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ABSTRACT: Isotactic and atactic poly(N-formylpropy1enimine)’s were prepared by the polymerization of L- and 
DL-4-methy1-2-oxazoline, respectively, using dimethyl sulfate as initiator. The tacticity of these polymers was de- 
termined from the I3C NMR spectra of the poly(propy1enimine)’s (in concentrated HC1) obtained by alkaline hy- 
drolysis. Isotactic poly(propy1enimin.e) gives a single set of shifts for the three carbon atoms but in the N-formyl 
precursor, restricted rotation of the N-formyl group gives rise to fine structure for all four carbon atoms, as well as 
a time-dependent optical rotation of its aqueous solution. 13C NMR spectra of the model compounds N-ethyl-N- 
methylformamide and N-isopropyl-N-n-propylformamide were also recorded and the chemical shifts were identi- 
fied for each pair of conformers. 

The following sequence of reactions may be used to pro- 
duce linear polymers of propylenimine (3) and its N-formyl 
precursor (2), as shown by Saegusa et  al.’ When the start- 

” 
1 

2 3 

ing material is L-alaninol the resulting polymer is optically 
active indicating some retention of configuration about the 
chiral center. If the configuration is totally retained the 
polymer will be isotactic, and there should be a single set of 
chemical shifts in the 13C-{lH) NMR spectrum of optically 
active poly(propy1enimine). 

We have recently confirmed this,2 the shifts in water a t  
6OoC being CH3 20.08, CH2 53.75, CH 55.11 ppm downfield 
from TSP (sodium trimethylsilyl-1-propane sulfonate). In 
concentrated HCl there is a “titration shift”3 for each reso- 
nance, the new positions being CH3 17.39, CH2 49.45, CH 
55.62 ppm, but without the development of any fine struc- 
ture. In contrast poly(propy1enimine) made from racemic 
starting material by the same method shows fine structure 
(when the spectrum is taken in concentrated HCl), the in- 
tensity pattern of which shows that the polymer is com- 
pletely atactic. 

In the present paper we report the 13C NMR spectrum of 
the isotactic precursor 2, as well as its mutarotation on dis- 
solution in water; both of these properties reflect the re- 
stricted rotation about the N-CHO bond. 

Experimental Section 
L-4-Methyl-2-oxazoline (1). 1 was prepared by Saegusa’s 

method’ from L-alaninol, [aIz5D + 2 1 . 8 O  (CzHsOH), which had 
been made from L-alanine via the ethyl ester. The neat liquid 
product had a positive rotation, [aIz5D 14.4O in a 1-dm cell, but a 
large negative rotation in ethanol as observed by Saegusa,’ [aIz5D 
-148’. The ‘:{C chemical shifts (in D20) were CH3 22.75, CH 
61.94, CH2 75.19, CH=N 157.99 ppm downfield from TSP. Race- 
mic monomer was made in similar fashion from DL-alanine. 

Poly( N-formylpropylenimine) (2). After drying 1 over acti- 
vated molecular sieves 4A for 24 hr, it  was sealed off in the pres- 
ence of 1-3% dimethyl sulfate in the absence of air and kept a t  
12OOC for 24-48 hr. Occasional samples refused to polymerize 

under these conditions. Successful polymerizations proceeded to 
80-90% conversion. The product was poured into ether, filtered, 
dried, dissolved in methanol, and reprecipitated in ether to give a 
white solid, [aI2’D 107’ (H20) after equilibration; cf. Saegusa,’ 
[a]’:’D 130’ (MeOH). One product had [9] = 16 cm:’ g-’ corre- 
sponding to a molecular weight of the order of lo4. 

N-Ethyl-N-methylformamide (4). This was obtained in a very 
pure state by heating formamide with ethylmethylamine hydro- 
~ h l o r i d e , ~  followed by extraction with chloroform. A trace of for- 
mic acid was removed by washing with sodium hydroxide. ‘H 
NMR (6 ppm relative to TMS, solvent CDC13; the chemical shift 
for the more abundant conformer is given first in each case) 

( J  = 7.2 Hz); CHO 8.12, 8.05. A similar but more restricted set of 
data has been previously reported.’ 

