and the acetate group are increased 
by a butressing effect of the geminate substituent and pre- 
sumably lead to a compensating shielding a t  ycis. 

Other Effects. The @ carbon in the gem-alkyl chain is, 
ingeneral, deshielded and the magnitude of this effect ap- 
pears to depend on the nature of the @-carbon moiety and 
on the substitution pattern of the double bond. Thus, 
methyl groups are deshielded relative to methylene groups 
in the Pgem position (compare 17 and 18 vs. 22 and 23). Fur- 
thermore, in pairs of 2 and E isomers, compounds with 
alkyl chains cis to each other show a larger downfield shift 
than those with a trans arrangement of these groups. Inter- 
estingly, remote carbons in the cis- and trans-alkyl chains 
of compounds 20 and 21 show upfield shifts. 

The Acetate Group, Both carbonyl and methyl carbons 
fall into relatively narrow ranges (166.1-167.8 and 19.7- 
20.5 ppm, respectively). The failure of the carbonyl chemi- 
cal shift to parallel the large changes of the @ carbon is con- 
sistent with a lack of conjugative interaction between these 
two moieties. However, the chemical shifts of the carbonyl 
carbons in compounds without gem- alkyl substitution 
(166.1 f 0.3) are consistently ca. 1 ppm upfield of com- 
pounds with gem-alkyl groups (167.2 f 0.7 ppm), probably 
because of steric interactions in the latter. 

Summary 
The results of this study are in general accord with the 

correlations of l3C chemical shifts with electron densities 
it,r monosubstituted ethy1enes.l2 The large downfield a 
shift is attributed to inductive withdrawal by the highly 
electronegative substituents, the methoxy group being sub- 
stantially more effective than the acetoxy function. The @ 
shift is upfield and usually quite large also. The major fac- 
tor here is undoubtedly conjugative transfer of electron 
density to the p carbon from the oxygen, although double- 
bond polarizationg probably also plays a significant role. 
Tha larger shifts for methoxy relative to acetoxy are in 
6,reement with the relative abilities of these functions to 
LOI:ZW electron density by r e ~ o n a n c e . ~ ~  Alkyl substituents 

which change the conformational situation of the methoxy 
or acetoxy group so as to decrease conjugation also lower 
the magnitude of the upfield @ effect. This accounts for the 
smaller @ shifts for cis-substituted enol ethers and gemi- 
nate-substituted acetates. The much larger difference be- 
tween the two subgroups of acetates reflects the greater 
difficulty the larger acetate group has in achieving a suit- 
able alternative to conformation IV capable of conjugation, 
whereas methoxy can modify its conformational distribu- 
tion toward form IV when the normally favored conformer 
I1 is destabilized. The y carbons on the double bond also 
appear to be shielded by an increase in electron density a t  
the @ carbon suggesting a relay of charge to these centers. 
Other steric interactions (especially those involving gemi- 
nate groups) can cause significant changes in substituent 
shifts, usually decreasing the magnitudes of these effects 
relative to those of molecules without such interactions. 
Thus, steric stress generally decreases the ability of a sub- 
stituent to play its usual role, regardless of whether this is 
shielding or deshielding. 
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The Fourier transform natural abundance carbon-13 spectra of pyridoxal, pyridoxal 5’-phosphate, pyridoxam- 
ine, pyridoxamine 5’-phosphate, and pyridoxine are reported. Resonances are assigned by chemical shift analogies 
and by spin-spin coupling to adjacent protons. Chemical shifts are strongly pH dependent owing to the deproto- 
nation of the various functional groups. Chemical shift analogies are interpreted as indicating a zwitterionic struc- 
ture a t  neutrality. The detailed pH dependence of the carbon-13 chemical shifts of pyridoxal 5’-phosphate, pyri- 
doxamine 5’-phosphate, and pyridoxine are reported. Long- and short-range proton-to-carbon coupling constants 
are also reported and are not found to be strongly pH dependent. 

