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Table I
Crude Polymer
Ir Anal.®
Ti:(—)-

C10H1gOH:Al % %o % [2]5462° Polymer Time

Catalyst System@ Molar Ratio Cis  Trans 3,4 (deg)c (g) (Days)
Al(C2Hx)3-(—)-Ti(OC10H19)4 1:4:7 73 17 10 -6.5 1.16 12
Al(CH2CgHj5)3-(=)-Ti(OC10H19)4 1:4:7 nd nd nd ~=5 0.03 24
Ti(CH;CgHs)4~(—)-C10H190H 1: 53 35 12 ~0 0.11 10
Ti(CH2CgHs)4-Al(CH2CeHs)3-(~)-C10H190H 1:1:1 66 23 11 +3.0 0.11 5
Bimetallic compound-(—)C;0H190H 1:1.06:1.5 66 22 12 +4.5 0.33 3
Bimetallic compound-Al(CH2CsHs)3-(—)-C10H190H 1:4.2:7.9 69 20 11 -3.7 0.73 7

2 The polymerizations were run at 0° in toluene (25 ml) solution by using 0.6 X 10-3 mol of Ti and 6 g of trans-1,3-pentadiene. ® Deter-

mined as described in literature.” ¢ Determined in n-hexane solution.

benzyltitanium derivatives.2 The table shows the results
s0 obtained compared with the results of a typical poly-
merization carried out using Natta’s catalyst.

The most important facts are as follows. (1) The combi-
nation of tetrabenzyltitanium with (—)-menthol gives rise
only to traces of polymer having a negligible optical activ-
ity (if any). (2) Very low polymer yields are also obtained
using catalyst systems consisting of (—)-titanium tetra-
menthoxide and tribenzylaluminum. (3) A catalyst was
formed by reacting a bimetallic compound containing Ti-
C-Al bonds, prepared according to Zucchini from
tetrabenzyltitanium and tribenzylaluminum,? with one
(=)-menthol molecule. This catalyst yielded an optically
active polymer having a mainly cis-1,4 isotactic structure,
similar to that obtained in the presence of Natta’s cata-
lyst, but surprisingly the sign of rotation is (+) instead of
(—). A lower yield is obtained if a mixture of tetrabenzyl-
titanium, tribenzylaluminum, and (—)-menthol is used as
the catalyst system. (4) The sign of rotation of the poly-
mer can be reversed by addition to the above catalyst of
Al(CH2CgHs)3 previously allowed to react with the correct
amount of (—)-menthol to achieve the same Ti-Al-men-
thol molar ratio as in the Natta’s catalyst system.3

These findings probably mean that at least two types of
catalyst complexes of different structure exist in the cata-
lyst. Their relative amount depends on the stoichiometry
of the whole catalyst system. Both types of catalyst com-
plexes show the same stereospecific behavior, but opposite
signs of asymmetric induction. In addition the bimetallic
compound seems to be a catalyst precursor.

The reason that the (—)-titanium tetramenthoxide-
triethylaluminum mixture is an active catalyst system,
while the (—)-titanium tetramenthoxide-tribenzylalumi-
num is not, probably lies in the fact that in the former
case the formation of a bimetallic compound through
elimination of ethane is easier than in the latter case,
which involves toluene elimination. In the latter case, the
bimetallic compound must therefore be formed by reacting
tetrabenzyltitanium with tribenzylaluminum, as described
by Zucchini and Giannini.?

Experimental Section

trans-1,3-Pentadiene was prepared by thermal decomposition of
the sulfonet and purified by distillation over sodium hydride.
Benzyltitanium derivatives, tribenzylaluminum, and titanium
menthoxide were prepared according to the literature.2.5.8 The

(2) U. Zucchini, E. Albizzati, and U. Giannini, J. Organometal. Chem., 26,
357 (1971). )

(3) Similar results had been previously achieved in the methyl sorbate
trans-1,4 polymerization; M. Farina, private communication.

(4) D. Craig,J. Amer. Chem. Soc., 65, 1006 (1943).

(5) R. Koster and G. Bruno, Justus Liebigs Ann. Chem., 629, 102 (1960).

(6) M. Farina and G. Bressan, Rend. Ist. Lomb. Sci. Lett. A, 94, 593 (1960).

