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15N NMR Spectroscopy. 21.! Copolymerization of Glycine
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N-Carboxyanhydride, S-Benzylcysteine N-Carboxyanhydride,
Leucine N-Carboxyanhydride, and Valine N-Carboxyanhydride
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ABSTRACT: The copolymerization of Gly-NCA with v-MeGlu-NCA, S-BzICys-NCA, Leu-NCA, and Val-NCA
was investigated in various solvents but mostly in dioxane. Primary, secondary, and tertiary amines were
used as initiators, and in some cases an electrophilic cocatalyst, e.g., 4-chlorophenyl isocyanate, was added.
The 36.48 MHz natural abundance >N NMR spectra of the resulting copolypeptides, measured in trifluoroacetic
acid, display four signals which represent the four different types of peptide groups which can exist in binary
copolypeptides. A combined, quantitative evaluation of the 'H NMR and *N NMR spectra allows one to
calculate the average length of the homogeneous blocks and the copolymerization parameters. This evaluation
demonstrates that the nature of the sequences depends mainly on the reactivity of the monomers, which decreases
in the following order: Gly-NCA > v-MeGlu-NCA > S-BzICys-NCA > Leu-NCA > Val-NCA. While in most
cases random sequences are predominantly formed, the copolymerization of Gly-NCA with Leu-NCA and

Val-NCA shows a tendency to yield block copolymers.

The copolymerization of a-amino acid NCA’s allows the
synthesis of copolypeptides of all common a-amino acids.
Since the ratio of the monomer units and the molecular
weights can be varied over a wide range, these synthetic
copolypeptides are useful model compounds for proteins.
Chemical, physicochemical, and physical studies on the
properties of such copolypeptides require that the primary
structure is known, because most properties depend on the
sequence. However, the enzymatic, chemical, and physical
methods widely used for the sequence analysis of proteins
cannot be applied to synthetic copolypeptides. Thus,
spectroscopic methods useful for the characterization of
peptide sequences are desirable, in as much as they are
nondestructive, time saving, and routine. Since 'H NMR

0024-9297/80/2213-0087$01.00/0

spectra of copolypeptides do not contain sequential in-
formation, we have studied the *C NMR spectra of various
copolypeptides; however, only in a few special cases of
alanine containing binary copolypeptides is the 3C NMR
method successful, even if a magnetic field of 84 kG (8.4
T) is used. Since the 170 spectra of oligopeptides display
only extremely broad signals without fine structure,? only
15N NMR spectroscopy is possibly useful for a spectro-
scopic sequence analysis of synthetic copolypeptides. A
first success in this direction was achieved when co-
polymers obtained from Gly-NCA and 3-Ala-NCA were
spectroscopically analyzed.® The present work was un-
dertaken to test whether copolypeptides exclusively built
up from a-aminoacyl units are also accessible to 1’N NMR

© 1980 American Chemical Society
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Figure 1. Natural abundance "N NMR spectra of the copoly-
peptide (Gly/Val) from experiment no. 7, Table IV, dissolved in
TFA: (A) 9.12 MHz spectrum, continuous broad band 'H de-
coupling, pulse width 40 us (ca. 40°), 1K data points/500 Hz
spectral width, exponential line broadening 1.5 Hz, 50000 tran-
sients; and (b) 36.48 MHz spectrum, inverse gated 'H decoupling,
pulse width 45 us (ca. 70°), 2K data points /1200 Hz, delay time
2.5 s, exponential line broadening 2 Hz, 25000 transients.

sequence analysis. A routine application of the method
should then allow one to investigate the influence of po-
lymerization conditions on the sequence of the resulting
copolypeptides.

Experimental Section

Solvents. Dioxane, diethyl ether, and triethylamine were
refluxed and distilled over sodium wire. Dimethylformamide and
dimethylacetamide were refluxed and distilled over P,O,, in vacuo;
methylene chloride and chloroform were refluxed and distilled
over P,O,, under normal pressure. Primary and secondary amines
as well as pyridine were refluxed and distilled over freshly pow-
dered calcium hydride.

Amino Acid NCA’s. Gly-NCA was prepared from N-
benzyloxycarbonyl glycine trimethylsilyl ester and distilled thionyl
chloride in boiling chloroform.® It was recrystallized three times
from tetrahydrofurane/chloroform. For the first and second time
the tetrahydrofurane solution was treated with dry charcoal.
Leu-NCA, Val-NCA, S-BzlCys-NCA, and v-Me-Glu-NCA were
obtained by phosgenation of the corresponding amino acids in
a refluxing 1:1 mixture (by volume) of dry dioxane and dry
methylene chloride. These monomers were recrystallized twice,
and the NCA solution was treated the first time with dry charcoal.

Copolymerizations. Quantities of each monomer (40 mmol)
were dissolved together in 100 mL of solvent, and the catalyst
was added in the form of a 1 M solution in dry dioxane. The
reaction flasks were protected by freshly prepared calcium chloride
drying tubes. The polypeptides were precipitated from ca. 800
mL of diethyl ether, washed with diethyl ether, and dried at 70
°C (12 mbar) for at least 24 h. In the case of experiments no.
11, Table II, and no. 7, Table IV, the solid monomers were mixed
and heated under nitrogen. The resulting solid foam of the
copolypeptide was powdered, dissolved in a mixture of 20 mL of
trifluoroacetic acid and 60 mL methylene chloride, and precip-
itated from 800 mL of diethyl ether.

