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ABSTRACT

The glycosylation properties of ribofuranosyl N-phenyltrifluoroacetimidates toward carboxamide side chains of asparagine and glutamine were
investigated. Conditions were found that promote nearly exclusive formation of the R-anomerically configured N-glycosides. The strategy allows
for the synthesis of Fmoc-amino acids suitably modified for the preparation of ADP-ribosylated peptides. Furthermore, ribosylation of serine with
these donors proved to be completelyR-selective, and for the first time,R-ribosylated glutamic and aspartic acid, the naturally occurring sites for
poly-ADP-ribosylation, were synthesized.

Glycosylation of proteins is a post-translational mod-
ification that plays a significant role in many biological
processes.1,2 Adenosine diphosphate ribosylation (ADPr)
(Figure 1) is a peculiar type of protein glycosylation that
occurs in both mono- and polymeric form and is consid-
ered to play an important role in a wide range of biological
processes including cell proliferation, immune response,
DNA repair, transcription regulation, and apoptosis.3�6

The process of ADP-ribosylation requires the enzymatic
transfer of a single ADP-ribose moiety from β-NADþ

to the nucleophilic side chain of an amino acid forming
an R-glycosidic linkage (dotted box, Figure 1). Enzymes
(called PARPs) that are able to transfer additional ADP-
ribosyl units to the 20-OH of the adenosine moiety effect
the formation of poly-ADP-ribose (Figure 1). The various

identified sites amenable to ADP-ribosylation are aspar-
agine, glutamic acid, aspartic acid, arginine, serine, and
cysteine.3,7 The construction of well-defined ADP-ribosy-
lated peptides and analogues thereof would be of signifi-
cant help in gaining a better understanding of the role and
function of ADP-ribosylation.8,9

One of the crucial steps in the synthesis of ADP-ribosy-
lated peptides is construction of the R-glycosidic linkage

Figure 1. Poly-ADP-ribose polymer linked to a peptide.
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between the ribofuranosyl moiety and the amino acid side
chain. We have reported the first fully synthetic approach
to ADP-ribosylated peptides via the incorporation of an
R-ribosyl containing glutamine or asparagine building
block by solid-phase peptide synthesis (SPPS) followed
by installment of the adenosine diphosphate linkage. These
modified amino acids were prepared by us10 and others11

via reduction of ribofuranosyl azide and in situ condensa-
tion of the formed amine to the side chain of suitably
protected glutamic acid or aspartic acid derivatives. The
condensation products in this key amide bond formation
were obtained as an anomeric mixture (75/25: R/β).10

We reasoned that the preparation of side-chain ribosy-
lated amino acids might proceed with better R-selectivity
when using acid-catalyzed glycosylation. Trifluoroaceti-
midate chemistry12 was deemed to be the most viable
for introducing the crucial R-linkage between the ribosyl
moiety and the amino acids.12�14 Our results in the use of
ribofuranosyl trifluoroacetimidates in the R-selective con-
struction of a series of ribosylated amino acids correspond-
ing to the sites of ADP-ribosylation are reported here.
We decided to use donor 1,13 since it is known from

literature13,15 that nonparticipating benzyl protection on
the ribofuranosyl donor predominantly renders the R-pro-
duct in glycosylation reactions. Donor 1 was reacted with
either N-Cbz- asparagine-OBn (acceptor A, Table 1) or
N-Cbz-glutamine-OBn (acceptor B, Table 1) under various
conditions. Ribosylation of asparagine using donor 1

and TMSOTf as activator gave an excellent R-selectivity

(entry 1, Table 1). Application of identical conditions for
glutamine resulted in a decrease in selectivity (entry 3,
Table 1). Lowering the reaction temperature improved the
R-selectivity but also reduced yield (entry 2, Table 1).
Changing the solvent to nitromethane14 (CH3NO2) did
improve the yield but the R-selectivity remained poor
(entry 4, Table 1).
We anticipated that the selectivity could be improved

by introducing a more bulky substituent at the
50-position. For this reason, two new donors with
tert-butyldiphenylsilyl (TBDPS), 11, or triisopropylsi-
lyl (TIPS) at the 50-position, 12, were synthesized
(Scheme 1).

