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Poly-g-S-perillyl-l-glutamate and Poly-g-S-perillyl-d-glutamate:
Diastereomeric Alignment Media Used for the Investigation of the
Alignment Process
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Abstract: Residual dipolar couplings (RDCs) offer additional
information for structure elucidation by NMR spectroscopy.

They are measured in anisotropic media, such as lyotropic

liquid crystalline phases of polypeptides. Today, some suita-
ble polypeptides are known. Nevertheless, structural influen-

ces of these polypeptides on the alignment properties are
not really understood. Thus, which influence a chiral side

chain has on enantiodiscrimination and whether we can im-
prove the enantiodifferentiation significantly by adding an

additional chiral center in the side chain are questions of in-
terest. Therefore, new diastereomeric polypeptide-based

alignment media with an additional chiral center in the side

chain derived from perillyl alcohol were synthesized and
their properties were investigated (secondary structure,

liquid crystallinity, etc.). The enantiomers of isopinocampheol
and b-pinene were used as model analytes for the study of

enantiodiscrimination. Additionally, the usage of 1H–1H-RDCs
to improve the alignment tensor quality is demonstrated.

Introduction

NMR spectroscopy is one of the most popular methods in

structure elucidation of organic molecules. Apart from various
routinely used methods, residual dipolar couplings (RDCs) as
anisotropic NMR parameters provide helpful and complemen-

tary structural information. Over the last decades they have
been receiving a lot of attention.[1, 2] This is due to their utility

for the determination of the spatial structure as they yield
complementary information to those of established ap-
proaches, like NOE[3–5] or J-couplings.[6, 7] RDCs are anisotropic
NMR parameters. To get access to anisotropic NMR parameters,

an anisotropic environment which induces weak alignment is
necessary.[8] Two major concepts for measurements of non-
water soluble analytes found their way into application: There
are alignment media based on either anisotropically swollen
gels or lyotropic liquid crystals (LLCs).[9–11] Apart from a few ex-

ceptions[12–14] most of the gels are not chiral. In contrast to
that, the LLCs are mainly based on helical mesogens[15–17] or

other helical constructs[18, 19] with a defined screw sense. In the

case of polypeptides,[20] which include the most prominent lyo-

tropic liquid crystalline alignment media (poly-g-benzyl-l-gluta-

mate (PBLG) and poly-g-ethyl-l-glutamate (PELG)),[15, 21–25] the
screw sense is determined by the configuration of the amino

acid building up the backbone. For other examples, like poly-
acetlylenes,[25, 26] polyguanidines[27] and polyisocyanides[17, 28] the
chiral information for the helical sense is derived from the side

chain. But no matter what determines the helical sense, if the
helices are homochiral or rather if they have a preferred hand-

edness they allow for enantiodifferentiation.[22–33] This is one of
the most interesting characteristics of the investigation of
alignment properties.

Which properties of alignment media are mainly responsible

for the extent of the enantiodifferentiation between enantio-
mers is so far not really understood. Nevertheless, this question
is of interest as some predictions about the alignment process
are needed. This is especially important concerning the theo-
retical aspect of the determination of the absolute configura-

tion in the future.[34] Some alignment media based on poly-
peptides are known and have been investigated with respect

to enantiodiscrimination and solute–polymer interac-
tion.[15, 20, 29–31, 35–40] In these investigations, it became clear that
the enantiodifferentiation induced by these polypeptides de-

pends, among other things, on their side chain. Hence, the
question came up, whether the chirality of the side chain in

polypeptide-based media would have an influence on the
alignment process.

In the case of a polypeptide with an achiral side chain the

enantiodifferentiation is caused by diastereomorphous interac-
tions between the analyte and the homochiral helix of the

polypeptide backbone. Hence, different orientations are ob-
tained for two enantiomers measured in a homochiral poly-
peptide. In contrast to that, the same orientation results if one
enantiomer is measured in the polypeptide with the l-amino
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acid and the other enantiomer is measured in the polypeptide
with the d-amino acid. This is due to the enantiomorphous re-

lation between these systems. As a result, only two different
orientations are obtained by comparing the four possible com-

binations [analyte (+ or @) and polypeptide (l or d)] . The sit-
uation becomes more complex if an additional stereogenic ele-

ment is added in the polypeptide side chain, as the polymers
then become diastereomeric. If one could treat the helix and

the chiral side chain as separate entities an additional site for

diastereomorphous interactions (DI) is provided (Figure 1). It is
assumed that this additional interaction has a significant influ-

ence on the induced analyte orientation. The resulting enantio-
differentiation should thus depend on the helical sense and on

the chiral information from the side chain. If the polypeptide is
available with the amino acid in the l and d configuration (as
glutamic acid is available both in l- and d-configuration), four

systems [analyte (+ or @) and polypeptide (Sl or Sd)] can be
prepared (as the side chain is available only in S-configuration,

see Figure 1). Systematic considerations of the orientations in-
duced by different combinations of analyte configuration, side
chain configuration and backbone sense should thus allow for
the determination of the influence of the side chain’s chirality

by permuting the stereogenic elements.