Measurements. The 36.48 MHz natural abundance *N NMR
spectra were measured on a Bruker WH-360 (magnetic field
strength 84 kG = 8.4 T) at 30 °C. For all spectra the inverse-gated
H decoupling technique and the same acquisition parameters
were used (Figure 1B). One gram of copolypeptide dissolved in
4-5 mL of trifluoroacetic acid (TFA) was measured in 15-mm
diameter sample tubes. A coaxial 5-mm tube containing D;0
served for lock purposes and the NO;™ ion of a "NH,~!5NO;
solution in D40 for shift referencing. The 9.12 MHz YN NMR
spectrum of Figure 1A was obtained on a Bruker WH-90 (magnetic
field strength 21 kG = 2.1 T) at 30 °C with continuous broad-band
1H decoupling. Copolypeptide (1.5 g) dissolved in 7 mL of tri-
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fluoroacetic acid was measured in a 20-mm diameter sample tube
with a coaxial 5-mm tube containing D,0 for lock purposes. The
NOE measurements were carried out with 1.2 g of (Gly), con-
taining 10% ®N in 9 mL of TFA at 30-32 °C in 20-mm sample
tubes with a coaxial 5-mm tube containing D,0. A pulse width
of 40 us (ca. 40°), 1K data points/600 Hz spectral width, and a
delay time of 6.0 s (in the case of gated 'H decoupling) were used,
and 1000 transients were accumulated.

The 'H NMR spectra were measured with a Bruker WH-90
in 5-mm sample tubes. Solutions of 60 mg of copolypeptide in
0.6 mL of deuterated TFA were used, and internal Me,Si served
for shift referencing. Neighboring residue effects were not found
in these 'TH NMR spectra.

Results and Discussion

Spectroscopic Conditions for N NMR Sequence
Analysis. A spectroscopic sequence analysis requires (I)
that the signals of the individual monomer units are well
resolved and assigned and (II) that the signal intensities
reflect the concentration of the monomer units in the co-
polymer. Figure 1A demonstrates that condition I is al-
ready fulfilled for a glycine and valine containing copoly-
peptide when the 9.12 MHz N NMR spectra are mea-
sured. Figure 5 shows, on the other hand, that for a gly-
cine/leucine copolypeptide a magnetic field strength >21
kG (2.1 T) is necessary to obtain satisfactory resolution.
However, even in cases where resolution is not the limiting
factor, spectra measured at a frequency of 9.12 MHz are
not useful for the 5N NMR sequence analysis because of
an unfavorable combination of nuclear Overhauser effect
(NOE) and signal-to-noise ratio. When the NOE is elim-
inated by applying the inverse-gated 'H decoupling tech-
nique, the signal-to-noise ratio is too low for a quantitative
evaluation of the spectra even with data accumulation over
a period of 24 h. With continuous broad-band 'H decou-
pling, an acceptable signal-to-noise ratio is achievable;
however, condition II is never fulfilled because blocks of
aminoacyl units with bulky side chains have a lower NOE
than those with small substituents. Thus, the signal in-
tensity of the (Val), block in Figure 1A is only ca. 60% of
that of the (Gly), block, although 'H and *C NMR spectra
indicate that the Gly-Val ratio in this copolypeptide is
1.1/1 (see experiment no. 7, Table IV). Thus, we can
conclude that the NOE of the (Val), blocks in the co-
polypeptide of Figure 1A is only 60-70% of that of the
(Gly),, blocks. At 9.12 MHz comparing the inverse-gated
decoupling technique with a continuous broad band de-
coupling, we found a NOE of -3.3 to -3.5 for two poly-
glycine samples with polymerization degrees in the range
of 50-90, measured under the same conditions as that of
the copolypeptide of Figure 1A. Hence, the NOE of the
(Val), blocks are in the range of —2.0 to ~2.5. According
to the NOE—correlation time (r.) relationship calculated
for 9.12 MHz spectra, the NOE values correspond to ef-
fective isotopic correlation times of ca. 0.8 X 1071 g for
(Gly),, blocks and ca. 2.0 X 107° s for the (Val), blocks
(Figure 2). Thus, small differences in segmental mobility
cause large differences in the NOE for correlation times
in the range 108-10s. Consequently, signal intensities
reflecting the mole ratio of the monomer units are only
expected for magnetic fields <0.7 T or >20 T, because then
polypeptides of all common amino acids should show the
maximum NOE (-3.9) or the minimum NOE (+0.9).
However, at a magnetic field strength of <0.7 T resolution
would never by sufficient, and 20-T magnets are currently
not available. Hence, only the currently available super-
conducting NMR spectrometer with field strength in the
range 4.2-9.4 T and the application of the inverse-gated
IH decoupling technique allow a satisfactory N NMR
sequence analysis of copolypeptides (Figure 1B). Mea-
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Figure 2. Calculated 1°N {{H} NOE enhancement factor (signal
intensity with continuous decoupling/signal intensity with inverse
gated decoupling) as a function of the isotropic rotational cor-
relation time r, for two resonance frequencies. Dashed lines
indicate the estimated “effective” 7, corresponding to the NOE
observed at 9.12 MHz for (Gly), and (Val), blocks in poly(Gly/
Val).