N-Isopropyl-N-n-propylformamide (5). This was prepared 
by the following sequence of reactions according to methods de- 
scribed in the l i t e r a t ~ r e , ~ . ~  starting either from n-propylamine or 
isopropylamine, and using the complementary iodide in the final 
stage. 

C H : I C H ~  1.19, 1.12 ( J  = 7.1 Hz);  NCH3 2.87, 2.96; NCH2 3.32, 3.39 

RNH, + HCOOEt - RNHCHO + EtOH 

1S.H xylene 

RNNaCHO RRNCHO 

The two products had identical ‘H NMR spectra; the chemical 
shift (6 ppm) for the more abundant conformer is given first in 
each case (solvent CDC13, reference TMS): CH3CH2 0.91 ( J  = 7.0 
Hz); (CHdzCH 1.25, 1.20 ( J  = 6.9 Hz); CH3CH2 1.59, 1.61 ( J  = 7.6 
Hz); NCHz, complex multiplet centered on 3.14; NCH, 3.70, 4.34 
( J  = 6.7 Hz); CHO 8.18, 8.05. Anal. Calcd: C, 64.86; H, 11.60; N, 
10.77. Found: C, 65.12; H, 11.62; N, 10.85. The boiling point is 45O 
(0.5 mm). This compound does not appear to have been previously 
reported. 

I3C N M R  Spectra .  These were mostly obtained with a Bruker 
Fourier transform spectrometer operating a t  22.63 MHz; condi- 
tions are indicated in the legends. The spectrum of 4 was obtained 
on a Varian instrument operating at 25.14 MHz. 

T h e  13C N M R  Spect rum of Poly(N-formylpropylenimiae). 
The isotactic polymer has the decoupled spectrum shown in Figure 
la.  When not decoupled from protons by broad-band irradiation 
the spectrum has the appearance shown in,Figure lb .  The de- 
coupled spectrum is much more complicated than for the isotactic 
poly(propy1enimine) produced by hydrolysis (see the introductory 
section), and each of the four carbon resonances exhibits fine 
structure. The carbonyl resonance is split into two peaks of un- 
equal intensity. The methyl resonance also splits into two peaks of 
unequal intensity, with signs of a third weak resonance as a shoul- 
der on the upfield peak. The methylene and methine resonances 
may be interpreted in terms of two overlapping sets of four peaks 
as indicated by the stick diagram in Figure la .  

The fine structure in Figure l a  is explicable in terms of four pos- 
sible dyad structures, in which each of the two formyl groups may 
take up either the syn or anti conformation, as is usual for com- 
pounds containing the peptide linkage. By analogy with low molec- 
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Figure  1. 13C NMR spectrum (22.63 MHz) of isotactic poly(N- 
formylpropylenimine), 10% solution in D20. (a) Decoupled from 
protons by broad-band irradiation, 7750 pulses, pulse width 7 psec, 
dwell time 143 psec, acquisition time 0.7 sec, 4096 points 33OC; (b) 
undecoupled, 56000 pulses, pulse width 11 p e c ,  dwell time 143 
wsec, acquisition time 1 sec, 4096 points, 60“C. Note that  the sharp 
spikes in (a), marked X, are not present in (b) and are due to low 
molecular weight impurities. Analysis in terms of four dyad struc- 
tures 2a-d is described in the text. 

ular weight compounds5 the most probable structure is assumed to 
be 2a in which both carbonyl groups are turned away from the 
more substituted side of the nitrogen atom. The most intense peak 
for each group (see abscissa of Figure la) is then assigned to struc- 
ture 2a. 
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The assignment of the other peaks may be made from the fol- 
lowing considerations. First, it may be seen from the carbonyl and 

methyl resonances that the two N-formyl conformations are 
roughly in the ratio 70:30 so that we may expect the populations of 
the four dyad structures to  be in the order 2a > 2b - 2c > 2d and 
roughly in the proportions 50:20:20:10, assuming a Bernouilli dis- 
tribution. Second, carbons which are syn to carbonyl may be ex- 
pected to be upfield from those which are anti to carbonyl (A6 = 5 
ppm for C Y  carbons, 1-2 ppm for 0 carbons). This rule is fairly gen- 
e raP9 but is not infallible (see below). 