Poly-g-S-2-methylbutyl-l-glutamate and poly-g-S-2-methyl-
butyl-d-glutamate have previously been used to determine the

enantiodifferentiation between (++)-isopinocampheol [(++)-IPC]
and (@)-isopinocampheol [(@)-IPC], respectively.[36] The results

indicated, that there is a “matched” and a “mismatched” situa-
tion. This means that the chiral information from the side

chain works in one case hand in hand with the chiral backbone
(matched), resulting in a higher enantiodifferentiation relative

to the other case, in which the enantiodifferentiation is lower
(mismatched). Nevertheless, the difference between the enan-

tiodifferentiation of the two situations is rather small. The influ-
ence of the chiral backbone seemed to be higher than the in-

fluence of the chiral side chain. Thus, the idea to introduce a
bulkier chiral side chain, which should have a bigger influence,
came up. This should not only contribute to increase the

amount of available highly enantiodifferentiating alignment
media but also allow for further investigations concerning in-

fluences on enantiodifferentiation and the alignment process.
In the present study, we synthesized the novel polymers

poly-g-S-perillyl-l-glutamate 2L and poly-g-S-perillyl-d-gluta-
mate 2D which are diastereomers to each other. After the syn-

thesis, we were able to prepare liquid crystalline phases of
these polymers and we investigated their alignment properties
concerning enantiodifferentiation and side chain influence.
Furthermore, the usage of 1H–1H-RDCs to improve the quality
of alignment tensors is demonstrated.

Results and Discussion

Synthesis of poly-g-S-perillyl-l-glutamate 2L and poly-g-S-
perillyl-d-glutamate 2D

In order to provide excellent spectral quality polypeptides of

high molecular weight are necessary. It has already been

shown for PBLG that the resulting analyte orientation does not
depend on the molecular weight of the polypeptide.[41] The

same is assumed to be valid here. Nevertheless, the macromo-
lecular properties of the two diastereomeric polymers should

be comparable to avoid any disturbing influences thus asking
for a controlled (ring-opening) polymerization of N-carboxyan-

hydrides (NCAs), which are directly obtained from the corre-

sponding amino acid esters.
Our first step in that direction consists of synthesizing the

amino acid ester 3L (Scheme 1). In the case of glutamic acid
(4L), there are two carboxyl groups. The regioselectivity of the

esterification must thus be controlled to take place exclusively
at the g-carboxyl group. Different methods for regioselective g-
esterification of the carboxyl group are known.[42–47] We tried
different procedures (using N-phthalyl protection,[42] using tet-

rafluoroboric acid[45] and using alkylboranes[46, 47]) to get access
to 3L. None of them were successful, thus we ended up using
the improved copper(II) strategy developed by Van Heeswijk.[44]

Glutamic acid 4L is converted into complex 5L by reaction
with copper(II) acetate in excellent yields. The isolated com-

plex 5L is then used in the esterification step, which starts with
a change of the counterion by N,N,N’,N’-tetramethylguanidine

(TMG) to improve the solubility of the reactants. The following

esterification proceeds regioselectively due to the complexa-
tion of the a-carboxyl group by copper(II). The alkenyl bromide

6 used is derived from the corresponding alcohol 7 by an
Appel reaction. The copper is successfully removed from the

complex with a freshly prepared ethylenediaminetetraacetic
acid solution (EDTA) in a following step.

Figure 1. Possible diastereomorphous interactions (DI) between analytes
(1@@, 1 ++ ) and polypeptide based alignment media (2L, 2D) with chiral side
chains. The relation of the combinations in the two red boxes is diastereo-
morphous with respect to each other (the same is true for the blue combi-
nations). This is in contrast to polypeptides with achiral side chains in which
these combinations would be enantiomorphous.
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The glutamic acid ester 3L is then converted to the corre-

sponding NCA 8L by reacting the ester 3L under an argon at-
mosphere with a solution of phosgene in toluene in the pres-

ence of a-pinene. a-pinene is added to avoid side-reactions
due to HCl, which stems from the conversion of phosgene.[48]

This is not only important to avoid side reactions that might
lead to ring opening of the NCA[48] but also to avoid hydroha-
logenation of the double bonds in product 8L. After the reac-

tion the solution becomes clear (indicating completed reac-
tion), the product 8L is isolated by transferring the solution
into n-hexane. The white crystals obtained are recrystallized
twice from tetrahydrofuran/n-hexane by adding a n-hexane

layer slowly on top of a tetrahydrofuran layer containing the
NCA by the use of a syringe pump. This strategy, which allows

very slow crystallization, was used by our group for the purifi-
cation of other NCAs before and is highly recommendable to
obtain pure NCAs.[41, 49] Last but not least we use the combina-

tion of N,N-dimethyl ethanolamine (DMEA) and N,N’-bis[3,5-
bis(trifluoromethyl)phenyl]thiourea[50] (TUS) as initiation system

to prepare the polypeptides.[51] A monomer to initiator ratio of
500:1 is used to ensure that the desired polypeptides 2L and

2D are long enough for their use as alignment media. The syn-

thesized polypeptides 2L and 2D have narrow molecular
weight distributions (Table 1) and decent polydispersity indices

(PDI). Furthermore, the two batches synthesized are compara-
ble in terms of MW and PDI demonstrating the reproducibility

of the polymerization.