surements of other copolypeptides have shown that the
problems discussed here for (Gly/Val), exist likewise for
other copolypeptides of glycine and «-amino acids with
space filling side chains, such as leucine, N«Z-lysine, v-
methyl glutamate, or S-benzylcysteine. Copolypeptides
of glycine and $-alanine units are devoid of side chains.
In this case the segmental mobilities of (Gly), and (Ala),,
blocks are nearly identical, and continuous broad-band 'H
decoupled *N NMR spectra are useful for the sequence
analysis.2 This is also true for copolypeptides of valine and
leucine since the bulkiness of the side chains of both amino
acids is comparable. A N NMR investigation on the
copolymerization of Val-NCA and Leu-NCA will be re-
ported in part 25 of this series.

Quantitative Evaluation of the Spectra. An NMR
spectroscopic sequence analysis of a binary copolypeptide
can in principle follow two paths. If the NMR spectra only
aliow one to determine quantitatively the ratio of the two
monomer units A and B, no sequence information is ob-
tainable from a single copolypeptide. However, if several
copolymerizations are carried out with the same pair of
monomers at various mole ratios but under identical re-
action conditions, then eq 1 can be used to calculate the

[A] 1+ ra([A’]/[B])
[B] ~ 1+ rg([B]/[A])

copolymerization parameters r, and rg. This kind of se-
quence analysis follows in principle the method first used
by Mayo and Lewis for their investigation of the radical
copolymerization of vinyl monomers® and, thus, will be
called here the “classical method”. This kind of sequence
analysis is achievable for all binary copolypeptides by
means of high-resolution 'H NMR spectroscopy, because
only one signal of A and one signal of B must be well
resolved to allow a quantitative determination of the
[A]/[B] ratio {[A], [B] are the mole concentrations of the
monomer units A and B in the copolymer (relative to the
molar sum of A and B), and [A’], [B’] are the mole con-
centrations of the monomers A’ and B’ in the reaction
mixture}.

15N NMR spectra (36.48 MHz) of many copolypeptides
offer the advantage that the four different kinds of peptide
linkages present in a binary copolypeptide show individual
signals (Figures 1 and 3-6). Two of these signals represent

1)
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Figure 3. Natural abundance 36.48 MHz "N-NMR spectra of
(Gly/y-MeGlu),, in TFA, measured with inverse gated 'H de-
coupling: (A) experiment no. 3, Table I (40000 transients); and
(B) experiment no. 2, Table I (22000 transients).
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Figure 4. Natural abundance 36.48 MHz *N-NMR spectrum
of (Gly/S- -BzlCys),, from experiment no. 7, Table II, in TFA,
measured with inverse gated 'H decoupling (20000 transuents)
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Figure 5. Natural abundance 36.48 MHz *N NMR spectrum
of (Gly-Leu), from experiment no. 4, Table III, in TFA, measured
with inverse gated 'H decoupling (15000 transients).

the homogeneous blocks or in other words the A-A and
B-B bond. They can be easily assigned by comparison
with the signals of the corresponding homopolypeptides,
as long as both homo- and copolypeptides possess identical
secondary structures in solution. The signals of the A-B
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Figure 6. Natural abundance 36.48 MHz *N NMR spectra of
(Gly/Val), in TFA, measured with inverse gated 'H decoupling:
(A) experiment no. 1, Table IV (20000 transients); and (B)
experiment no. 6, Table IV (20000 transients).

and B-A bonds are characterized by equal intensities,
because the reaction between the active chain end A and
monomer B’ and the reaction between chain end B and
monomer A’ must have equal ratios. From the intensity
ratios of the four peptide signals three kinds of parameters
characterizing the sequence can be calculated. These
parameters are (1) the average length of the homogeneous
blocks computable from eq 2, (2) the copolymerization

Ly=Um/Iea)+1,  Lg=Ugp/Inp) +1 (2

parameters (or reactivity ratios) which are directly ob-
tainable from the signal intensities of one single sample
according to eq 3, and (3) the run number, previously

Vi kaaldl L han LB
Vaz  EanlB1 Ind " Ran LialA]
Ves _ kee[B'l _Igg ks _ IgslA]
Vea  kealA]  Ing’ St kpa  IpalB]
defined by Haarwood,® which can be calculated either by
eq 4 or 5. The following definitions are used for these

@)

