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Abstract

The utilization of substoichiometric amounts of commercially available nickel(ll) triflate as an
activator in the reagent-controlled glycosylation reaction for the stereoselective construction of
biologically relevant targets containing 1,2-cis-2-amino glycosidic linkages is reported. This
straightforward and accessible methodology is mild, operationally simple and safe through
catalytic activation by readily available Ni(OTf), in comparison to systems employing our
previously in-house prepared Ni(4-F-PhCN),4(OTf),. We anticipate that the bench-stable and
inexpensive Ni(OTf),, coupled with little to no extra laboratory training to set up the glycosylation
reaction and no requirement of specialized equipment, should make this methodology be readily
adopted by non-carbohydrate specialists. This report further highlights the efficacy of Ni(OTf), to
prepare several bioactive motifs, such as blood type A-type V and VI antigens, heparin sulfate
disaccharide repeating unit, aminooxy glycosides, and a-GalNAc-Serine conjugate, which cannot
be achieved in high yield and a-selectivity utilizing in-house prepared Ni(4-F-PhCN)4(OTf),
catalyst. The newly-developed protocol eliminates the need for the synthesis of Ni(4-F-
PhCN)4(OTf), and is scalable and reproducible. Furthermore, computational simulations in
combination with 1H NMR studies analyzed the effects of various solvents on the intramolecular
hydrogen bonding network of tumor-associated mucin Fmoc-protected GalNAc-threonine amino
acid antigen derivative, verifying discrepancies found that were previously unreported.

Graphical abstract

" hien-nguyen@uiowa.edu; Fax: +1 319-335-1270; Tel: +1 319-384-1887 .

Supplemental data
Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


http://dx.doi.org/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Sletten et al. Page 2

O O
PGO¢ HO-R PGO-} 2\
¥ N( é Ni(OT: 5l ~Commerically-Available Catalyst
No__cF i(0Tf), Nosg -Mild Conditions
\ﬂ/ —_— -Highly Selective
NPh up to 93% yield -Operationally Simple
CFy up to a-only CFs

Synthesis NMR Studies Computational

AcO-
Ao
AcO
AcO/X";ﬁ NHFmoc

N VN comiy
| Me/H
ZNer,

Simulation

Nine Biologically
Relavant Targets

1. Introduction

Since Arthur Michael reported the first chemical glycosylation in 1879, the field of
synthetic glycosciences has been continually striving to match nature’s ability to perform
regio- and stereoselective glycosylations of complex oligosaccharides and glycoconjugates.2
It is well known that preparation of 1,2-#rans-glycosides can be conveniently accessed in
high selectivity through anchimeric assistance by a neighboring C(2)-ester protecting
group.3 Unfortunately, no such facile technique exists for general formation of its 1,2-cis
counterpart. The 1,2-c¢/s glycosides, such as a-glucosides and B-mannosides, are present in a
multitude of bioactive oligosaccharides and aim for their stereoselective construction pushes
the forefront of chemical glycosylation reactions.*

In particular, 1,2-cis-2-aminoglycosides are ubiquitous in a range of naturally occurring
oligosaccharides and glycoconjugates that play a role in many biological functions and
human disease processes. Obtaining an adequate supply of these well-defined carbohydrate
structures from natural sources can be challenging due to them being found in low
concentrations and heterogeneous forms. Chemical glycosylation is one of the most reliable
and efficient routes to obtain sufficient quantities of these desired bioactive molecules. For
many current synthetic strategies, the stereochemical outcome of 1,2-c¢/s-2-aminoglycoside
formation is difficult to predict. Most of the current methodologies rely on the nature of the
substrate’s protecting groups to control selectivity during formation of glycosidic bonds. In
addition, glycosylation scenarios often require stoichiometric amounts of activating agents to
sufficiently activate donors, resulting in excessive waste materials. Some of these activating
agents can be air- and moisture-sensitive and must be used under anhydrous and low-
temperature conditions, especially if glycosyl donors or acceptors incorporate acid-labile
protecting groups. Amongst these methodologies, the two major categories utilize the non-
assisting C(2)-azido or C(2,3)-oxazolidinone donors which rely on the substrate’s structural
features and protecting groups to invoke a higher ratio of 1,2-cis-2-amino selectivity.22.d.9.5