An important fact, which should be mentioned, is that the
polymers were found not to be bench stable for prolonged pe-

riods of time. They become insoluble if they are stored at

room temperature. We believe that this is due to the reactivity
of the double bonds. This problem can be easily solved by

storage in a freezer (@30 8C) in the dark. This is thus highly rec-
ommended. The polymers stored under these conditions are

stable over months.

Secondary structures, liquid crystalline behavior and
alignment properties

To determine the secondary structure of the polypeptides 2L
and 2D synthesized, their chiroptical properties were investi-

gated by the measurement of CD-spectra (Figure 2) in 1,1,2,2-
tetrachloroethane (TCE) and THF (see Supporting Information).

THF does not show a solvent cut off in the region of interest
for a-helical structures in polypeptides (about 220 nm). Thus,

CD measurements in THF are straightforward. TCE is chosen as

solvent as it is halogenated like chloroform (used for NMR).
The issue with the solvent cutoff is circumvented by using a

0.01 mm cuvette. As expected, a negative Cotton effect was
observed for the l-polymer 2L and a positive Cotton effect

was observed for the d-polymer 2D. Additionally, the typical
two (negative and positive) maxima for a-helices in the region

of 220 nm are observed. This indicates a-helical secondary

structures, being right and left handed, respectively, for the

Table 1. GPC results for the synthesized polymer batches.

Polymer[a] M/I Mn
[b] Mw

[b] PDI

Sl 1 500 2.97 V 105 3.76 V 105 1.27
Sd 1 500 2.87 V 105 3.69 V 105 1.29
Sl 2 500 2.35 V 105 2.87 V 105 1.22
Sd 2 500 2.06 V 105 2.81 V 105 1.36

[a] Configuration of side chain and amino acid followed by batch
number. [b] Mn is the number average molar mass and Mw is the mass
average molar mass. Expressed in g mol@1. Determined relative to poly-
styrene standards.

Figure 2. CD-spectra of poly-g-S-perillyl-l-glutamate 2L (black), poly-g-S-per-
illyl-d-glutamate 2D (blue) and a 1:1 mixture (red) of them in TCE. [q]MRW is
the mean residue molar ellipticity.

Scheme 1. Synthesis of PSPLG 2L via regioselective g-esterification of 4L to
3L, following conversion to 8L using phosgene and polymerisation to yield
2L. Yields for the synthesis of PSPDG 2D, which follows the same route, are
given underneath.
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two polypeptides (2L and 2D). All these findings are in agree-
ment with literature data for other polypeptides based on glu-

tamic acid.[36, 37] Despite the fact that the polymers are diaste-
reoisomers, the curves are approximately mirror images with

respect to each other. This behavior indicates the enantiomeric
character of the backbone of the polypeptides. The chiral side

chain has obviously no significant influence on the CD-spectra.
This finding is also in agreement with the literature.[36] Addi-
tionally CD-spectra of a 1:1 mixture of both polypeptides were

measured. The resulting curve shows only a very minor ampli-
tude confirming the “racemic” mixture of right- and left-
handed backbones. Additionally, the “racemic” mixtures are
prepared by weighing, which is never perfectly exact.

In addition to the question of helicity, the desired ability to
form lyotropic liquid crystalline phases was of interest and indi-

cates whether the polypeptides are useful as alignment media.

Therefore, samples of the polypeptides were prepared and
viewed under crossed polarization filters (Figure 3). The bire-

fringent behavior of these samples provide evidence for their
liquid crystalline behavior.

Whether these phases are suitable as alignment media be-
comes clear only if quadrupolar splittings of the solvent signal

are observed in the 2H-spectra of the polypeptides in bulk
samples of CDCl3 (see Figure 4). It is highly remarkable that dif-

ferent sizes of quadrupolar splitting are observed for the l-
polymer 2L and d-polymer 2D with respect to each other de-
spite identical concentrations and similar molecular weights.

An analogous behavior is observed for all samples independ-
ent of analyte (see Supporting Information). It would thus be

interesting to investigate whether the signs of the quadrupolar
splittings of the solvent are different or identical in these dia-

stereomeric media. The signs of the quadrupolar splittings of
the solvent have been evaluated based on the known fact that
positive one-bond dipolar couplings (1DCD) are related to nega-

tive quadrupolar splittings for the same bond (see correspond-
ing equation in literature[52]). 1TCD (was measured to be ca.

37 Hz in all samples), as determined from the 13C-satellites in
the 2H-spectra and 1JCD (32 Hz) of CDCl3 were used to calculate

1DCD (1TCD = 1JCD + 21DCD) which is thus positive in all samples.

Hence, a negative sign results for the quadrupolar splitting of

CDCl3 for all samples. Nevertheless, the different sizes of quad-
rupolar splitting suggest that this is caused by the diastereo-

meric relationship between the two polymers and was consid-
ered very promising in terms of enantiodiscrimination and the

investigation of the influence of the side chain on the orienta-
tional process. The investigation of the enantiodifferentiation

caused by each of the polypeptides, which might potentially

be influenced as well, was therefore of interest as a next step.