- 200
R = ¥ TAIAl/[B] + ralBl/[A] @)
R = 100 H)—Q(only for [A] = [B]) 5)
I Ly

equations: Isa, Ipg, Iap, Ipa = the signal intensities of the
peptlde bonds A—A, B—B, A—B, B—A; VAA) VBB: VAB! VBA
= the reaction rates of the four growing steps leading to
the peptide linkages A—A, B-B, B-A, A-B; and ky,, kgp,
kap, kpa = the reaction constants of the four growing steps.
Thus, the 5N NMR sequence analysis allows a rapid and
simple determination of several parameters characterizing
the copolymerization for two NCA’s and the sequence of
the resulting copolypeptide. Of course, the accuracy of the
I, r, and R values is dependent on the signal-to-noise ratio,
and therefore it is not better than +0.07, when natural
abundance N NMR spectra are measured. The low
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signal-to-noise ratio would seriously affect the usefulness
of N NMR sequence analysis if a combination with the
TH NMR spectroscopy did not expand the range of ap-
plication. As mentioned, the [A]/[B] ratio of all copoly-
peptides is easily and accurately measurable by 'H NMR
spectra, and this ratio equals that of the block lengths (eq
6). This relationship has valuable applications.

((A]/[B))("H NMR) = (L,/Lp)(**N NMR)  (6)

First the accuracy of the N NMR measurements can
be checked by the more accurate 'H NMR spectra. Sec-

ond, one block length (e.g., Lg) and the corresponding
copolymerization parameter (rg) can be calculated even
if the corresponding N NMR signal (Igg) is not directly
measurable. This is the case when monomers of different
reactivities (e.g., ra > 1, rg < 1) are copolymerized, so that
the conversion is kept below 50-70%. Such an experiment
leads to a copolymer with a low, eventually not measurable
concentration of B-B bonds, as demonstrated by Figures
5 and 6A (experiments no. 4, 5, and 11, Table III, and no.
1-5, Table IV). Another case, which requires the appli-
cation of eq 5, results from 1N NMR spectra, where the
signal of one of the homogeneous blocks (e.g., Igg) is very
broad while the other signal (,,) is relatively sharp. The

calculation of LB from L, and eq 5 is then more accurate
than the direct measurement of Ly, a situation found in
experiment no. 1 and 3, Table II, and no. 1, 3, and 10,
Table III.

Limits of the ’N NMR Sequence Analysis. The
accuracy of the copolymerization parameters determined
from N NMR spectra according to eq 3 or calculated by
the classical methol 1 is affected by a kinetic feature of
the NCA polymerization. The polymerization degree of
the polypeptides depends more or less on the conversion,
no matter what kind of catalysis was used.5® If the two
copolymerization parameters are different, the composition
of the copolypeptlde ([A]/[B]) depends strongly on the
conversion. Hence, the accuracy of the copolymerlzatlon
parameters must increase with decreasing conversion (for
this reason, those r values calculated from high conversions
are given in brackets in Tables I-IV). However, in ex-
periments with conversions below 15%, a substantial
fraction of the reaction products are oligopeptides which
may vary in their solubilities. In this case, precipitation
can lead to fractionation and to a partial crystallization
of the least soluble, unreacted NCA which finally un-
dergoes postpolymerization. This conflict between theo-
retical advantage and experimental problems of low con-
version does not exist in radical copolymerization of vinyl
monomers to which the classical method was originally
applied because the radical polymerization of vinyl mo-
nomers yields high polymerization degrees even at very low
conversions.

Another problem inherent in the NCA polymerization
is the complexity of the polymerization mechanism. Each
growing step is a sequence of three or four individual re-
action steps: (a) addition of a nucleophilic (amino chain
end, carbamate chain end or NCA anion) onto the carbonyl
group C-5 of a NCA (eq 7 and 11) or N-acyl-NCA chain

T——CHR—-CO—-NH—R‘
HN CHR g L _—
oc., O/co | 2
OH
NHp——CHR—CO—NH—R"' (7)

end (eq 10); (b) elimination of a carbamate ion from this
transition state; (c) protonation of the carbamate group
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Table 1
Reaction Conditions and Results of the Copolymerization of Gly-NCA with v-Me-L-Glu-NCA

reactiv ratio?

block lengths

Gly )

Gly-NCA/
Glu-NCA¢

time, yield,
Gly/Glu®

temp,

Glu

Gly

Glu

solvent °C h %

NCA? catal.

cat. + cocat.

no.

o~~~ _
VAW =0
e A A O

cCZC c

—~—~— —~
Lo NLOO -
e A N

N e’ g’ N’

18 © 0y 0 Ny
NN NN NN N

OEmERIROoH
Nadoiaed

1.0/1
1.0/1
2.1/1
1.0/1
1.0/1
2.3/1
1.2/1
1.0/1
0.9/1
¢ 4-Chlorophenyl isocyanate (NCA/CPI = 80:1).

42
85
86
63
29
31
25
24
74

4
24
24
24
24
24
24

4
24

20
20
20
20
20
20
20
20
20

dimethylformamide
dimethylformamide
dimethylformamide
dimethylformamide
dimethylformamide
dioxane

dimethylformamide
dimethylformamide
dimethylformamide

85/1
100/1
100/1
100/1
100/1
100/1
100/1

85/1
85/1
b Margin of error: ca. +0.07 for values <2.0 and +0.15 for values >2.0.

diisopropylamine
triethylamine + CPI
triethylamine + CPI

benzylamine
benzylamine
benzylamine
diethylamine
triethylamine
triethylamine

1/1
1/1
2/1
1/1
1/1
1/1
1/1
1/1
1/1

HANNMFIO O~

@ Mole ratios.
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(except in the case of the carbamate mechanism (eq 11);
and (d) decarboxylation.