Recently, we have illustrated that under mild activation conditions C(2)-A-substituted
benzylidenamino trihaloacetimidate donors could be highly stereoselective in the
construction of many traditionally difficult 1,2-c¢/s-2-aminoglycosides 2 (Scheme 1). We
hypothesize that this is being achieved through a potentially reagent controlled pathway by
activation with a substoichiometric amount of nickel.6 Evolution of this methodology over
the years has seen the switch to A-phenyl trifluoroacetimidate donor 3 (both a- and p-
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anomers now capable of activation) as well as utilizing the inductive effects of the N-ortho-
trifluoromethylbenzylidiene group which were able to provide increases in stability and ease
of use and preparation of the donors, while maintaining the high a-selectivity of the desired
glycoside products 4 (Scheme 1b).

However, this system still relied on the non-commercially available, Ni(4-F-PhCN)4(OTf),
catalyst which requires in-house production (Scheme 2a). This complexation reaction
requires a prolonged reaction time (72 h), has variable yield (10-76%), and unless
thoroughly dried, discrepancies in the selectivity can arise. During preliminary mechanistic
elucidation,’ it was hypothesized that ligation by the para-fluorobenzonitrile was deemed
unnecessary from that during the activation process both the nitrogen containing imidate and
benzylidiene could potentially serve as temporary ligands to properly modulate the
electronic nature of the nickel catalyst. In an effort to expand the scope of the potential users
of this methodology to specialists and non-specialist alike, we have developed a
glycosylation method utilizing Ni(OTf),, which is readily available or can be quickly
derived from commercially available NiCl, and AgOTf (Scheme 2b). Herein, we report a
straightforward and accessible methodology into the construction of 1,2-cis-
aminoglycosides that is operationally simple and mild through the catalytic activation by a
commercially available nickel catalyst, allowing for little to no extra laboratory training. The
efficient access and simple operation of the readily available and inexpensive nickel triflate
allows for a wider range of researchers to synthesize a variety of 1,2-¢/s-2-aminosugars in
excellent yield and defined arrangement and addresses many of the significant synthetic
limitations previously associated with the use of in-house prepared Ni(4-F-PhCN)4(OTf),.

Furthermore, we envision that the use of the early transition-metal nickel in catalytic amount
along with being at near room temperature will be very conducive with the synthesis of
biological constructs as well as with the principles of green chemistry. As opposed to other
late transition-metal activators of imidates [Pd(l1), In(111), Au(l), Au(l11), Ag(l), Sn(111)],8
nickel could be considered more biologically benign in such a substoichiometric amount in
forming biological targets. For instance, nickel is incorporated into metalloenzymes that
control the carbon cycle,® as well as it is used for purification of peptides by ligation to
histidine tags for affinity columns.10 Simple extract of nickel can be done through methods
such as chelation by EDTA or by sorbent resins.