Enantiodifferentiation and influence of the side chain

For the investigation of the influence of the side chain’s chirali-

ty the enantiodifferentiation of a pair of enantiomers in both
of the diastereomeric polypeptides has to be considered. It

would be expected that a different extent of enantiodifferen-
tiation, with respect to the two polymers, is observed. We de-

cided to use the enantiomers of IPC as well as the enantiomers
of b-pinene as analytes due to the fact that they are rigid and

both enantiomers of each of them are commercially available.
Additionally their structure is well known and they were al-

ready used within RDC analyses.[23, 37, 41] According to that, sam-
ples for all combinations ((++)- and (@)-IPC in l-polymer 2L and
d-polymer 2D and (++)- and (@)-b-pinene in l-polymer 2L and

d-polymer 2D) in CDCl3 were prepared. The resulting CLean In
Phase (CLIP)-HSQC[53] spectrum of one anisotropic sample is

shown and compared to the isotropic one in Figure 5.
Narrow line shapes demonstrate the high quality of the

spectra. Total and scalar coupling constants are extracted by

reading out specific traces, following phase correction and fit-
ting them to a copy of themselves using an established ap-

proach.[54] The errors are determined using the same fitting ap-
proach, also reported in the literature.[54] Residual dipolar cou-

plings are calculated using the expression 1TCH = 1JCH + 21DCH.
Order tensors are determined for all data sets using the soft-

Figure 3. Samples of the polypeptides 2L (left) and 2D (right) in CDCl3 be-
tween crossed polarization filters. Birefringence is observed for the polypep-
tide samples in contrast to the isotropic water reference (middle).

Figure 4. 2H-spectra (107 MHz, 300 K) of CDCl3 within LLC phases of 2L
(black, 10.5 % w/w) and 2D (green, 10.6 % w/w) with (++)-IPC, respectively.
The 2H signal of [D6]acetone in the added capillary was used for chemical
shift referencing. Note, that the shift of CDCl3 is affected by the presence of
the polypeptides.
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ware RDC@hotFCHT.[55–57] The eigenvectors of the Saupe ten-

sors are shown in Figure 6.
For IPC and b-pinene, respectively, enantiodifferentiation is

observed in both polypeptides. Enantiodifferentiation, in the
case of RDC analysis, is usually quantified and discussed in

terms of the generalized angle b[58, 59] which represents the
“5D”-angle between two alignment tensors. The cosine of this

angle yields the normalized scalar product between them.

Thus, a b-angle of 908 means that the alignment tensors are
perpendicular to each other, whereas a b-angle of 08 means

that they are collinear. Using the angle b to quantify enantio-
differentiation is straightforward as it does not only include

considerations of the orientations but also considerations of
the shapes of the compared tensors.[16, 58, 59] The b-angles deter-
mined for IPC in the l-polymer 2L and in the d-polymer 2D, re-

spectively, are both above 308, indicating comparatively high
enantiodiscrimination. One would have expected different b-
angles for the two diastereomeric polymers, though. Surpris-
ingly, these are very similar. This observation indicates that no

significant influence of the side chain’s chirality on the orienta-
tion of IPC can be observed. This is the result expected for

enantiomorphous systems, but not for diastereomeric poly-

mers. For the b-angles obtained from the measurements of b-
pinene analogous findings are made although tensor orienta-

tions are much less well defined. This is indicated by the rather
large spread of points in Figure 6.

The vanishing difference in b between diastereomeric poly-
mers was not expected and is not in accordance with the liter-

ature.[36] Therefore further samples, containing both polymers

in a 1:1 mixture, were prepared. These samples can be consid-
ered as containing a “racemic” backbone and shall thus dem-

onstrate the influence of the side chain’s chirality. In the case
of b-pinene as well as for IPC, b-angles of about 1.38 were ob-

tained. These results are thus in accordance with the findings
discussed above and seem to indicate that no influence of the

bulky chiral side chain on enantiodifferentiation can be detect-

ed. In order to consolidate our findings, we tried to improve

the quality of the b-pinene tensors as a next step.

The use of 1H–1H-RDCs to improve tensor quality

The alignment tensors obtained for the b-pinene samples are

not well defined, as shown by the point distribution obtained
from the Monte Carlo output of our calculations. In order to

improve the mathematical treatment of data and thus get
more reliable tensor orientations we used 1H–1H-RDCs. Their
absolute values (in contrast to 13C–1H RDCs, the signs are not
known a priori) are extracted from TSE-PSYCHEDELIC[60, 61]

measurements. In order to use the 1H–1H-RDCs additionally in
combination with the 13C–1H RDCs and even on their own to

calculate tensors, their signs have to be determined. For this
purpose, P.E.HSQMBC[62] experiments and the results from
COSY based experiments, a method, which was described sep-

arately,[61] are used in combination. The absolute signs ob-
tained from the P.E.HSQMBC experiments are used as starting

point to handle the relative information obtained by the COSY
type experiments. All of the signs needed can be determined

successfully using this approach. The resulting alignment ten-

sors using the 1H–1H-RDCs alone or in combination with the
13C–1H RDCs are much better defined than before. Their quality

is improved enormously, as indicated by the much narrower
point distribution in the Monte Carlo boot-strapping (see

Figure 7). The b-angles from the l-polymer 2L and from the d-
polymer 2D, respectively, are more or less the same, as com-

Figure 5. CLIP-HSQC[53] spectrum (700 MHz, 300 K) of (@)-IPC in an anisotrop-
ic phase of PSPLG/CDCl3 (green, 10.6 % w/w) and (@)-IPC in CDCl3 (black).
The descriptors a (antiperiplanar) and s (synperiplanar) describe the orienta-
tion of the diastereotopic protons relative to the dimethyl bridge. Chemical
shift referencing was done with respect to the isotropic measurement. The
spectrum from the anisotropic measurement is shifted in order to obtain
the stacked plot.

