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Abstract: Peptide-based catalysts have been found that catalyze the enantiodivergent phosphorylation of
a meso myo-inositol-derived triol (1). The sequential screening of random peptide libraries, followed by the
evaluation of a focused library, led to the identification of two peptides (2 and 24) that are complementary
in producing enantiomeric D-myo-inositol-1-phosphate and D-myo-inositol-3-phosphate derivatives. The
catalysts were then used to complete efficient total syntheses of both D-I-1P and D-I-3P in optically pure
form. Additional information is gleaned from relative rate experiments that unambiguously show the catalysts
to afford enantioselection through rate accelerative pathways with respect to simple achiral alkylimidazole
catalysts. Furthermore, solvent effect studies show that the two enantiodivergent catalysts exhibit different
tolerances of polar media. The systematic discovery of site-selective catalysts establishes a basis for future
studies of chiral catalysts that differentiate unique functional groups in polyfunctional molecules.

Introduction

In the field of asymmetric synthesis, a particularly powerful
feature of catalytic processes is that catalysts may often be
obtained in either enantiomeric form.1 Thus, the absolute
stereochemical identity of a desired reaction product may be
selected at the outset of process development through the
selection of the appropriate antipode of the catalyst. Less often,
although amply precedented, opposite enantioselectivities may
be observed through changes in reaction conditions when a
unique catalyst is used.2 In the field of biocatalysis, however,
the development of enantiodivergent catalysts is less straight-
forward. Enzymes are composed almost exclusively ofL-amino
acids. Fully enantiomeric enzymes, composed of allD-amino
acids, are unknown in nature to our knowledge.3 Nevertheless,
an important feature of enzymes is their ability to achieve
opposite enantioselectivities through the formation of highly
diverse three-dimensional structures, which in turn may provide
complementary enantiospecificities.4

We have been studying low-molecular weight peptide-based
catalysts for a number of transformations with the goal of
developing highly selective, readily tuned catalysts for organic

synthesis.5,6 In this context, we are also interested in catalysts
that may at once provide high selectivity, wide functional group
tolerance, and also site-selectivity. Such catalysts might, in turn,
allow for synthetic pathways to polyfunctional targets with a
reduced dependence on protecting groups. Because of the
interest in all possible stereoisomers of the inositol phosphates,
which are important players in cellular signaling events,7 we
have chosen these targets as a testing ground for this objective.
Thus, we set out to discover small-molecule peptides that could
perform enantiodivergent phosphorylation of ameso myo-
inositol derivative. In analogy to enzymes, we sought to achieve
catalysts that were not enantiomeric, but rather of alternative
secondary structure. Reported herein are the results of our
experiments that have yielded complementary pentapeptides that
are highly enantioselective catalysts in the desymmetrization
of a meso-inositol substrate1.8 The two catalysts have enabled

concise syntheses of the enantiomericD-myo-inositol-1-
phosphate (D-I-1P) and D-myo-inositol-3-phosphate (D-I-3P),
each in optically pure form.
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Results and Discussion

Discovery of Enantiodivergent Peptide Catalysts.While
the “ideal” synthesis ofD-I-3P (orD-I-3P) could rely on a one-
step synthesis of the target monophosphate from freemyo-
inositol, we chose triol1 as a test substrate, since it (a) exhibits
excellent solubility in the organic solvents where the peptide-
based catalysts we have studied function best9 and (b) triol1
contains three, rather than six, potential sites of derivatization.
In previously communicated results, we reported that pentapep-
tide2 is an effective catalyst for the desymmetrization of 2,4,6-
tribenzyl-myo-inositol (1) through enantioselective phosphory-
lation (Scheme 1).10 When 2 mol % catalyst, diphenylchlorophos-
phate (DPCP) as the phosphorylating reagent, and triethylamine
as an HCl scavenger are employed, a highly selective reaction
is observed at 0°C (>98% ee for 3(1-P), 65% isolated yield).
Using this catalyst, we completed a concise total synthesis of
D-myo-inositol-1-phosphate. Because the catalysis proceeds
through a putative phosphoryl imidazolium ion (4),11 we referred
to the peptide as a kinase mimic, in analogy to the histidine-
dependent class of kinases that participates in cell-signaling
pathways.12,13