2. Results and discussion

2.1 Identification of Bench-Stable and Commercially Available Metal Catalysts

In recent years, we have demonstrated that Ni(4-F-PhCN)4(OTf), catalyst effectively
promoted the a-coupling of acceptors with donors. However, due to unreproducible
preparation and extensive manipulations of Ni(4-F-PhCN)4(OTf), prior to being used in the
coupling event, many challenging 1,2-c/is-2-aminoglycosides cannot be achieved in
reproducible yield and a.-selectivity. To address this unmet challenge, our goal is streamline
and simplify the catalyst and procedure as much as possible without decreasing the reaction
efficacy. We hypothesize that a simple and commercially available Ni(OTf), could be a
catalyst of choice since both imidate and benzylidene nitrogens on glycosyl donor could
serve as temporary ligands to modulate its reactivity. To validate our proposed hypothesis,
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we examined the formation of the simple glycoside 7.11 Since it was not known how the
unligated version, Ni(OTf),, would affect the yield and especially the a-stereoselectivity, a
direct comparison of the glycosylation of Fmoc-protected threonine 6 with C(2)-N-ortho-
(trifluoromethyl)benzylidene glucosamine donor 5 mediated by 15 mol% of both the ligated
and unligated nickel(l1) catalyst was carried out (entry 1 vs entry 2). We were delighted to
find that both synthetically prepared ligated Ni(4-F-PhCN),(OTf), and readily available
unligated Ni(OTf), catalysts produced the desired coupled product 7 in similar yield, 66%
(entry 1) and 69% (entry 2), and importantly the high a-selectivity remained unchanged
(a:p =9:1). These results validated our hypothesis. The ligated and unligated catalysts were
both produced /n situ by stirring their corresponding nickel chloride precursors along with
silver triflate (2 equiv. relative to NiCl,) in CH,Cl, for 30 min prior to the coupling event
(Scheme 2). To determine the robustness of the 7 situ generation of Ni(OTf),, the stirring of
the NiClo/AgOTf mixture was extended from 30 min to 24 h and then subjected to the same
reaction conditions with donor 5 and acceptor 6. This /n situ catalyst proceeded to form 7
with no change in either selectivity or yield (61%, a:p = 8:1). Since it has been previously
shown that AgOTT is capable of activating acetimidate donors,8"J to further demonstrate that
Ni(OTf), is the actual activating agent required for the glycosylation to occur not the initial
catalyst precursors, NiCl, and AgOTT, two control reactions were performed (entries 3 and
4). Accordingly, treatment of donor 5 and amino acid residue 6 with NiCl, and AgOTf
individually provided the desired product 7 in very poor yield and selectivity (entries 3 and
4). It was not until a stoichiometric amount of AgOTf (entry 5) was utilized that the donor 5
was fully consumed after 16 h; however, a significant drop in a-selectivity (a:p =9:1 —
2:1) was observed (entry 5). These control experiments exemplify the need for the nickel
triflate catalyst in achieving a-selective coupling reaction. The unligated Ni(OTf), was also
examined in the coupling of acceptor 6 with C(2)-azido version of donor 5, providing the
desired coupling product with lower anomeric selectivity (a:p = 9:1 — 3:1), which
corresponds to previous findings.12 The active catalyst, Ni(OTf),, is commercially available
from several different sources and air-stable, allowing it to be handled without the use of
advanced inert gas techniques. When used in the coupling of 6 with 5, Ni(OTf), was able to
promote formation of 1,2-cis-2-aminoglycoside 7 in similar yield and a-selectivity (entry 6)
to the /in situ version (entry 2). This further simplified the reaction to just a one-pot
operationally simple technique. It is noted that discrepancies did arise in the yield when
different batches of commercially available Ni(OTf), were used for this reaction and will be
discussed later (vide infra, Table 2).

Several other commercially available metal triflate salts were also tested for facilitation of
the desired a-aminoglycoside 7 (Table 1, entries 7-11). Previously, several of these catalysts
were tried with the C(2)-A-para-(methoxy)benzylidene donor;13 however, due to the labile
nature of the para-(methoxy)benzylidene group the glycosylation reactions only proceeded
in low yield. Taking advantage of the switch to the more robust ortho-
(trifluoromethyl)benzylidene donor, we hypothesize that these metal triflate catalysts could
enable the coupling reaction. Although Cu(OTf), (entry 7) was able to proceed smoothly to
provide the coupling product 7 in comparable yield (60%) and a-selectivity (a.:p = 8:1), it
did not provide the products with reproducible yield and selectivity in comparison to
Ni(OTf),.14 The use of higher valent and more Lewis acidic metals, including Fe(OTf)3,
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In(OTf)3, and Zn(OTf), (entries 9-11), resulted in lower yield of 7. These metals were also
deliquescent, difficult to handle, and required handling in a glove box.