Which of these individual reaction steps is rate deter-
mining is not yet clear and may be different for the various
reaction mechanisms. Futhermore, it must be considered
that two different propagation mechanisms can contribute
to the chain growth more or less simultaneously. For
example, the primary and secondary amine-initiated po-
lymerization can initially proceed mainly via carbamate
chain ends (eq 11) until the initiator which stabilizes the
carbamate groups is consumed by the start reaction (eq
7). Afterwards, the polymerization will proceed predom-
inantly via amino chain ends. In the case of the base-in-
itiated NCA polymerization, an initial chain growth in-
volving NCA anions and N-acyl-NCA chain ends
(“activated monomer mechanism”, eq 8-10) can be par-

HN——CHR , TIN—CHR

! [ 4+ NR3 —= HNRz + | | 8

0C.. ;€0 3 s P00 L0 ®)

HN—CHR jllﬁ-—CIHR
4

| .
0C. ,~CO=""0C, ,.CO

—

HN—CHR~CO—N—(|:HR (9)
I
co co
0—¢C ~o0”
N
J'0
-*CO—-I;I——(l:HR ,|RII—C|HR ot
4 —ga
CoO=-""0C O -COz
N ~o-

—C0—NH—CHR—CO—=N——CHR (10)

0C L0

alleled or followed by a propagation via carbamate chain
ends (eq 11) because the starting reaction 9 produces

HN—CHR—CO~—

HN—— CHR
+ 0—C —_—
oCw ~ -CO ~\ CO2
0 N II
0
HN—~— CHR—CO —NH—-——CHR—CO~ (11)
o—¢C
|
o]
HT—C\HR
AN——CHR
| | = 00— CO—N 12
oc. ,C0 +vO) = o—\cl ) :Q> (12)
- ’,o

electrophilic and nucleophilic chain ends and because the
electrophilic N-acyl-NCA chain ends disappear in the
course of the polymerization.?? In addition to that, it must
be taken into account that the rate constants k, and kpg
of copolymerization are in most cases not identical with
those of the homopolymerization of monomer A or B, even
if only one propagation mechanism is operating. The
reason for this is the heterogeneous course of nearly all
NCA polymerizations. First, the polymerization degree
at which the growing oligopeptides precipitate from the
reaction medium can be different for homo- and copoly-
peptides. Since the steric environment of the active chain
end in the precipitated material is different from that in
the dissolved oligomers, precipitation can markedly in-
fluence the reaction rate. Second, the secondary structure
which is well known to affect the polymerization rate!® may
be different for homo- and copolypeptides of the same
monomers. Finally, it should be pointed out that in the
case of the activated monomer mechanism 8-10 the rate
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of incorporation not only depends on the reactivity of the
NCA anions but also on their concentration. The con-
centration of these anions depends in turn on various
parameters, e.g., N-H acidity of the monomers and the
nature of the solvent.

All of these arguments demonstrate that the co-
polymerization parameters calculated from eq 3 do not
have a simple kinetic significance as is true for the co-
polymerization of vinyl monomers. In the case of NCA
copolymerizations, the r values have only a formal char-
acter and should be considered as “effective reactivity
ratios”. Nonetheless, these effective reactivity ratios
provide worthwhile information for preparative purposes
and allow one to study and to compare the influence of
monomer structure and reaction conditions on the course
of copolymerizations.

The above discussion demonstrates also that most
problems with which an NMR spectroscopic investigation
of NCA copolymerizations is confronted are inherent in
the NCA polymerization and not in the spectroscopic
analysis itself. Furthermore, we should like to emphasize
that the "N NMR method possesses distinct advantages
over the classical method: (A) One copolymerization ex-
periment is in principle sufficient to determine the re-
activity ratios. (B) The accuracy of the reactivity ratios
is not affected by high conversions, if r, and rp are equal
and the initial monomer concentrations are also equal. (C)
When the copolymerization parameters are different (e.g.,
ra > 1, rg < 1), the error of the calculation according to
eq 3 is systematic and its direction is predictable. With
increasing conversion the higher value (r,) becomes lower,
while the lower parameter (rg) becomes too high. This
situation is demonstrated by experiments no. 7/8 and 9/10,
in Table II, no. 1/2,7/8, 9/10, and 11/13, in Table III, and
no. 5/6, in Table IV. (D) Any individual sample of a
copolypeptide can be characterized by the average length
of the homogeneous blocks (eq 2). This characterization
of the sequence is neither dependent on the conversion of
a copolymerization nor does it require the knowledge of
accurate copolymerization parameters. This aspect is im-
portant, because for many purposes high conversions are
desirable, since both polymerization degree and yield in-
crease with the conversion.