Figure 6. Eigenvectors of IPC (upper row) and b-pinene (lower row) in both
of the polymers (Sl 2L and Sd 2D) and in their 1:1 mixture. The correspond-
ing b angles are given below. The arrows represent the eigenvectors of the
best-fitting SVD-solution, while the scattered points show the distribution of
the eigenvectors determined by Monte Carlo-boot-strapping within the
range of experimental RDC uncertainties.
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pared to the 13C–1H-only-tensors. This is true for both calcula-

tions (1H–1H-RDCs only and 1H–1H + 13C–1H RDCs). Furthermore,
the data obtained with the 1H–1H RDC measurements of the

1:1 polymer mixture show the same results as before. The b-
angles obtained for these are even closer to zero than before.

Thereby, it is not only shown that the alignment tensor quality
of b-pinene can be improved by using 1H–1H RDC, but also
that we have not drawn any wrong conclusions because of the

lower quality of the 13C–1H-only-alignment tensors determined
for b-pinene.

Discussion of the influence of the side chain chirality

All of our observations indicate that the influence of the side

chain’s chirality is rather negligible for the samples investigat-

ed here. Nevertheless, the extent of the enantiodifferentiation
obtained is high. In comparison to other alignment media

based on glutamic acid it is the highest enantiodifferentiation,
obtained under comparable experimental conditions, for IPC

up to now.[23, 36, 37] Over the years of research on the field of
alignment media based on polypeptides, a few speculations

have been made. It seemed as if side chains like the benzyl

group in PBLG lower the enantiodifferentiation relative to
smaller ones like the ethyl group in PELG. These findings were

explained by more or less steric demand of the side chain, in-
fluencing the accessibility to the chiral backbone.[23, 36] The re-

sults from this work clearly show that high enantiodifferentia-
tion is possible even if there are bulky side chains and this

contradicts previous findings. These results are in accordance
with the data of another new alignment medium with biphen-
yl side chains.[37] We were able to synthesize a novel alignment
medium with a chiral bulky side chain which shows high enan-

tiodifferentiation. This seems, however, not to be due to the
chirality of the side chain alone but rather by the performance

of the whole polymer. This result is very interesting and it
shows that the factors controlling or rather guiding the inter-

actions during the alignment process are very complex and far

from being understood. The speculation that the chirality of
the side chain always induces significant enantiodifferentiation

and must lead to a matched/mismatched situation is dispro-
ven. The question which factors contribute to the enantiodif-

ferentiation remains open. The data available up to now do
not show a clear trend between induced enantiodifferentiation
and chemical or steric properties of the side chain. To get

some more hints and to be able to predict some of the inter-
actions, which are highly important for the resulting orienta-
tion, further investigations have to be carried out.

Conclusions

Two polypeptides based on glutamic acid with chiral side

chains, which are diastereomeric with respect to each other
were successfully synthesized. They have a-helical secondary

structures, as indicated by CD spectra. Furthermore they are

able to form lyotropic liquid crystalline phases which can be
used as alignment media within the RDC approach. The enan-

tiomers of IPC and b-pinene were used for investigations con-
cerning the alignment properties. The quality of the alignment

tensors determined for b-pinene was significantly improved by
the use of 1H–1H-RDCs. For both analytes (IPC and b-pinene)

high enantiodifferentiation was observed. Furthermore, the
enantiodifferentiation for each analyte pair was compared be-
tween the diastereomeric LLC phases. Additionally, 1:1-mix-
tures of the diastereomeric polypeptides were used to deter-
mine the resulting enantiodifferentiation in order to get infor-

mation about the influence of the side chain’s chirality. This in-
fluence was determined to be negligible. Nevertheless, the

extent of enantiodifferentiation is really high in comparison
with other media. These results are interesting and demon-
strate that the factors leading to high enantiodifferentiation

are still not understood. The purposive design and the synthe-
sis of highly promising alignment media is thus still very chal-

lenging.

Experimental Section

Synthesis of S-perillyl-bromide

The synthesis of S-perillyl-bromide was carried out following a pub-
lished procedure.[63] S-perillyl alcohol (7) (50.057 g, 328.8 mmol,
1.0 equiv) and tetrabromomethane (121.138 g, 365.3 mmol
1.1 equiv) were dissolved in dichloromethane (150 mL). Triphenyl-
phosphine (94.924 g, 361.9 mmol 1.1 equiv) was added under cool-
ing, using an ice bath. The reaction solution was stirred for 18 h at
room temperature. The solvent was removed under reduced pres-
sure. The obtained residue was poured into 300 mL of n-hexane.

