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At the beginning of 2009, in an Angewandte Communica-
tion, the preparation of monodisperse oligomers of ethylene
oxide (up to 48 units), the isolation of
R gz %/OCH3 single crystals of hexadecaethy.lene gly-
o7 ¢ col monomethyl ether 1, and its X-ray
He e crystal structure were reported.l!]
1 We believe that this is a widely
relevant result, in view of the practice
of attaching polyethylene glycol (PEG) chains (usually as a
Gaussian distribution of chain lengths) to therapeutic pro-
teins, peptides, and small molecules (PEGylation) to influ-
ence stability, immunogenicity, solubility, pharmacokinetics,
and mode of action.”) The construction of such large
monodisperse oligoethylene glycol derivatives requires sub-
stantial effort as is true in other cases (cf. oligoethylenes,!
oligo(e-aminocaproic  acid),  oligo(p-hydroxybutanoic
acid)P¥). It is also a breakthrough to have, for the first time,
a single-crystal X-ray structure of an oligoethylene glycol
derivative consisting of M- and P-3,,-helical building blocks."!
However, readers will have gained the impression that this is
the first crystallographic demonstration of the backbone
structure of (CH,CH,0), chains; this is false, for the reasons
outlined herein.
Our common ongoing interests in the conformation of
PEG!" and of oligoethylene glycol conjugates®™! have led to
continued examination of the pertinent literature. We detail
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here how and why original and subsequent searches missed
reports from the 1960s and 1970s on the subject.”! This, in
turn, will highlight some of the current challenges for
chemical and crystallographic database construction, inter-
rogation, and information retrieval. Our purpose here is,
firstly, to bring the community’s attention to this early work
regarding PEG crystal structures determined from fibers/®*"!
and freeze-dried® particles, and secondly, to point out
problems that can be encountered in modern electronic data
retrieval, especially for certain extended polymeric structures,
as well as suggest strategies for improved structure retrieval.

It is known that X-C-C-Y systems (X,Y = electronegative
heteroatoms) often prefer synclinal over antiplanar confor-
mations;” this “gauche effect”® leads naturally to a helical
backbone conformation in PEG. There are scattered state-
ments in textbooks about the “well-known” helical backbone
of PEG,” M but how does one find the corresponding original
literature ?

Since Beilstein does not really cover polymers, Chemical
Abstracts databases are the first choice. Prior to the sub-
mission of the original paper, searches using SciFinder
Scholar on oligoethylene glycols,'! both on structure and
topic (and mutually refined), had failed to reveal refer-
ence [6a]. A “Topic Search” in SciFinder Scholar with the
term “backbone of polyethylene glycol” retrieved 859 refer-
ences (June 8, 2009); refinement with the term “helix
(helical)” reduced this number to seven, none of which was
directly relevant; likewise, a refinement with “gauche” failed.
A comprehensive compound search gave more than 116000
references, and with the limitation “crystal structure” there
were still 657 references; after refinement with “backbone”
this was reduced to three, which did not include referen-
ce [6a].

In a second approach, the electronic version of Ullmann!'?
was consulted. A full-text search for “polyethylene glycol”
yielded 135 hits (i.e. chapters in Ullmann). Restricting the
search to “chapter” or “section titles”, however, gave no hits.
Restricting the full-text search to the topic “polymers and
plastics” gave 26 results. The relevance ranking in Ullmann
placed the chapter on “Polyoxyalkylenes” as 16th on the
results list. On the second page of the latter chapter, Table 2
gives structural data of PEG with three references. None of
these were directly relevant, but the second one (about
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Raman spectra)!'® quoted in its introduction the paper by
Tadokoro et al.ll Thus, a data-retrieval specialist was needed
to find the original paper.

The initial fragment search in the Cambridge Structural
Database (with ConQuest!*) carried out prior to the
original publication, used the fragment “C-C-O-C-C-O”. A
very large number of hits were obtained that were dominated
by the prevalence of crown ethers. Thus, the strategy
employed to refine the search for polymeric structures
increased the length of the “(C-C-O-),” motif until a
manageable number of hits was reached at n=7; in the
current version of the CSD!'™! this produces a total of 141 hits.
Although these include a number of extended species, none
are of free, unmodified PEG, but rather derivatives or
complexes with metal ions. In the light of the failure to find
the paper by Tadokoro etal.,® this original search was
recently revisited. Altering the search string from “(C-C-O-),;”
to “O-(C-C-O-),” and combining this with “only allowed
elements C H O”, gave 35 hits (mostly cyclic crown ethers).
These include a follow-up paper (1973) by Takahashi and
Tadokoro®! about an improved structural analysis of poly-

ethylene glycol (2) from stretched-fiber

22 _oH X-ray diffraction. Adding the non-cyclic
ed \CHi/n bond flag on the fragment eventually
2 yielded reference [6b] and a hexaethylene

2 glycol cyclodextrin cocrystal as the only

hits.