Thus, we come to the conclusion that this new method
of sequence analysis represents an improvement compared
with earlier methods, even if it is not highly accurate.
Finally, it should be pointed out that this new kind of *N
NMR and 3C NMR sequence analysis can be successfully
applied to many other copolymers such as copolyamides
prepared from lactames®'® or copolyesters obtained from
lactones.!!

Results of the Copolymerization Experiments. In
a previous paper we have reported that the co-
polymerization of Gly-NCA with Ala-NCA can be inves-
tigated by means of 13C NMR spectroscopy,'? while other
copolypeptides by glycine are not amenable to a *C NMR
sequence analysis. In this work y-MeGlu-NCA and S-
BzICys-NCA were chosen as reaction partners for Gly-NCA
because they were expected to possess a reactivity that is
slightly lower than Ala-NCA but higher than Leu- and
Val-NCA. Furthermore, both monomers possess hetero-
atoms in their side chains, while the side chains of both
Leu-NCA and Val-NCA are free of hetereoatoms but
branched. An interesting difference between the four re-
action partners of Gly-NCA concerns the secondary
structure of their polypeptides. The polymerization of
Leu-NCA and v-alkylGlu-NCA’s leads to helical poly-
peptides while poly(S-BzlCys) prefers the pleated sheet
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structure, in analogy to polyvaline. Thus it was our in-
tention to investigate the influence of the reaction con-
ditions, as well as the influence of the secondary structure
of the growing peptide chains, on the sequence of the
copolypeptides.

The reaction conditions were selected with respect to
the following mechanistic considerations. Primary amines
are known to initiate the polymerization via a nucleophilic
attack, and the propagation proceeds via analogous reac-
tion steps involving an amino end group.” Secondary
amines with relatively small substituents, such as di-
ethylamine, are expected to behave analogously, while
secondary amines with bulky substituents behave similarly
to trialkylamines.!*'® Triethylamine initiates the polym-
erization of N-unsubstituted NCA’s by deprotonation’16
(eq 8) and the reaction of the resulting NCA anions with
protonated monomers leads initially to a dimer (eq 9)
which can continue its chain growth in two different ways.
One possible propagation reaction is the so-called
“activated monomer mechanism” (eq 10)!7!° resulting
from the nucleophilic attack of NCA anions onto the
N-acyl-NCA end group of the growing chain. This
mechanism is favored by polar solvents such as di-
methylformamide, dimethylacetamide, or acetonitrile,
because the equilibrium (eq 8) is shifted to the right. The
“a.m. mechanism” is, furthermore, favored by the addition
of electrophilic cocatalysts such as N-acyl-NCA'’s or iso-
cyanates because then the formation of nucleophilic chain
ends such as the carbamate or amino group is prevented.’
In less polar solvents such as dioxane and in the absence
of electrophilic cocatalysts, the propagation proceeds
predominantly via carbamate chain ends (eq 11)% because
the concentration of NCA anions is extremely low and
because the initially formed N-acyl-NCA end groups dis-
appear during the first stages of the polymerization. Ex-
perimental evidence for the instability of the N-acyl-NCA
end groups and a discussion of the reactions leading to
their dissappearance in the course of the polymerization
were presented previously.”?! Compared with triethyl-
amine, pyridine is a weak base but a good nucleophile. In
high concentrations, pyridine can behave like a base, but
nucleophilic attack leading to a zwitterion is also possible
as demonstrated for several N-substituted NCA’s and
NTA’s.® Since the formation of the zwitterions is followed
chiefly by a propagation via the carbamate mechanism (eq
11), pyridine favors more than does triethylamine a chain
growth via the carbamate mechanism. Experimental ev-
idence for this assumption is presented by a SN NMR
spectroscopic investigation of stereospecifity of the NCA
polymerization.?? Finally, it should be mentioned that a
rapid polymerization of NCA is achievable by heating the
pure monomers above 100 °C. Experiments no. 11, Table
IT, and no. 7, Table IV (Figure 1), demonstrate that under
these conditions also copolypeptides are obtainable.
However, the reaction mechanism of this “thermal
polymerization” is unknown.