(—)-menthol was a Fluka product, [a]s462° —45°. The solvent was
dried by distillation over LiAlH4.? The polymerization was run
under nitrogen atmosphere.
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Far-Infrared Spectra of
Copoly(vy-benzyl p,L-glutamates) and Sequential
Copolymers of y-Benzyl p- and L-Glutamates

Conformation of copoly(p,L-a-amino acids) has been
studied with regard to the effect on the backbone struc-
ture of p- and L-amino acid residues in a single polypep-
tide chain.l Wada2 and Tsuboi et al.3 synthesized copoly(y-
benzyl p,L-glutamates) with various p- and L-residue ra-
tios (PBD,LG) by the N-carboxyanhydride method and
studied their conformation by means of dielectric disper-
sion,? infrared spectroscopy, and X-ray diffraction.? They
found that each chain of the meso copolymers of y-benzyl
D- and L-glutamates has a random-coil portion and an «a-
helix portion and that the latter consists of the L and b
residues with the ratio of p:L = 5:1 or 1:5. Based on this
finding, they also proposed a simplified polymerization
mechanism to this copolymer. Recently Heitz and Spach#
synthesized poly(y-benzyl-p-glutamyl-y-benzyl 1-gluta-
mate) and studied its conformation in solution and in
solid state. They concluded that the sequential copolymer
takes the a-helical conformation and suggested that the
meso copolymer of vy-benzyl p- and L-glutamates may as-
sume the a-helical conformation even if it has a random
sequence of the p and L residues. This is inconsistent with
the hypothesis of Wada2 and Tsuboi et al.3

In order to investigate in more detail the conformation
and the p- and rL-residue sequence of PBD,LG we mea-
sured the infrared spectra in a region from 700 to 200
cm-1 of PBD,LG and compared them with those of the

(1) G. D. Fasman, “Poly-a-amino Acids,” G. D. Fasman, Ed., Marcel
Dekker, New York, N. Y., 1967, p 499.

(2) A.Wada,J. Mol. Biol., 3,507 (1961).

(3) M. Tsuboi, Y. Mitsui, A. Wada, T. Miyazawa, and N. Nagashima,
Biopolymers, 1, 297 (1963).

(4) F.Heitz and G. Spach, Macromolecules, 4, 429 (1971).



Vol. 6, No. 4, July-August 1973

Transmission

700 600 500 100 300 200(cr)

Figure 1. Infrared spectra in the region from 700 to 200 cm~1 of
poly(y-benzyl L-glutamate) and copoly(y-benzyl b,i-glutamates).
{Sample number is the same as that used in the ref 3.) (A) The
L-residue fraction (f;) = 100% (sample 911); (B) f. = 93.5% (sam-
ple 912); (C) f. = 70.8% (sample 914); (D) f1. = 59.7% (sample
916); (E) f. = 54.6% (sample 918); (F) f1, = 50.0% (sample 943).

sequential copolymers, poly(y-benzyl-n-glutamyl-y-benzyl
L-glutamate) (PB(DL)G), poly(y-benzyl-p-glutamyl-v-
benzyl-L-glutamyl-y-benzyl r-glutamate) (PB(DLL)G),
and poly(y-benzyl-p-glutamyl-y-benzyl-L-glutamyl-~-

benzyl-L-glutamyl-y-benzyl vL-glutamate) (PB(DLLL)G).
Poly(v-benzyl L-glutamate) (PBLG) and PBD,LG are the
same as those used in the previous studies.?:3 The sequen-
tial copolymers were synthesized by following the proce-
dure reported by Heitz and Spach.t* The polymerization
products were fractionated by gel permeation chromatog-
raphy using Merckogel OR-20000. Dimethylformamide
was used as the eluent. The average molecular weight of
the sample in each fraction was estimated from the elu-
tion volumes of standard samples with known molecular
weight. The detailed procedure will be reported else-
where.5 The molecular weight of each sample used in this
study is as follows: PB(DL)G, (4.0 = 1.0) x 104
PB(DLL)G, (2.0 £ 0.5) x 10%; PB(DLLL)G, (4.0 £ 1.0) %
10¢. Even a trace of the 8 form was not found in each
sample by the measurement of the infrared spectra in the
amide I region. Figure 1 shows the infrared spectra of
PBLG and PBD,LG, and Figure 2 those of PB(DLLL)G,

(5) K. Nagayama and S. Okada, Polym. J., to be published.
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Figure 2. Infrared spectra in the region from 700 to 200 cm~1 of

the sequential copolymers of y-benzyl p- and rL-glutamates: (A)
PB(DLLL)G; (B) PB(DLL)G; (C) PB(DL)G.
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PB(DLL)G, and PB(DL)G. Films cast from chloroform
solutions of these samples were measured. The intensities
of infrared bands were estimated from their peak heights.