To investigate the glycosylation properties of donor 11
and 12, N-Cbz-glutamine-OBn was reacted with these
under various conditions. The most favorable conditions
for the ribosylation of glutamine turned out to be activa-
tion at�20 �Cwith 0.2 equiv of TMSOTf (entries 1 and 2,
Table 2).17 Using either of the two 50-silylated donors, 11
and 12, greatly improved the R-selectivity compared to the
use of 50-benzylated donor 1 (entry 2, Table 1). Ribosyla-
tion of asparagine (A) with TIPS-donor 12 still gave a
higherR-selectivity than that of glutamine (B) although the
difference in selectivity was greatly reduced compared to
the tri-O-benzyl donor (entry 3, Table 2). For these

Table 1. Ribosylation of Asparagine and Glutaminea

no. acceptor solvent

TMSOTf

(equiv)

temp

(�C)
yield

(%)

ratio

(R/β)16

1 A CH2Cl2 0.2 �20 to rt 58 96/4

2 B CH2Cl2 0.3 �78 to rt 38 87/13

3 B CH2Cl2 0.2 �20 to rt 56 69/31

4 B CH3NO2 0.3 0 67 77/23

aReaction conditions: 1 equiv of acceptor (50 mM), 1.25 equivof
donor, and 1.5 h reaction time.

Scheme 1. Synthesis of 50-Silylated Imidate Donors

Table 2. OptimizedRibosylation ofGlutamine andAsparaginea

no. acceptor donor (R1=) product temp (�C) yield (%) ratio (R/β)

1 B 11 (TBDPS) 13 �20 to rt 57 95/5

2 B 12 (TIPS) 14 �20 to rt 66 95/5

3 A 12 (TIPS) 15 �20 to rt 68 98/2

aReaction conditions: 1 equiv of acceptor (50 mM), 1.25�1.5 equiv
of donor, 0.2 equiv of TMSOTf, DCM, and 1.5 h reaction time.
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ribosylated amino acids to be useful in SPPS, protective
group exchange was required and was exemplified for
compounds 14 and 15 (see the Supporting Information).
It occurred to us, at this stage, that direct ribosylation

of Fmoc-amino acids would give a more straightforward
entry to the target building blocks. The feasibility of this
approach was first tested in the ribosylation of N-Fmoc-
asparagine-OBn with donor 11. Because of the poor
solubility of the Fmoc-amino acid, the solvent system
had to be changed to methylene chloride/dioxane
(1:1, v/v).The ribosylationwentalmost completelyR-selective
but in a moderate yield when performed at 0 �C (entry 1,
Table 3), whereas at room temperature the stereoselectivity
only slightly decreasedwhile the yield significantly increased
(entry 2, Table 3). The yield and selectivity are comparable
with respect to the N-Cbz-protected asparagine derivative,
and this approach circumvents tedious protecting group
manipulations. However, these promising results were not
reflected in the ribosylation of N-Fmoc-glutamine-OBn,
which showed a modest excess of the R-anomer and an
average yield at 0 �C (entry 3, Table 3).Replacing the benzyl
ester with 4-methoxybenzyl (PMB), in an attempt to im-
prove the solubility of the amino acid, did not improve the
outcome of the reaction in any way (entry 4, Table 3).
Therefore,we investigated theuseofperchloric acidon silica
(HClO4�SiO2) as activator, for it has been used with glyco-
sylations in the presence of dioxane at room tempera-
ture.18,19 The HClO4�SiO2 reagent was prepared according
to literature procedure20 and added to a mixture of
N-Fmoc-glutamine-OBnanddonor 12at room temperature.

The stereoselectivity increased tremendously along with a
good yield (entry 5, Table 3).
Thehydrogenolysis of benzyl ethers at the ribosylmoiety

was found to be incompatible with the integrity of the
Fmoc protection. Therefore, we introduced the acid sensi-
tivePMBat the 20- and 30-position (donor 16, Table 3).The
donor proved to be a little less R-selective in the ribosyla-
tion reaction of N-Cbz-glutamine-OBn (entry 6, Table 3)
compared to the benzylated donor 12 (95/5 vs 85/15 R/β).
Ribosylation ofN-Fmoc-glutamine-OBnwith donor 16 in
the presence of TMSOTf showed a comparable yield
and R-selectivity (entry 7, Table 3) to benzylated donor
11 (entry 3, Table 3), which could be again increased
significantly by activation with HClO4�SiO2 (entry 8,
Table 3).
This optimized strategy allows for the synthesis of suitable

protected glutamine building blocks for SPPS in a straight-
forwardapproachandat apreparative scale (0.5mmol).This
is demonstrated for compound 22, whichwas transformed in
three consecutive steps into compound 23 (Figure 2).21

The results of the glycosylation experiments encouraged
us to test the three donors (1, 11, and 12) on other amino
acid side chains. The anomeric ratio for the ribosylation
of serine (Ser, Table 4) with tribenzyl donor 1 (entry 1,
Table 4) was comparable to glutamine (entries 1 and 2,
Table 1) and to the reported data.22,23 Ribosylation with
the 50-silylated donors, 11 and 12, on the other hand gave
exclusivelyR-ribosylated serine (entry 2 and 3,Table 4). To
our knowledge, this is the first example of a completely
R-selective ribosylation for an amino acid.