When the results of Table I are compared with those of
Table II, the two following general conclusions can be
drawn. First, v-MeGlu-NCA is nearly as reactive as Gly-
NCA, while S-BzICys-NCA is slightly less reactive. The
lower reactivity of S-BzlCys-NCA is obviously a conse-
quence of the more bulky side chain. Second, the primary
and secondary amine-initiated copolymerizations of Gly-
NCA and y-MeGlu-NCA show a weak tendency to produce
block copolymers under all conditions except in experiment
no. 6 (Table I). There may be two reasons why in many
experiments both copolymerization parameters are found
to be >1. First, one monomer is much more reactive than
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the other (ry > 1; rg < 1), but r4 and rg are calculated from
an experiment with high conversion. A copolypeptide from
such a copolymerization possesses long blocks resulting
from the less reactive monomer which must undergo
homopolymerization, when the more reactive one is con-
sumed. This situation is found when Gly-NCA is co-
polymerized with Leu-NCA or Val-NCA. However, in such
cases rg is sensitive to the conversion, as demonstrated by
several experiments in Tables III and IV. The low or
moderate conversion of experiments no. 4 and 5, in Table
I, and the comparison of experiments no. 1 and 2, in Table
I, indicate that in the case of v-MeGlu-NCA r, and rg are
>1 independent of the conversion. A similar preference
for the formation of homogeneous blocks was not found
in the experiments with S-BzyCys-NCA'’s and, thus, one
may speculate that the formation of short helical blocks
of Glu units is responsible for the predominant formation
of homogeneous blocks in the experiments of Table I.
However, the copolymerization of Gly-NCA with Ala-
NCA®? and with Leu-NCA (Table III) does not show an
analogous tendency, although sequences of Ala and Leu
units also prefer to adopt a helical secondary structure.
Hence, a general relationship between the preferred sec-
ondary structure of polypeptides and the copolymerization
parameters of the corresponding NCA’s is not detectable
at the current stage of our studies. When the experiments
with diethylamine and diisopropylamine (no. 4 and 5,
Table I, and no. 3, Table II) are compared with those
carried out with primary amines or triethylamine, no exact
agreement is found. This result is not surprising, since
secondary amines can behave as nucleophiles (eq 7) and
as bases (eq 8 and 9), so that the copolymerization pa-
rameter may be sensitive to the nature of the amine and
to the nature of the NCA’'s. More interesting are the
results obtained with triethylamine as catalyst. In the case
of v-MeGlu-NCA and Leu-NCA, the use of a polar solvent
plus a cocatalyst (no. 8 and 9, Table I, no. 8, Table III)
leads to pairs of copolymerization parameters which are
rather different from those obtained in dioxane in the
absence of a cocatalyst (no. 6, Table I, no. 3 and 4, Table
IIT). Obviously the “a.m. mechanism” was operating in
the former case while the “carbamate mechanism” was
predominant under the latter conditions. As expected,
these experiments carried out in polar solvent without
cocatalyst or in dioxane with cocatalyst show an inter-
mediate behavior (no. 7, Table I, no. 6 and 7, Table III).
Surprisingly, the triethylamine-catalyzed experiments with
S-BzlCys-NCA and Val-NCA do not show a similar sen-
sitivity to the reaction conditions. However, all four series
agree in that the addition of a cocatalyst to the triethyl-
amine-catalyzed copolymerization in polar solvents leads
to a remarkable acceleration of the polymerization. This
result indicates that in all of these experiments (no. 8 and
9, Table I, no. 5 and 6, Table II, no. 8, Table III, and no.
3, Table IV) the “a.m. mechanism” was operating. This
conclusion does not exclude the fact that other mecha-
nisms, e.g., the carbamate mechanism (eq 11), have also
contributed to the conversion, yet to a lesser extent than
the “a.m. mechanism”. Noteworthy with respect to
preparative purposes is the observation that for both nearly
ideal binary systems Gly/Glu and Gly/Cys, azeotropic

copolymerizations are found when triethylamine is used

as the catalyst in combination with dimethylformamide
(no. 8 and 9, Table I, and no. 4-6, Table II). For the
Gly/Leu and Gly/Val ideal systems, azeotropic co-
polymerizations were not found; however, also in these two
cases the use of triethylamine in dimethylacetamide led
to smaller differences between ry and rg than all other
conditions. In other words, those conditions favoring the
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“a.m. mechanism” also favor reactivity ratios near 1. A
further confirmation of this conclusion will be presented
in a later part of this series for the copolymerization of
Leu-NCA with Val-NCA. When pyridine is used as the
catalyst, the results differ largely from those obtained with
triethylamine, because the largest differences of r, and rg
were here observed regardless of the comonomer used for
Gly-NCA (no. 7, Table II, no. 11, Table III, no. 4 and 5,
Table IV). Furthermore, it is noteworthy that the addition
of 4-chlorophenyl isocyanate (CPI) does not have a distinct
effect on the reactivity ratios and on the polymerization
rate. Since pyridine is known to cause dimerization and
trimerization of isocyanates, such side reactions of the
cocatalyst are supposedly responsible for the above men-
tioned observation.

Finally, it should be pointed out that in the case of
Gly/Leu and Gly/Val all copolymerizations reflect a large
difference of reactivity between Gly-NCA and its como-
nomers. A lower reactivity of Leu-NCA and Val-NCA was
expected, because their bulky side chains cause a steric
hindrance to reactions of the nitrogen and of the carbonyl
group C-5. The obvious consequence of largely differing
reactivities is the formation of copolypeptides with block
structure as demonstrated in Figures 5 and 6. Thus, it
turns out that not only the reaction conditions but also
the nature of the NCA’s have a strong influence on the
sequences of copolypeptides prepared from NCA’s.