Consider, for example, the methine carbon. In going from 2a to 
2b the conformation of the left-hand formyl group with respect to  
the central methine changes from P-syn to 0-anti so that a down- 
field shift of 1-2 ppm is expected; the observed shift is 58.30-57.26 
= 1.04 ppm. In going from 2a to 2c the conformation of the right- 
hand formyl group with respect to  the central methine changes 
from a-anti to n-syn so that an upfield shift of about 5 ppm is ex- 
pected; the observed shift is 57.26-51.80 = 5.46 ppm. We may ar- 
rive a t  2d either by rotating the right-hand formyl group in 2b, in 
which case an upfield shift of -5 ppm is to be expected (to 53.3 
pprn), or by rotating the left-hand formyl group in 2c in which case 
a downfield shift of 1-2 ppm is to be expected (to 52.8-53.8 ppm). 
In fact this peak is so weak that it is lost in the noise of the shoul- 
der of the 51.80-ppm peak. 

The argument for the methylene carbon is similar to that  for the 
methine carbon and the predicted positions of the four peaks bear 
a mirror image relationship to those for the methine carbon. The 
expected peak positions are indicated against the formulae and in 
Figure 1b. I t  will be observed that the peak labeled 51.80 ppm in 
Figure l a  is in fact a composite of two medium peaks from 2b and 
2c respectively and two very weak peaks, both from 2d. 

For the methyl carbon, in going from 2a to 2c the conformation 
of the right-hand formyl group with respect to the methyl changes 
from 0-anti to 0-syn so that  an upfield shift of 1-2 ppm is to be ex- 
pected; the observed shift is 19.37-18.00 = 1.37 ppm. The other 
formyl group is y to the methyl and is too far away for its confor- 
mation to have much influence. 

The coupling constants derived from Figure l b  are as follows: 
JCHO = 197.1, JCH = 138.3, JCH? - 127, JCH? = 126.5 Hz. These 
are as expected.8 

13C-{ ‘HI NMR Spect rum of Atactic Poly(N-formylpro- 
pylenimine). Some variations in the appearance of the spectrum 
of the atactic polymer, compared with that  of the isotactic poly- 
mer, were noted in the methine/methylene region but the spec- 
trum was too complicated for detailed analysis. The requisite in- 
formation on tacticity is much more easily obtained from the spec- 
trum of the hydrolysis product2 (see the introductory section). 

InC-IIHI NMR Spect ra  of Model Compounds. Two com- 
pounds were prepared in order to check the expected shift differ- 
ences for (Y and 0 carbons in the syn and anti conformations. These 
were N-ethyl-N-methylformamide (4) and N-isopropyl-N-n-pro- 
pylformamide ( 5 ) .  Their relationship to the polymer is indicated 
below. The spectra are shown in Figures 2 and 3, the assignments 

CH i 
I 

c CH, 

H/ \O 
2a 

C 
H/ \O 

4 5 

being made from off-resonance experiments. The shifts and their 
differences are listed in Table I. The differences in a shifts, ex- 
pressed as the anti shift minus the syn shift, are as follows. For 
compound 4, NCH2 5.53, NCH:, -5.13; for compound 5,  NCH 5.20, 
NCH2 4.03 ppm. The outward visible sign that  the rule for the a 
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Table I 
"C Shif ts  f o r  T w o  Unsymmetr ical ly  Subs t i tu ted  Formamides0 

CH,CH, 14.24 11 .93  2.31 CH,CH, 11.57 11.11 0.46 
NCH, 34.29 29.16 5.13 (CH,),CH 22.23 20.28 1.95 
NCH, 44.75 39.22 5.53 CH,CH, 22.36 24.70 -2.34 
CHO 163.33 163.18 0.15 NCH, 42.63 46.66 -4.03 