Furthermore, through the screening process it was found that the glycosylation was tolerant
of small amounts moisture and required the use of 4A MS only during times of high
humidity, to help suppress formation of the anomeric hydrolyzed product. Due to concerns
with the stability of the C(2)-A-benzylidene group on glycosyl donors, we established that
buffering silica gel with 1% triethylamine in the mobile phase prevents the potential removal
of the benzylidene group. The system was then applied to the purification of the 1,2-¢/s-2-
amino glycoside products and also allowed trivial separation of their a- and p-anomers. This
standard purification procedure is not, however, suitable for isolation of 7 because the
threonine Fmoc protecting group was partially removed. This obstacle was solved by
addition of toluene as a co-solvent. We hypothesized that due to the higher boiling point of
toluene (bp = 110 °C), triethylamine (88 °C) was removed first before it could reach
concentration levels high enough to cleave the Fmoc group (see the Sl for details).

As noted above, it was determined that utilization of commercially available Ni(OTf),
resulted in inconsistencies in the yield when different bottles were used (Table 2). These
variances could arise from batch-to-batch variation and purity of Ni(OTf),. As illustrated in
Table 2, when three different bottles of Ni(OTf), were used in the coupling of acceptor 6
with donor 5 the yield of the 1,2-cis-2-aminoglycoside 7 varied from 16 - 67% with the
highest yield coming when Ni(OTf), was a blue color upon opening (67%, entry 1). In
comparison, if the catalyst was a tan color there was a drastic decrease in the yield (16%,
entry 3). In stark contrast, the /n situ generation of Ni(OTf),, from commercially available
NiCl, and AgOTT, resulted in far more reproducible and consistent results. Therefore, /n situ
generated Ni(OTf), became the catalyst of choice for the construction of several highly
desired saccharide motifs containing 1,2-cis-2-amino glycosidic bonds.

2.2 Substrate Scope

The goal is to highlight the mild and operationally simple utility of available unligated
Ni(OTf), for the construction of a number of biologically relevant 1,2-cis-2-
aminoglycosides which could not be achieved previously in high yield and a.-
stereoselectivity with use of the synthetically-prepared ligated Ni(4-F-PhCN)4(OTf),. For
this purpose, only triacetyl protected glucosamine and galactosamine donors were utilized.
Complete and systematic understanding of how various protecting groups affect the
selectivity and yield is currently under investigation and will be reported in due course. In
addition to glucosamine and galactosamine substrates, the utility and limitations of Ni(OTf),
are currently being explored with a wide range of biologically relevant glycosyl donors such
as fucosamine,® quinovosamine,15¢d.16 and 4-amino-galactosamine.15¢:17

To demonstrate the utility of Ni(OTf), being able to efficiently promote glycosylations,
primary and secondary carbohydrate acceptors 8 and 9 as well as the traditionally
troublesome tertiary 1-adamantanol 10 (Table 3, entries 1-3) were examined with A-phenyl
trifluoroacetimidate donor 5. The simple and unligated Ni(OTf), was found to be effective,
providing the desired 1,2-c¢/s-2-aminoglycosides 13-15 (entries 1-3) in high yield (85 - 93%)
and with excellent a-stereoselectivity (a:p = 11:1 - a-only). These results are comparable
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to what was accomplished with use of the Ni(4-F-PhCN),OTf, catalyst.5P:¢ Next, we
examined the efficacy of Ni(OTf), to mediate stereoselective formation of
GlcNa(1—4)GIcA disaccharides 16 and 17 (entries 4 and 5), which are an important
subunit of the anticoagulant heparin oligosaccharides2? and could not be prepared in high
yield and a-selectivity with use of in-housed prepared Ni(4-F-PhCN)4(OTf),. Accordingly,
coupling of armed glucuronic acid acceptor 11 and disarmed acceptor 12 with glucosamine
donor 5 to provide a-exclusive disaccharides 16 and 17, respectively, in moderate to good
yield. One of the important features of the Ni(OTf),-catalyzed chemistry is that the scope
can be expanded to glucuronic acid thioglycoside acceptor 12 with no aglycon thiol transfer,
allowing for subsequent iterative couplings with no anomeric protection group exchange.
Due to the low nucleophilic nature of 12, the donor to acceptor ratio was switched to the
acceptor as the limiting reagent in order to suppress the formation of the undesired
elimination product.