The vitamin B-6 group is comprised of pyridoxal (PL, I), 
pyridoxal 5’-phosphate (PLP, 11), pyridoxamine (PM, 111), 
pyridoxamine 5’-phosphate (PMP, IV), and pyridoxine 
(PN, V). These substituted pyridines are essential cofac- 

I I1 

111, X = H 
IV, X = P03H2 

V 

tors to a large number of enzymes involved in the metabo- 
lism of amino acids. The reactions they catalyze proceed 
through Schiff base formation of the amino acid with the 
substituted 4-pyridine aldehyde form of the vitamin. The 
Schiff base may undergo any one of a number of electron 
shifts transforming the amino acid moiety into the various 
observed products.’ A particular type of enzyme apparent- 
ly participates in the reaction by selectively catalyzing only 
the desired electron shift and by inhibiting all the other 
types of shifts. In order to understand the means by which 
enzymes can control the electron shifts in these Schiff 
bases, it  is necessary to understand the factors which influ- 
ence electron densities in the aromatic ring of the vitamin 
B-6 Schiff bases. The sensitivity of carbon-13 nuclear mag- 
netic resonance (13C NMR) to electronic structure is well 
known. We are in the process of carrying out a complete 
study of the 13C NMR spectroscopy of the vitamin B-6 
Schiff bases and their metal complexes, but, as a prelude, it 
has been necessary to study the vitamin B-6 group itself. 

Herein we report the I3C NMR spectral assignments, pH 
dependence, and coupling constants for the vitamin B-6 
group and some related pyridine derivatives. 

Experimental Section 
Pyridoxal hydrochloride and pyridoxaL5’-phosphate were pur- 

chased from Sigma Chemical Co., and pyridoxamine dihydrochlo- 
ride was obtained from Mann Research Laboratories. Picoline was 
from Reilly Tar and Chemical Corp. Pyridoxine, pyridoxamine 5’- 
phosphate, and the remaining monosubstituted pyridines were 
from Aldrich. Deuterium oxide was 99.8% from Thompson-Pack- 
ard; NaOD (40% in D20) and DC1(20% in D2O) were from Diaprep 
Inc. 

Carbon-13 nuclear magnetic resonance spectra were obtained at  
40’ in Fourier transform mode with a Jeol PS/FFT-100 spectrom- 
eter and Jeol EC-100 data system. Chemical shifts were recorded 
in parts per million relative to an external capillary of dioxane; 
these values were adjusted to the tetramethylsilane (Mersi) scale 
by adding 67.4 ppm to the observed shift. This ignores a small 
(<0.2 ppm) correction due to diamagnetic susceptibility.2 Typical- 
ly a 6250-KHz range and 16K words of memory were used, giving a 
digital resolution of 0.76 Hz. The D20 solvent was the source of an 
internal deuterium lock. Broad band decoupled (2 KHz), single 
frequency decoupled, and undecoupled spectra were recorded. 

Solutions (1 M )  of pyridoxal-related compounds (except pyri- 
doxine) in DzO were maintained at  constant ionic strength with so- 
dium chloride (3 M); in cases where l M solutions could not be 
prepared, saturated solutions were used. The pD (negative loga- 
rithm of deuterium ion activity) was recorded by adding 0.41 to 
the reading of a Brinkmann Model E512 pH meter standardized 
against aqueous  buffer^;^ this method is valid only in the range 2 < 
pD < 9, and values outside this range are approximate. No coriec- 
tion was made for sodium ion effects. Acidity was varied by the ad- 
dition of DCl or NaOD. At these conditions of high salt and re- 
agent concentration, observed pH becomes an ill-defined concept 
and reported pD values must be viewed as approximate measures 
of pH. 

Results and Discussion 
Resonance Assignments. Despite the structural simi- 

larity of compounds I-V, complete assignment of their res- 
onances is an arduous task because many fall in a narrow 