As already reported,® the measurement of the infrared
spectra in the region from 700 to 200 cm~-1 is very useful
for the elucidation of the local conformation of composite
amino acid residues of polypeptides. Figures 1 and 2 show
clearly the difference between the structure of PBD,LG
and that of the sequential copolymers. Figure 1 tells that
the infrared spectra in the region from 550 to 200 cm-1 of
PBD,LG (Figures 1B-F) are almost identical with that of
PBLG (Figure 1A) except that the relative intensity of the
409-cm-1! band vs. the 451-cm=1 band decreases as the p-
residue fraction increases. The former band has been as-
signed to the a-helical conformation by Miyazawa.” The
latter can also be found for PBLG with the 8 form and ~-
benzyl L-glutamate.” Therefore, it is independent of the
backbone conformation and then ascribed to the side
chains of ~-benzylglutamyl residues. From the relative
intensity of these peaks, we can obtain the fraction of the
D and L residues with the «-helical conformation for
PBD,LG by assuming that the fraction is 100% for PBLG.
The result is shown in Figure 3. This is almost identical
with the plot of the content of thé (regular + perturbed)
helix vs. the p-residue fraction obtained for PBD,LG by
Tsuboi et al.? (Figure 7 of the ref 3). Therefore, the regu-
lar and perturbed helices have the same local conforma-

(6) K. Itoh, H. Katabuchi, and T. Shimanouchi, Nature (London), New
Biol., 239, 42 (1972).

(7) T. Miyazawa, ‘“‘Poly-a-amino Acids,” G. D. Fasman, Ed., Marcel Dek-
ker, New York, N. Y., 1967, p 69.
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Figure 3. The content of the b and L residues with the «-helical
conformation plotted against the p-residue fraction in copoly(y-
benzyl p,L-glutamates).
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tion since both of them show the infrared band near 409
cm~1, The spectra of PB(DLLL)G, PB(DLL)G, and
PB(DL)G (Figure 2) are different from those of PBLG and
PBD,LG (Figure 1). Especially the 409-cm-1 band char-
acteristic of the a-helical conformation of PBLG and
PBD,LG cannot be observed for the sequential copoly-
mers. They show two distinct bands in the region from
426 to 401 cm~1. All the sequential copolymers examined
show a 610-cm—1 band assignable to the amide V vibra-
tion of the « helix.® Therefore, the sequential copolymers
are considered to assume an a-helix-like local conforma-
tion. If the helix sense of PB(DLLL)G and PB(DLL)G is
right handed, the bands near 425 cm~1 observed for these
polymers are considered to correspond to the 409-cm-?!
band of PBLG and assigned to the L residues with a right-
handed «-helix-like local conformation. (A preliminary
CD experiment® on PB(DLLL)G showed that this assumes
a right-handed «-helix-like conformation in hexafluoroiso-
propyl alcohol solution.) The weak bands near 402 cm~1
observed for PB(DLLL)G and PB(DLL)G may be ascribed
to the p residues with a right-handed «-helix-like local
conformation. The 420- and 405-cm~? bands observed for
PB(DL)G cannot be assigned definitely since the helix
sense cannot be determined only from the CD pattern of

(8) T. Miyazawa, K. Fukushima, S. Sugano, and Y. Masuda, “Conforma-
tions of Biopolymers,” G. N. Ramachandran, Ed., Academic Press,
New York, N. Y., 1967, p 557.

(9) K.Itoh and T. Qzaki, to be published.
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this polymer. (The CD spectrum of this polymer in hexa-
fluoroisopropyl alcohol is different from that of the «
helix.?) '

The observation mentioned above indicates the fol-
lowing points. (i) PBD,LG does not have any ordered
structure other than the o-helical one (regular + per-
turbed). In the spectra of PBD,LG no new band appears
besides those of PBLG. (ii) The «-helical portion of
PBD,LG consists of the right-handed «-helical conforma-
tion of the L-residue-rich séquence and the left-handed «-
helical one of the p-residue-rich sequence. (iii) The
amount of the L residues incorporated into the left-handed
a helix and the p residues with the right-handed one is
small because the infrared bands assignable to these
structures (These bands were observed at 580, 478 and 420
cm~?! for copoly(p,L-alanines).19:11) do not exist in the
spectra of PBD,LG. (iv) PBD,LG does not have any or-
dered sequences of the p and L residues similar to those of
PB(DLLL)G, PB(DLL)G, and PB(DL)G. The former does
not show the 420- and 405-cm-? peaks which appear for
PB(DL)G, and so on. These results are consistent with the
conformational model proposed to PBD,LG by Wada? and
Tsuboi et al.® Thus, the polymerization mechanism pro-
posed by them.is still good at least for the polymerization
in dioxane with sodium methoxide initiation.
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