Table 3. Ribosylation of Fmoc-asparagine and Fmoc-glutamine Benzyl Estersa

no. donor acceptor product activator solvent temp (�C) yield (%) ratio (R/β)

1 11 A1 17 TMSOTf dioxane/DCM 0 44 97/3

2 11 A1 17 TMSOTf dioxane/DCM rt 63 93/7

3 11 B1 18 TMSOTf dioxane/DCM 0 49 72/28

4 11 B2 19 TMSOTf dioxane/DCM 0 46 73/27

5 12 B1 20 HClO4�SiO2 dioxane/DCM rt 59 96/4

6 16 B 21 TMSOTf DCM �20 to rt 52 85/15

7 16 B1 22 TMSOTf dioxane/DCM �20 to rt 60 78/22

8 16 B1 22 HClO4�SiO2 dioxane/DCM rt 69 93/7

aReaction conditions: 1 equiv of acceptor (50mM), 1.5 equiv of donor, 0.2 equiv pf activator, and 1.5 h reaction time. bFor the synthesis of donor 16,
see the Supporting Information.
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Next, glutamic acid and aspartic acid were subjected to
ribosylationwith donor 12.24 The stereoselectivity for both
amino acids was mostly lost and in the best case a small
excess of R-ribosylated glutamic acid (77/23 R/β) was
obtained (entry 4, Table 4). Lowering the temperature
did not improve the stereochemical outcome of both
reactions and the best result for aspartic acid was a 50:50
mixture of R/β-anomers (entry 6, Table 4). Moreover,
using HClO4�SiO2 as activator did not improve the out-
come of the ribosylations (entries 5 and 7, Table 4). Never-
theless, both anomers could easily be separatedby silica gel
chromatography at this stage to affordnovelR-ribosylated
glutamic acid and aspartic acid derivatives.
This first successful attempt to obtain R-ribosylated

glutamic acid ever reportedmight lead to ADP- ribosylated
peptides with glutamic acid,for example those derived from
histone H2B.3 So far, ribosylated glutamine is used as an
isostere of glutamic acid in the synthesis of such peptides.10

In conclusion, we have presented a study on the pre-
paration of various ribosylated amino acids in a highly
R-selective fashion by tuning the protective groups at the
20-, 30-, and 50-position of the ribofuranosyl imidate
donor. Furthermore, the number of synthetic steps to-
ward SPPS building blockswasminimized by using Fmoc
protected amino acids, simplifying the protective group
manipulation strategy. This new protocol allows for the
synthesis of ribosylated Fmoc building blocks in nine
steps starting from D-ribose at a preparative scale. In the
specific case of glutamine, the glycosylation reaction
using HClO4�SiO2 as activator proved to offer great
improvement compared to TMSOTf, with respect to
R-selectivity. Finally, we showed a completely R-selective
ribosylation and prepared for the first time ribosylated
aspartic and glutamic acid using the trfluoroacetimidate
donors. Our method can conceivably be extended to the
ribosylation of other amino acids.
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Figure 2. Synthesis of Fmoc Building Block 23 Suitable for SPPS.

Table 4. Ribosylation of Serine, Glutamic Acid, and Aspartic
Acida

no.

donor

(R1 =)

acceptor

(R2) product

temp

(�C)
yield

(%)

ratio

(R/β)

1 Bn Ser 24 �50 78 75/25

2 TBDPS Ser 25 �50 60 100/0

3 TIPS Ser 26 �50 56 100/0

4 TIPS Glu 27 �50 84 77/23

5 TIPS Glu 27 �50 73 60/40b

6 TIPS Asp 28 �70 63 50/50

7 TIPS Asp 28 �78 74 43/57b

aReaction conditions: 1 equiv of acceptor (50 mM), 1.25 equiv of
donor, 0.2 equiv of TMSOTf. b 0.05 equiv ofHClO4�SiO2,DCMfor 1.5 h.
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