Importantly, Ni(OTf), was successfully employed to catalyze the construction of two
different complex blood group tetrasaccharide antigens 21 and 22 (Scheme 3), overcoming
the limitations previously associated with use of in-house prepared Ni(4-F-PhCN)4(OTf), to
generate these antigen motifs. Accordingly, glycosylation of the group H type-VI antigen
trisaccharide acceptor 19 (1 equiv.) to A-substituted benzylidene galactosamine donor 18 (2
equiv.) provided the fully protected A type-VI antigen 21 in 63% yield and with a-only
selectivity (Scheme 3a). Likewise, coupling of the H type-V antigen trisaccharide acceptor
20 with donor 18 in the presence of 15 mol % NiOTf, resulted in a 59% yield of the
protected tetrasaccharide blood group A type-V antigen 22 with complete a-selectivity
(Scheme 3b). Similar yield and selectivity were achieved when 3 equivalents of the
galactosamine azido donor and moisture-sensitive TMSOTT activating reagent were used in
the coupling event.18

One of the major roadblocks in glycosciences is the lack of ability to obtain large quantities
of well-defined oligosaccharide structures, from natural sources and/or synthesis, which is
necessary to perform biological testing. One target of interest which has been prioritized in
the top five cancer antigens is MUC1.1° This antigen is on the apical surface of epithelial
cells; however, when a cell becomes cancerous MUCL is highly overexpressed and
aberrantly glycosylated. These new glycans are much smaller than that of non-tumor
associated MUCL glycans, typically shortened to just a simple a-GalNAc-Thr/Ser conjugate
known as Ty antigen. Due to the fact that this is exclusively expressed in carcinomas and
found nowhere else, it has been seen to have potential as a biomarker or as a vaccine against
several different types of cancer. Thus, the scalability of its production is of utmost
importance.2d-20 Safety could become a major issue during the scale-up process with C(2)-
azido donors. Synthesis of these donors requires the use of the TfN3 and when not handled
properly can be highly explosive.?! Although we have illustrated that use of 15 mol % Ni(4-
F-PhCN),OTf, was effective at safely providing the threonine-containing Ty antigen
derivative 23 in high yield and a-anomeric selectivity (Scheme 4a),5f the major drawback is
to prepare Ni(4-F-PhCN),4OTf; in reproducible and large quantities. Thus, our goal is to
investigate the ability of Ni(OTf), to provide large quantities of 23 in a comparable yield and
selectivity to that of Ni(4-F-PhCN),OTf,. Accordingly, the reaction between galactosamine-
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derived donor 18 and Fmoc-protected threonine amino acid 6 was first trialed on the small
scale (0.08 mmol) by both /n7 situ generated and commercially available version of Ni(OTf),
(Schemes 4b and 4c). These nickel catalysts were able to provide the desired
aminoglycoside 23 in similar yield to that of the ligated version, Ni(4-F-PhCN),OTf,
(Scheme 4a), although a slight drop in selectivity was observed (a-only — a:f =10:1 -
12:1). The reaction again proceeded smoothly when the scale was quadrupled to 0.32 mmol
(Scheme 4d). These results demonstrate three important points: (1) the commercially
available Ni(OTf), catalyst is much more reliable than the in-house prepared Ni(4-F-
PhCN)4OTf, counterpart for generating large quantities of 23; (2) the mild and operational
simple Ni(OTf),-catalyzed glycosylation procedure can be adopted by both specialist and
nonspecialists; and (3) the C(2)-A-benzylideneamino donor is much more a-selective than
the commonly used C(2)-azido donor for generating 1,2-cis-2-aminoglycoside. For instance,
TMSOTf-mediated coupling with threonine acceptor 6 with the C(2)-azido galactose
trichloroacetimidate donor provided the desired product in 55% yield with poor selectivity
(a:p = 2:1) even with diethyl ether to serve as putative nucleophile.22 The threonine-
containing compound 24 could be subsequently prepared according to literature®f or by our
improved procedure (see Scheme 6).23 The synthesis of compound 24 would allow us to
spectroscopically observe its structural variation in different deuterated solvents (vide infra,
Fig.1).