Figure 7. Eigenvectors of b-pinene in both of the polymers (Sl 2L and Sd
2D) and in their 1:1 mixture. Calculated with 1H–1H RDCs only (upper row)
and with 13C–1H + 1H–1H RDCs (lower row). The corresponding b angles are
given below. The arrows represent the eigenvectors of the best-fitting SVD-
solution, while the scattered points show the distribution of the eigenvec-
tors determined by Monte Carlo-boot-strapping within the range of experi-
mental RDC uncertainties.
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The resulting suspension was filtered using silica gel. Additional n-
hexane was used to wash. The solvent was removed under re-
duced pressure. The remaining oil was distilled under vacuum. Fi-
nally, the product 6 (54.601 g, 77.3 %) was obtained as a colorless
to light yellow oil.

½aA20
D =@63.308 (c = 1, CHCl3) ; 1H NMR

(700 MHz, 300 K, CDCl3): d= 1.48–1.55
(m, 1 H, 6-Ha), 1.74 (s, 3 H, 10-H), 1.85–
1.90 (m, 1 H, 6-Hb), 1.93–2.00 (m, 1 H, 4-
Ha), 2.12–2.21 (m, 2 H, 4-Hb, 5-H), 2.21–

2.25 (m, 2 H, 7-H), 3.93–3.98 (m, 2 H, 1-H), 4.70–4.72 (m, 1 H, 9-Ha)
4.73–4.75 (m, 1 H, 9-Hb), 5.88–5.91 ppm (m, 1 H, 3-H); 13C NMR
(175 MHz, 300 K, CDCl3): d= 20.9 (10-C), 27.0 (7-C), 27.4 (6-C), 31.0
(4-C), 39.3 (1-C), 40.7 (5-C), 109.1 (9-C), 127.8 (3-C), 134.5 (2-C),
149.5 ppm (8-C). The NMR data are in accordance with the litera-
ture.[64, 65]

Synthesis of g-S-perillyl-l-glutamate

The synthesis of g-S-perillyl-l-glutamate was performed following a
literature procedure.[44] Glutamic acid (4L) (29.366 g, 166.6 mmol,
1.0 equiv) was suspended in 750 mL of water. A solution of cop-
per(II) acetate monohydrate (41.286 g, 206.8 mmol, 1.2 equiv) in
water (750 mL) was added dropwise to this suspension at 70 8C.
After addition, the solution was allowed to cool down. To ensure
complete crystallization, the solution was kept at room tempera-
ture for 2 d. Filtration, washing steps with water, ethanol and di-
ethyl ether and drying in high vacuum yielded the complex 5L
(44.556 g, 91.2 %) as a blue fine powder. This l-glutamic acid cop-
per(II) complex (5L) (29.486 g, 60.3 mmol, 1.0 equiv) and glutamic
acid (4L) (17.759 g, 120.7 mmol, 2.0 equiv) were suspended in a
mixture of N,N-dimethylformamide (DMF, 107 mL) and water
(17.3 mL). N,N,N’,N’-tetramethylguanidine (30 mL, 283.7 mmol,
4.7 equiv) was added subsequently. The mixture was stirred for 2 h,
so that a homogenous solution was obtained. Additional DMF
(86 mL) and the alkenyl bromide 6 (54.602 g, 253.8 mmol,
4.2 equiv) were added. The resulting mixture was stirred at 40 8C
for 56 h. After this time, 1.45 L of acetone were added. A fine pre-
cipitate resulted after 3 h of stirring and was isolated by filtration.
The resulting powder was suspended in a freshly prepared solution
of ethylenediaminetetraacetic acid (34.455 g, 117.9 mmol
2.0 equiv.) and sodium hydrogen carbonate (19.430 g, 231.3 mmol,
3.8 equiv.) in water (280 mL). The suspension was stirred for 16 h. A
following filtration and several wash cycles using water, yielded a
white to light blue solid. The product 3L (39.883 g, 58.8 %) was ob-
tained as a white solid by recrystallization, using a water/ethanol
(2:1) mixture.

½aA20
D =@38.408 (c = 0.25, MeOH); 1H NMR (700 MHz, 300 K, D2O +

DCl): d= 1.32–1.40 (m, 1 H, 11-Ha), 1.63 (s, 3 H, 15-H), 1.70–1.75 (m,
1 H, 11-Hb), 1.81–1.88 (m, 1 H, 9-Ha), 1.95–2.00 (m, 2 H, 12-H), 2.01–
2.08 (m, 2 H, 9-Hb, 10-H), 2.13–2.23 (m, 2 H, 3-H), 2.53–2.63 (m, 2 H,
4-H), 4.06 (t, 1 H, 2-H, 3J2,3 = 6.7 Hz), 4.42 (s, 2 H, 6-H), 4.63 (s, 2 H,

14-H), 5.69 ppm (s, 1 H, 8-H); 13C NMR
(100 MHz, 300 K, D2O + DCl): d= 20.3
(15-C), 25.0 (3-C), 25.9 (12-C), 27.0
(11-C), 29.7 (4-C), 30.2 (9-C), 40.5 (10-
C), 52.0 (2-C), 69.0 (6-C), 108.4 (14-C),
125.9 (8-C), 132.4 (7-C), 150.2 (13-C),
171.3 (1-C), 173.8 ppm (5-C); MS (ESI):
m/z = calcd: 282.16998 [C15H24NO4]+

found: 282.17012 [M++H]+ .