Our approach to the discovery of enantiodivergent phospho-
rylation catalysts employed screening a combination of random
and focused libraries. Our initial screen (Figure 1A) of small-
peptide catalysts for asymmetric phosphorylation of substrate
1 was based on 39 peptides (tetra- through octapeptides) that
contained the nucleophilic residueL-π(Me)-histidine. Within the

library were a number of catalysts that selectively phosphory-
lated the 1-position to give 3(1-P), as well as some that were
selective for the enantiotopic 3-position, albeit in lower selectiv-
ity. The members of the initial 39-member library were chosen
randomly, largely on the basis of sequences we had prepared
that were soluble in organic solvents. In addition, they were
intended to be highly diverse, since we were searching for leads
in the absence of any type of “lead information” on stereose-
lectivity (Vide infra). Because such a high percentage of the
library exhibited some degree of enantioselectivity, we suspected
that expanding the screen to include other unrelated sequences
might afford structure-selectivity relationships that could suggest
sequences that were particularly suited to phosphorylation of
the 3-position. The results of the expanded screen are shown in
Figure 1B. As in our previous studies, unpurified peptides were
screened at room temperature.

Peptides for both the initial and expanded screens (peptides
1-136) were selected on the basis of sequences that we had
previously prepared in our laboratory. In addition to sequences
that were biased to formâ-turns andâ-hairpins in organic
solvents,14,15 we wished to include others that were highly
diverse, since we were not sure at the outset what sequences
would be appropriate. To achieve diverse sequences, we turned
to a randomization algorithm that would afford sequences that
were in principle unrelated.16 We chose pentapeptide5 as the
core structure and then assigned each of the 16 amino acid
monomers a letter. The algorithm then delivered 80 random sets

of three-letter combinations. These were inserted into structure
5, and the members were synthesized for screening.

The results of the expanded screen were striking in that the
distribution of catalysts that were selective for the enantiotopic
1- and 3-positions was nearly statistical. For example, in the
expanded screen, two new sequences (6 and7) afforded 3(3-P)
in >55% ee; likewise, two new sequences were selective for
the enantiotopic 3(1-P) in>55% ee. It is important to note that,
in desymmetrization reactions such as these, the extent to which
the selective formation of the product occurs is related to the
overall conversion of the reaction.18,19 Mindful of this issue,
we are cautious not to overinterpret small differences in the ee
of the isolated 3(3-P). The conditions of the screen were intended
to produce the monophosphate at about 70% conversion.
Nevertheless, inspection of Figure 1A and B reveals that the
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less selective members of the library also distributed themselves
into enantiodivergent groups (83 selective for 3(1-P), 51
selective for 3(3-P)). In the context of the selective catalysis
for 3(3-P), we focused on peptides6 and7, those moderately
selective for 3(3-P). Interestingly, both were in theâ-turn family,
whereas peptide2 had its origin in the random library. We then
designed a focused library (8) around these leads.

We chose to investigate the role of thetert-butoxy group of
the L-Hyp residue (R3) by exchanging it withL-Pro and (Bn)-
Hyp in a 42-member library. Likewise, we sought to explore
the role of geminal substitution in thei+2 position by varying
Aib with spirocyclic versions. Finally, in thei+3 position, we
explored 8 other residues to achieve a 42-member library. The
screening data are shown in Figure 1C and Table 1.

Overwhelmingly, the focused library included peptides that
were selective for the enantiotopic 3(3-P). The following trends
emerged (Table 1). The five-membered spirocyclic residue in
the i+2 position contributes to a selective catalyst (peptides10,
15, 20). Furthermore, a preference fort-BuTyr at the i+3
position emerged (peptides13, 18, 23). These results taken
together suggested that the five-membered ring in combination

with t-BuTyr at thei+3 position could yield a superior catalyst.
Since our focused library did not include catalyst24, we
prepared it by independent synthesis. Catalyst24 is indeed
highly selective for the formation of 3(3-P), affording the
product in 94% ee at 70% conversion under the unoptimized
conditions of the screen.

With an effective catalyst in hand, we were able to complete
a concise total synthesis ofD-I-3P (Scheme 2) in analogy to
our synthesis of enantiomericD-I-1P. Thus, desymmetrization
of triol 1 on a 0.5-gram scale proceeds to give 3(3-P) with total
enantiopurity (>98% ee, 56% isolated yield) when catalyst24
is used under optimized conditions (2.5 mol %, 0°C, 4 h).
Phosphate 3(3-P) is then deprotected in one step to give synthetic
D-I-3P whose characteristics match the literature values.20