NCH 49.98 44.78 5.20 
CHO 162.09 162.87 -0.78 

a Solvent CDCI,; p p m  downfield f r o m  TMS. 6 a n d  6 , refer to t h e  m o r e  a b u n d a n t  and  less a b u n d a n t  conformers ,  respec- 
tively. Reasons have been given' for  believing t h a t  t h e  m o r e  a b u n d a n t  conformer  is t h a t  in  which t h e  m o r e  heavily subst i -  
t u t e d  s ide of t h e  ni t rogen is an t i  ( t rans)  to t h e  carbonyl  group.  

shifts breaks down for NCH,{ in compound 4 is that  the intensity 
pattern for the four N--C lines is not of the "back-to-back" type.H 
Compound 5 is clearly a better model for the polymer in this case. 
The differences in B shifts, expressed as the anti shift minus the 
syn shift, are as follows. For compound 4, CHrCHz 2.31; for com- 
pound 5 ,  (CH:j)zCH 1.95, CH,jCHz 2.34 ppm. These are somewhat 
bigger than the values observed in the polymer (1.04, 0.88, 1.37 
PPm). 

The 'H chemical shifts for these compounds are recorded in the 
Experimental Section. The shift differences for the protons in the 
two conformers sometimes have the same sign and sometimes the 
opposite sign compared with the I'jC shifts of the nuclei to  which 
they are attached. The interpretation of such shift differences in 
terms of magnetic anisotropy of the C=O group and the C=O 
electric dipole effect is complex and will not be discussed here. 

Mutarotat ion of Isotactic Poly(N-formylpropylenimine) 

a n d  Associated Changes. When polymer 2 is dissolved in water 
(2.7 g and quickly transferred to a polarimeter cell a t  15OC 
the optical rotation increases by about 10% over a period of 6 hr. 
Increasing the temperature speeds up the process and also in- 
creases the final specific rotation as shown in Figure 4. The change 
follows a strictly first-order law, the half-life being 62.1, 29.4, and 
15.3 min a t  15.0, 20.05, and 25.2OC, respectively, corresponding to 
an activation energy of 98 kJ mol-' and a frequency factor of 1.3 X 
1 O I J  sec-I. The final specific rotation increases continuously as the 
wavelength is reduced from 589 nm ([CY]% +107O) to 365 nm. 

The mutarotation effect is reversible. If the solvent is evapo- 
rated in a stream of air and the polymer dried in a vacuum desicca- 
tor and then redissolved in water, the optical rotation follows es- 
sentially the same path as before. Evidently the relative propor- 
tions of formyl groups in the two possible orientations at  equilibri- 
um are different in solution from those in the solid and it might 
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Table I1 

X Solvent Ref compd  CHa CH, CH, Ref 

Chemical Shifts fo r  fX-CH,-C(CH,)Hf, 

0 CCl,-C,D, (9:1),  60" TMS 75.4 m m  73.5 m 17.6 11 

S CCl,-C,D, (9:1),  60" TMS 41.3 r 38.35 20.75 1 2  

SO, 

NH D,O, 60" TSP 55.11 m 53.75 20.08 2 

NH,+ D,O, 60" TSP 55.75 r 49.82 rr 17.39 m 2 

75.3 mr/rm 73.1 r 
75.2 rr 

41.1 m 
DMSO, 60" TMS 52.84 48.55 m 14.04 m 1 3  

47.90 r 13.06 r 

54.9 r 

55.62 m 49.65 mr/rm 17.11 r 

19.37 a 
57.26 sa - 5 1  as 18.00  s 

- 5 3  as 47.96 sa 
51.80 ss 47.08 ss 

49.45 m m  
This paper NCHO D,O, 60" TSP 58.30 aa -52.4 aa 

a Configurational effects:  m isotactic dyad ,  r syndiotactic dyad .  Conformational effects:  a anti ,  s = s y n ;  as, e tc . ,  refer t o  
nearest neighbors. 
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Figure  4. Specific rotation of isotactic poly(N-formylpropylenim- 
ine) in water (2 .7  g l.-') as a function of time a t  three tempera- 
tures. The final value of [a] showed a smooth variation from 0 to 
60"C, with no indication of any helix-coil transition in this range. 

have been thought therefore that the polymer, being isotactic, 
would have crystallized on evaporation of the solvent. However, 
the x-ray diffraction pattern of the polymer prepared in this way 
indicated that it is completely amorphous. A small amount of crys- 
tallinity could be induced by annealing a t  100° overnight (x-ray 
diffraction peak a t  28 = 21.4O) but this reached a limit when the 
polymer was estimated to be less than 10% crystalline. Surprisingly 
the atactic polymer showed similar behavior. The isotactic poly- 
mer also did not give a good fibre pattern when drawn from the 
melt. 