The reason for the encountered difficulties is the com-
plexity of polymeric structures. The current practice when
polymeric structures are added to the CSD is to include all
atoms in the asymmetric unit plus the minimum additional
atoms needed to fully represent the chemical structure. The
bonds to additional atoms are assigned using the CCDC’s
“polymeric bond type”. For organic polymers in particular,
two chemically equivalent structures may have different
asymmetric units that result in, for example, “polymeric
bonds” to carbon in one case and “polymeric bonds” to
oxygen in another. In addition, the length of the asymmetric
unit may also vary leading to chains of different length being
stored in the CSD. This variability can affect the success of a
user’s search strategy. The fiber structure of Takahashi and
Tadokoro® has an asymmetric unit of CH,-
(OCH,CH,){OCH,, which is represented as H,C~CH,-
(OCH,CH,);OCH, ~ CH, (where ~is the CCDC’s “polymer-
ic bond type”). One might imagine that this structure should
have been located using the extended “(C-C-O-);” query.
However, the polymeric bond type (~) unfortunately masks
the underlying nature of the bond, with the result that the
structure was not found by this query. This is further
highlighted by the fact that there is, in fact, another structure
of PEG, obtained from freeze-dried particles, in the CSD
where the asymmetric unit is just OCH,CH,;*! this was not
located by any of the searches described above because all the
query fragments used exceeded the length of the asymmetric
unit of this structure. The CCDC is currently developing new
methods for searching polymeric crystal structures that will
make it easier for these to be located in the CSD.

Finally, we want to compare the structures of oligomer 1
and polymer 2. In the polymer structure reported by
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Takahashi and Tadokoro the PEG backbone folds to a 7,-
helix® (Figure 1a), corresponding to a 3;ys-helix in Bragg’s
nomenclature). In contrast, as a result of extended end-to-end
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Figure 1. The helical structure of the (CH,-CH,-O), chain. a) Taken
from Ref. [6a]; b) taken from Ref. [1]; c) overlay of the backbone in
hexadecaethylene glycol monomethyl ether (1, red/gray, from the
coordinates in the CSD, CCDC No. 707050™) and in polyethylene
glycol (2, orange/black, constructed with coordinates obtained from
the geometry reported in Ref. [6a]); d) overlay of the backbones of 1
(red/gray)™ and 2! (blue, CSD code WIMYIA); ! e) overlay of the
structures of the 16mer 1 (green) " and of the polymer 2 (blue);*! the
view down the ¢ axis clearly shows the similarity of the packing. All
overlays were produced with the Mercury program.'

packing, and a period of the PEG molecule that is not
commensurate with the period of the helices or the lattice, a
continuous solution is reported for the single-crystal structure
of the hexadecaethylene glycol monomethyl ether (1).! Thus,
the asymmetric unit of this species contains just eight
CH,CH,O moieties, and the 16mer molecule 1 is actually
seen as an infinite string in this X-ray structure, with the
analysis leading to a 3,,-helical backbone (Figure 1b). Over-
laying the individual helices with the Mercury!"® program
(Figure 1¢ and d) demonstrates that they are almost super-
imposable. Furthermore, overlaying a 2x2x2 “supercell”
(Figure 1e) shows that the packing is also similar. The
structure of the methyl ether 1 is (as discussed in the
Supporting Information in Ref. [1]) a crude, average model,
compressed to the smallest possible asymmetric unit, leading
to a structure of high symmetry, which accounts for the main
difference between 1 and 2.0'")
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The case we have presented shows that neither state-of-
the-art data-retrieval methods (used by authors) nor the peer-
review system (used by editors) can guarantee that seminal
contributions are not overlooked in today’s publishing of
scientific data. Furthermore, we have outlined strategies that
may be adopted for more successful searching of polymeric
crystallographic data.
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