Conclusion

The present studies show that 36.48 MHz natural
abundance *N NMR spectra allow one to investigate the
copolymerization of Gly-NCA with other a-amino acid
NCA'’s and to characterize the sequence of any individual
copolypeptide obtained from these copolymerizations. The
15N NMR sequence analysis is based on the fact that all
four different kinds of peptide groups present in a binary
copolypeptide show different signals. The N NMR
spectra of the four different copolypeptides investigated
in this work display similar signal patterns, because the
B-Gly bond resonates in all cases downfield of the Gly-Gly
bond, while the Gly-B bond absorbs upfield of the B-B
bond (Figures 3-6). These signal patterns agree with those
of the glycine containing sequence polypeptides reported
previously,'? and they also agree with the results of our not
yet published study on neighboring residue effects in ol-
igopeptides. The quantitative evaluation of the N NMR
and H NMR signals allows the calculation of average
block lengths and of reactivity ratios. These parameters
may be used to study the influence of the monomer
structure and of the reaction conditions on the course of
copolymerizations and on the sequence of the resulting
copolypeptides.

The sequences of most copolypeptides obtained in this
work and in a previous investigation on Gly-NCA/Ala-
NCA*2 reflect the reactivities of the involved monomers:
Gly = Ala = y-MeGlu > S-BzICys > Leu > Val. Different
reactivities have the consequence that copolymers with a
block structure are formed (e.g., the Gly/Val system), while
equal reactivities favor the formation of random sequences
(e.g., the Gly/Ala system). However, it must be empha-
sized that monomers with equal r values can also form
block copolypeptides, if both r values are substantially
greater than 1. Such a tendency—although weak—is ob-
servable for the system Gly-NCA/y-MeGlu-NCA (Figure
3).

The above order of reactivities is based on the effective
reactivitiy ratios of all experiments of a binary system
initiated by primary and secondary amines or by pyridine.
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Because the reactivities are averaged over experiments
carried out under different conditions, the reactivity found
in an individual experiment may deviate from this order.
Strong base-initiated copolymerizations are principally not
useful to establish an order of reactivities, because the rates
of incorporation not only depend on the reactivity of the
reactants but also on the concentration of NCA anions, on
the stability of the N-acyl-NCA chain ends, and on which
mechanism is predominant. An exact comparison of two
binary systems requires, of course, the reaction conditions
and the conversion to be identical. Anyway, it is con-
spicious that a comparison of the bulkiness of the NCA
side chains leads to a similar order of aminoacyl units: Gly
< Ala < ¥-MeGlu < S-BzlCys < Leu < Val. Thus we
conclude that the steric effect of the side chains and the
positive inductive effect of aliphatic substituents which
lowers the electrophilicity of the NCA carbonyl group C-5
are the main factors that govern the effective reactivities.

Finally, it should be noticed that above all the tri-
ethylamine-initiated copolymerizations are sensitive to
various parameters, e.g., polarity of the solvent or addition
of cocatalysts. Obviously, these parameters have a strong
influence on the reaction mechanisms in agreement with
our previous observations.?? Furthermore, it is note-
worthy that the pyridine-initiated copolymerizations be-
have differently from the triethylamine-initiated ones but
resemble the primary amine-initiated experiments. An
analogous observation has been made in the case of the
copolymerization of enantiomeric NCA’s.22 Thus, one can
conclude that the chain growth of the pyridine-initiated
polymerizations proceeds predominantly via nucleophilic
chain ends and not by the activated monomer mechanism;
yet this conclusion is tentative and deserves further con-
firmation. In this connection it should be mentioned that
these results also agree with those obtained in our inves-
tigation of the copolymerization of Gly-NCA and §-Ala-
NCA.2 Whatever is the correct mechanistic interpretation,
the results of the present and of our previous study? clearly
demonstrate that the copolymerization of amino acid

NCA’s is influenced by various factors. The sequences of
copolypeptides obtained from NCA'’s are, therefore, not
always random as assumed by several authors investigating
the properties of copolypeptides without characterization
of the primary structure.
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ABSTRACT: The observation of proton spin-lattice relaxation times (7';’s) as a function of static magnetic
field strength or Larmor frequency is considered as an approach to extend the dynamic range sensed in nuclear
spin relaxation studies. Direct experimental measurements over a wide frequency range are needed because
of the complicated character of local motions in chain molecules, and the utility of the proposed procedure
is tested by conducting high resolution pulse Fourier transform proton T studies on three dissolved polymers
as a function of Larmor frequency over the range 20-90 MHz. For polyethylene dissolved in decalin, 7 is
nearly independent of Larmor frequency, while for both polycarbonate and poly(phenylene oxide) in CDCl,,
T, displays an appreciable dependence. In all three cases the field or frequency dependence can be accounted
for in terms of a dynamic description based on motions likely in the respective polymers. The interpretations
are also consistent with carbon-13 relaxation observed under the same conditions. Since both carbon-13 and
proton data are acquired with a single spectrometer and yet the spectral density is probed from 20 to 180
MHz, greater confidence in the significance of dynamic model parameters is achieved relatively easily.

Models used to interpret nuclear spin relaxation in terms
of local chain motions frequently involve several param-
eters.!? These parameters correspond to a number of
exponential correlation times reflecting motion over a fairly

0024-9297/80,/2213-0095$01.00/0

wide range of time scales. In order to determine model
parameters with some certainty, thereby testing an in-
terpretational model, an extensive set of spin relaxation
measurements is required.? The most common ap-
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