From this evidence one cannot say whether the increase in opti- 
cal rotation on dissolution in water is associated with an increase 
or a decrease in the proportion of formyl groups having the direc- 
tion shown in 2a, nor can we say whether there is any contribution 
from changing helicity of the chain. However, assuming that the 
optical rotation is a linear function of the proportion of formyl 
groups having a given direction, we can say that the activation en- 
ergy of 98 kJ mol-' represents the average barrier to rotation of 
the formyl group between two positions differing only slightly in 
energy and this is of the right order compared with values for small 
molecules. 

From the fact that there was no change in the 'H or I:jC spec- 
trum of the isotactic polymer with time or temperature it would 
appear that  the optical rotation is in fact a rather sensitive func- 
tion of the proportion of formyl groups pointing in a given direc- 
tion. A small rise (0.3%) in specific viscosity was observed over the 
first 60 min after dissolution of the polymer in water a t  25' indi- 
cating that the mutarotation is accompanied by a slight expansion 
of the coiled molecule. 

Poly(N-benzoylpropylenimine). Preliminary experiments'" 
on the optically active and racemic polymers made from 2-phenyl- 
4-methyl-2-oxazoline show that the 13C-11H) spectra are not notice- 
ably different from each other. However, the main chain carbons 
give very broad peaks in comparison with poly(N-formylpropylen- 
imine), perhaps because of hindrance to rotation in the main chain 
by the bulkier side groups. 

Summary  of Chemical Shifts of Analogous Polymers. These 
are shown in Table 11. Two observations may be made. First, the 
shifts are always in the same order, namely CH > CH2 > CHs. The 
reason for the order CH > CHr lies in the fact that whereas the 
methine carbons can suffer a single gauche interaction with other 
methine carbons, the methylene carbons can suffer gauche interac- 
tions not only with each other but also with the methyl groups. 
The net effect is that there is a greater upfield (gauche) shift for 
the methylene than there is for the methine carbons. The second 
observation is that tacticity effects cause the shifts to vary by up to 
0.7 ppm, but there is no consistent line order. 

Discussion 
Although h indered  ro ta t ion  about the N-CHO bond is 

weli known in smal l  molecules th i s  is  the first  t ime  that i t  
has been  demons t r a t ed  in  a polymer molecule. Related ob-  
servations have  been m a d e  in  other polymers,  for example  
in  poly(N-acetylethylenimine), where  there is restricted 
ro ta t ion  a b o u t  t h e  side chain N-COCH3, and in polyproline 
a n d  i ts   derivative^'^ where  the re  is restricted ro ta t ion  
about the ma in  chain pept ide  l ink.  However,  unlike poly- 
proline i t  appea r s  that poly(N- formylpropylenimine) can-  
not easily b e  brought  i n to  a single conformation with re -  
spect t o  t h e  pept ide  linkage, even  for isotactic polymer.  

I t  has  been pos tu la tedr6  that t h e  propagating species in  
the cationic polymerization of oxazolines is an oxazolinium 
ion. The propagation s t ep  is then written as follows for  the 
addi t ion  of an L ion t o  a D monomer .  