Relative Rates versus NMI and DMAP.The mechanistic
aspects of the enantioselective phosphorylation catalysts are
currently of interest to our laboratory. In our previous studies
of enantioselective peptide-based acylation catalysis, we have
documented that the basis of the selectivity is due to enantiomer-
specific rate acceleration.5 To determine if the enantioselectivi-
ties exhibited by peptides2 and 24 could be likewise due to
rate acceleration in comparison to the case ofN-methylimidazole
(NMI), we performed a direct comparison of NMI,N,N-
(dimethylamino)pyridine (DMAP), and peptides2 and24. The
results of the head-to-head comparison are shown in Figure 2.
The data reveal that the catalytic peptides are indeed more active
as catalysts than the simple NMI core structure. Furthermore,
each peptide is substantially more active than DMAP. Also,
noteworthy is that the two peptides exhibit comparable relative
activities, consistent with the fact that each is highly selective,
albeit in opposite directions in terms of enantiospecificity. While

(20) Billington, D. C.; Baker, R.; Kulagowski, J. J.; Mawer, J. M.J. Chem.
Soc., Chem. Commun.1987, 314.

Figure 1. Screening data for enantioselective phosphorylation of triol1.

Table 1. Selected Data from Focused Screen 3a

a The screen was performed with unpurified catalysts (2.5 mol %, 25
°C), and runs were uniformly quenched after 6 h. See Supporting
Information for details.
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the exact basis of the specific rate acceleration is not known at
this time, it appears that the peptide secondary structures play
a key kinetic role in assembling catalysts that are not only
selective but also highly active.

Solvent Effects. While the two catalysts are both highly
active and selective, there are substantial differences between
the two. In anticipation of future studies of other polyol
substrates that are not soluble in nonpolar solvents, we have
been investigating short peptide sequences that will afford high
selectivity and activity in solvents of higher dielectric constant.
These experiments have unearthed key differences between
peptides2 and 24 (Table 2). For example, when the desym-
metrization of substrate1 is performed in solvents of varying
polarities, pentapeptide2 shows a relatively robust profile.
Enantioselectivity in the product is observed at 95% ee or higher,
whether the reaction is conducted in toluene, Et2O, CH2Cl2,
THF, or CH3CN (entries 1-5). Only in DMF is the course of
the reaction dramatically altered, and no product formation is
observed (entry 6). On the other hand, pentapeptide24exhibits
significant sensitivity to the nature of the medium. Whereas high
selectivity is observed in toluene (>98% ee, entry 1), the product
exhibits eroded optical purity in Et2O (80% ee, entry 2),
CH2Cl2 (37% ee, entry 3), and THF (35% ee, entry 4). With
peptide24, no reaction is observed in CH3CN (entry 5). We
speculate that the differential behavior may be due to the
different capacity of each peptide to maintain optimal conforma-
tions during the course of the catalytic reactions. Nonpolar media
are well established to promote robust secondary structures to
short peptide sequences.21 These results support the notion that
certain sequences (e.g., 2) may be particularly suited to a con-

formational stability, while others may not (e.g.,24). Enantio-
selective phosphorylation catalysts that function over a broad
range of solvent polarities may be particularly suited to future
applications involving substrates that are truly polyfunctional
and that may exhibit poor solubility in low-dielectric solvents
such as toluene.

Conclusion

Through screening a combination of random and focused
libraries, we have discovered small-molecule peptides that can
select for either the 1-position or the enantiotopic 3-position
during catalytic phosphorylation of an inositol derivative.
Because each catalyst contains the same chirality of the
nucleophilic His residue, the enantiodivergence is perhaps due
to different transition state secondary structures. We are now
in pursuit of these conformations in order to understand the basis
of the enantiodivergence. Furthermore, we are pursuing addi-
tional catalysts that allow for enantio- and regioselective func-
tionalization of other polyfunctionalized molecules. The ability
to rapidly identify catalysts for enantio- and site-selective phos-
phorylation of a triol substrate may serve as the basis for a
general approach to the discovery of catalysts for site-specific
modification of these and other polyfunctional substrates.22
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Figure 2. Kinetic comparison of peptide-based catalysts2 and 24 with
DMAP and NMI. Reactions were run at 0°C with 2.5 mol % of each
catalyst. The data shown are the average of two runs. The conversions were
determined by1H NMR.

Table 2. Effect of Solvent on Catalytic Desymmetrization of Triol
1a

entry solvent
peptide 2 (D-I-1-P)

(% ee)
peptide 24 (D-I-3-P)

(% ee)

1 toluene >98 >98
2 Et2O 98 80
3 CH2Cl2 98 37
4 THF 95 35
5 CH3CN 96 no rxn
6 DMF no rxn

a All reactions were run at 25°C for 6-8 h.
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