Synthesis of g-S-perillyl-d-glutamate

The d-ester 3D and the corresponding complex 5D (91.7 %) were
synthesized according to the procedure described for the l-ester
3L. The product 3D was obtained as a white solid (50.3 %).

½aA20
D =@49.208 (c = 0.25, MeOH);

1H NMR (600 MHz, 300 K, D2O + DCl):
d= 1.31–1.40 (m, 1 H, 11-Ha), 1.62 (s,
3 H, 15-H), 1.70–1.75 (m, 1 H, 11-Ha),
1.80–1.88 (m, 1 H, 9-Ha), 1.94–2.00 (m,
2 H, 12-H), 2.00–2.08 (m, 2 H, 9-Hb, 10-
H), 2.13–2.24 (m, 2 H, 3-H), 2.53–2.64
(m, 2 H, 4-H), 4.06 (t, 1 H, 2-H, 3J2,3 =
6.7 Hz), 4.38–4.45 (m, 2 H, 6-H), 4.62 (s,
2 H, 14-H), 5.69 ppm (s, 1 H, 8-H); 13C NMR (100 MHz, 300 K, D2O +
DCl): d= 20.3 (15-C), 24.9 (3-C), 25.9 (12-C), 27.0 (11-C), 29.7 (4-C),
30.2 (9-C), 40.4 (10-C), 51.9 (2-C), 69.2 (6-C), 108.4 (14-C), 126.0 (8-
C), 132.4 (7-C), 150.4 (13-C), 171.1 (1-C), 173.8 ppm (5-C); MS (ESI):
m/z = calcd: 282.16998 [C15H24NO4]+ found: 282.16993 [M++H]+ .

Synthesis of g-S-perillyl-l-glutamic acid N-carboxyanhydride

The synthesis of the NCA 8L was done following literature proce-
dures.[48, 66] The amino acid ester 3L (10.004 g, 35.6 mmol,
1.0 equiv.) and a-pinene (12.071 g, 88.6 mmol, 2.5 equiv.) were
added, under argon, to absolute tetrahydrofuran (THF, 90 mL). A
solution of 20 % phosgene in toluene (22.4 mL, 48.4 mmol,
1.4 equiv.) was added to this suspension. The resulting mixture was
stirred at 40 8C for 2 h. The clear reaction solution was then added
to absolute n-hexane (360 mL) using a syringe filter (0.45 mm,
PTFE). The precipitate obtained was isolated by filtration under
inert conditions, washed with 50 mL absolute n-hexane and dried
under high vacuum. The crystals were redissolved in absolute THF
(3.5 mL g@1) and recrystallized, by layering with n-hexane
(10.5 mL g@1) using a syringe pump. Filtration, washing and drying
were repeated and followed by a second recrystallization using the
diffusion controlled crystallisation again. The product 8L (6.640 g,
60.8 %) was finally obtained as white crystals by filtration, washing
and drying.

1H NMR (600 MHz, 300 K, [D8]THF): d=
1.44–1.52 (m, 1 H, 11-Ha), 1.73 (s, 3 H,
15-H), 1.81–1.86 (m, 1 H, 11-Hb), 1.92–
2.00 (m, 1 H, 9-Ha), 1.97–2.03 (m, 1 H, 3-
H), 2.06–2.11 (m, 2 H, 12-H), 2.11–2.17
(m, 3 H, 3-H, 9-Hb, 10-H), 2.46–2.50 (m,
2 H, 4-H), 4.37–4.40 (m, 1 H, 2-H), 4.42–
4.49 (m, 2 H, 6-H), 4.69–4.71 (m, 2 H,
14-H), 5.72–5.75 (m, 1 H, 8-H) 7.91 ppm
(s, 1 H, N-H); 13C NMR (150 MHz, 300 K,
[D8]THF): d= 20.7 (15-C), 26.9 (12-C), 27.8 (3-C), 28.1 (11-C), 29.7 (4-
C), 31.1 (9-C), 41.7 (10-C), 57.1 (2-C), 68.7 (6-C), 109.0 (14-C), 125.9
(8-C), 133.7 (7-C), 150.1 (13-C), 152.4 (16-C), 171.2 (1-C), 172.0 ppm
(5-C).