CH 1 CH , H 
I, 3 I,,CH' 

K-C' 
I 

-KCHCH,-N-C' - I( I + II I 
O'\H H ,C< 0 /CH, H /OfH! I 

C 

H qH&&~cHJ II I 
C 0' CH, 

0 / \ H  $?\/  0 

T o  facil i tate the t ransfer  of charge in the t rans i t ion  state 
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and to minimize steric interaction of the methyl groups one 
may imagine the incoming monomer molecule to approach 
the oxazolinium ion from above the plane of the five-mem- 
bered oxazolinium ring, with the plane of the monomer ring 
roughly parallel to it but twisted slightly clockwise to facili- 
tate the formation of the new CH2-N bond. However, from 
the fact that racemic monomer gives atactic polymer it is 
evident that there is an equally efficient pathway for the 
addition of L monomer to L ions. In this case we may imag- 
ine the same sort of approach of monomer to the ion but 
with the monomer ring turned over so as to avoid the 
methyl-methyl interactions. The polymerization of 4- 
methyl-2-oxazoline initiated by methyl iodide is thought to 
proceed via a covalent intermediate" and it will be inter- 
esting to see wjiether this results in any degree of stereo- 
electivity, unlike initiation by dimethyl sulfate. 
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13C Nuclear Spin-Lattice Relaxation and Nuclear 
Overhauser Enhancement in Aqueous Solutions of 
Poly(methacry1ic acid) 
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Department of Biochemistry, University of Connecticut Health Center, 
Farmington, Connecticut 06032. Received J u n e  6,1975 

ABSTRACT: 1V spin-lattice relaxation times (7'1) and nuclear Overhauser enhancement (NOE) factors have been 
measured for aqueous solutions of poly(methacry1ic acid) (PMA). The 7'1's are independent of pH, but the NOE's 
exhibit a definite pH dependence. Comparison of these data indicates that  dipolar relaxation mechanisms domi- 
nate, and correlation times are calculated. The correlation times indicate that  (1) the extended conformation of the 
polymer (high pH) is more motionally free than the random coil conformation (low pH); (2)  the backbone motions 
are not in the high-temperature limit for either conformation; (3) segmental motions dominate the relaxation of 
backbone carbons in the extended conformation, but  slower overall molecular tumbling may play a role in the re- 
laxation of these carbons in the random coil conformation; (4) methyl reorientation is rapid enough in either con- 
formation to  increase the observed NOE. Linewidth and integrated intensities of *H NMR spectra have also been 
measured for aqueous solutions of perdeuterio-PMA. These results support and contribute to our interpretation of 
the 13C data. Considerations for relaxation studies of biopolymers are discussed. 

The application of 13C NMR to macromolecular systems 
of biophysical interest is occurring a t  an accelerating rate. 
In particular relaxation studies involving Fourier trans- 
formed spectra are providing data which are useful in char- 
acterizing motional phenomena. To  provide some assess- 
ment of the problems encountered in such studies a model 
system is useful as illustrated by Allerhand and Oldfield.' 

Aqueous solutions of poly(methacry1ic acid) (PMA) have 
several properties which make them attractive as model 
systems for 13C relaxation studies of biopolymers. Many 
small proteins or enzymes of current biophysical interest 
have molecular weights of approximately 15000, and PMA 
can be easily polymerized from the monomer in this molec- 
ular weight range. In addition one of the important proper- 
ties of biopolymers is the ability to undergo conformational 
changes. Aqueous PMA solutions are known to exhibit a 
conformational transition from what is evidently a spheri- 
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cal mass distribution (i.e., random coil) a t  low pH to an 
elongated form a t  high P H . ~  The solution properties of 
PMA are also favorable with respect to high solubility and 
availability of an aqueous theta solvent.3 From the NMR 
standpoint the 13C spectrum of PMA is known to be con- 
siderably simpler than that of biopolymers in the same mo- 
lecular weight range, and complications arising from ste- 
reochemical effects have been a n a l y ~ e d . ~  Furthermore, the 
methyl groups attached to the PMA backbone provide an 
analogy to the side groups attached to the backbone of bio- 
polymers. Such side groups may possess independent mo- 
tional degrees of freedom quite different from those of the 
backbone. Finally the presence of both methylene and qua- 
ternary carbons on the backbone is useful in judging the 
extent to which nondipolar relaxation mechanisms are sig- 
nificant. 

Acrylic polymers have figured prominently in the NMR 
literature on macromolecular systems with 'T studies re- 
ceiving considerable recent emphasis in stereochemical 