Synthesis of g-S-perillyl-d-glutamic acid N-carboxyanhydride

The synthesis of the d-derivative 8D was achieved using the same
procedure as described for the l-NCA 8L. The product 8D (69.1 %)
was obtained as white crystals.
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1H NMR (700 MHz, 300 K, [D8]THF): d=
1.44–1.51 (m, 1 H, 11-Ha), 1.73 (s, 3 H,
15-H), 1.81–1.86 (m, 1 H, 11-Hb), 1.93–
1.99 (m, 1 H, 9-Ha), 1.97–2.03 (m, 1 H, 3-
H), 2.06–2.11 (m, 2 H, 12-H), 2.11–2.17
(m, 3 H, 3-H, 9-Hb, 10-H), 2.48 (t, 2 H, 4-
H, 3J3,4 = 7.5 Hz), 4.37–4.40 (m, 1 H, 2-
H), 4.42–4.49 (m, 2 H, 6-H), 4.69–4.71
(m, 2 H, 14-H), 5.73–5.75 (m, 1 H, 8-H)

7.92 ppm (s, 1 H, N-H); 13C NMR (175 MHz, 300 K, [D8]THF): d= 20.7
(15-C), 26.9 (12-C), 27.8 (3-C), 28.1 (11-C), 29.7 (4-C), 31.1 (9-C), 41.7
(10-C), 57.1 (2-C), 68.7 (6-C), 109.0 (14-C), 125.9 (8-C), 133.7 (7-C),
150.1 (13-C), 152.4 (16-C), 171.2 (1-C), 172.0 ppm (5-C).

Synthesis of poly-g-S-perillyl-l-glutamate

The synthesis of the polypeptide 2L was done following a litera-
ture procedure for PBLG.[51] The corresponding NCA 8L (2.000 g,
6.5 mmol) was dissolved in degassed absolute dichloromethane
(40 mL) inside of a glovebox. 670 mL of a stock solution, containing
50.3 mg TUS per 5.2 mL (9.67 mg mL@1) degassed absolute di-
chloromethane, were added. Subsequently, 160 mL of a stock solu-
tion, containing 40 mL DMEA per 5ml (7.12 mg mL@1) degassed ab-
solute dichloromethane, were added. The resulting reaction mix-
ture was stirred for 116 h. The reaction progress was controlled
using ATR-IR spectroscopy. Isolation of the polypeptide was ach-
ieved by precipitation in n-hexane. Drying in high vacuum was fol-
lowed by a second precipitation from dichloromethane/n-hexane.
The finally high vacuum dried product 2L (1.627 g, 94.9 %) was ob-
tained as a white rubberlike solid. The NMR spectra of the poly-
peptide 2L showed broad signals as common for polymers. Multi-
plicity was beyond recognition and signals of the backbone or
near to it could not be observed in 13C spectra.

½aA20
D =@47.508 (c = 0.1, THF); 1H NMR

(700 MHz, 300 K, CDCl3): d= 1.46 (br,
1 H, 11-Ha), 1.71 (br, 3 H, 15-H), 1.82 (br,
1 H, 11-Hb), 1.93 (br, 1 H, 9-Ha), 2.05 (br,
2 H, 12-H), 2.12 (br, 2 H, 9-Hb, 10-H),
2.37 (br, 2 H, 3-H), 2.72 (br, 2 H, 4-H),
3.99 (br, 1 H, 2-H), 4.37 (br, 1 H, 6-Ha),
4.54 (br, 1 H, 6-Hb), 4.69 (br, 1 H, 14-Ha),
4.70 (br, 1 H, 14-Hb), 5.71 ppm (br, 1 H,

8-H); 13C NMR (175 MHz, 300 K, CDCl3): d= 20.9 (15-C), 26.5 (12-C),
27.5 (11-C), 30.6 (9-C), 41.0 (10-C), 68.3 (6-C), 108.9 (14-C), 125.3 (8-
C), 132.8 (7-C), 149.7 (13-C), 172.3 ppm (5-C).

Synthesis of poly-g-S-perillyl-d-glutamate

The synthesis of the d-polypeptide 2D was done according to the
procedure used for the l-polypeptide 2L. The resulting product 2D
(91.4 %) was obtained as a white rubberlike solid. The NMR spectra
of the polypeptide 2D showed broad signals as common for poly-
mers. Multiplicity was beyond recognition and signals of the back-
bone or near to it could not be observed in 13C spectra.

½aA20
D =@60.508 (c = 0.1, THF); 1H NMR

(700 MHz, 300 K, CDCl3): d= 1.46 (br,
1 H, 11-Ha), 1.71 (br, 3 H, 15-H), 1.82 (br,
1 H, 11-Hb), 1.93 (br, 1 H, 9-Ha), 2.05 (br,
2 H, 12-H), 2.13 (br, 2 H, 9-Hb, 10-H),
2.37 (br, 2 H, 3-H), 2.73 (br, 2 H, 4-H),
3.98 (br, 1 H, 2-H), 4.38 (br, 1 H, 6-Ha),

4.53 (br, 1 H, 6-Hb), 4.69 (br, 1 H, 14-Ha), 4.70 (br, 1 H, 14-Hb)
5.71 ppm (br, 1 H, 8-H); 13C NMR (175 MHz, 300 K, CDCl3): d= 20.9
(15-C), 26.5 (12-C), 27.5 (11-C), 30.6 (9-C), 41.0 (10-C), 68.3 (6-C),
108.9 (14-C), 125.3 (8-C), 132.8 (7-C), 149.7 (13-C), 172.3 ppm (5-C).

NMR samples and data

Detailed information on sample preparation as well as the collec-
tion of NMR data are given in the supporting information.
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