2.3 Synthetic Applications

Over the years there have been several elegant methodologies to integrate Ty antigen into
biological systems by means other than in peptide sequences. The major strategy involves
conjugation of a-aminooxy glycoside 28 (Scheme 5) to an aldehyde or ketone unit on a
scaffold. We question if Ni(OTf), could be utilized to promote high yielding and a.-selective
formation of 28, which could not be achieved in high yield and a.-selectivity with use of in-
house prepared Ni(4-F-PhCN),OTf; catalyst. Accordingly, synthesis of this glycoside was
attempted under nickel-catalyzed conditions by the glycosylation of NHS ester 25 (2 equiv.)
with galactosamine donor 18 (Scheme 5). The coupling proceeded smoothly to provide the
desired a.-aminooxy analogue 26 in 63% yield.24 Previous introduction of this type of a-
aminooxy derivatives, utilizing C(2)-azido glycosyl donor, required 4 equivalents of NHS
ester 25 to out compete the glycosylation by the more nucleophilic A-succinimide following
activation of a thioglycoside with N1S.25 As well, the use of C(2)-azido halides resulted in
67% yield however with low selectivity (a.:p = 3:1); a-only selectivity has been previously
reported through the use of an expensive phase transfer catalyst and a difficult to fashion p-
chloride.28 Subsequent conversion of 26 into A-acetylated 27 (81%) was achieved by
removal of the benzylidene group followed by acetylation. Hydrolysis of the known
compound 27 would reveal the free a-aminoxy glycoside 28.2526 Andreana and coworkers
were able to conjugate 28 to the modified version of immunostimulant PS Al to produce 29
(Scheme 5) for use as potential vaccine.25¢ On other the hand, Bertozzi and coworkers
conjugated 28 to a polymer scaffold containing pendant ketone to generate 30 (Scheme 5)
for use to mimic the MUC1 mucin of epithelial cells.2”

The a-GalNAc-Serine derivative of mucin Ty antigen is not as conformationally locked as
its threonine counterpart.28 This freedom of rotation allows it to achieve stronger binding to
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potential lectins.28 Gram-scale synthesis of this potent cancer biomarker could allow for an
effective therapeutic. Unfortunately, this freedom makes construction of the a-GalNAc-Ser
compound more challenging, and typically lowering of the a-selectivity is often observed.2?
Under Ni(4-F-PhCN),OTf,-catalyzed conditions, coupling of serine residue 31 with
galactosamine donor 18 provided the desired glycosyl amino acid 32 (Scheme 6) in
unreliable yield and a-selectivity. To illustrate the reproducibility and scalability of the
commercially available Ni(OTf), catalyst, coupling of 31 with 18 was first carried out in a
small-scale to provide the desired glycosyl amino acid 32 in 68% yield with a:p = 7:1
(Scheme 6a). We then proceeded to scale up to one gram of donor 18 which produced 0.975
g of 32 in 76% yield and with a.:p = 7:1 (Scheme 6b), validating the efficacy of Ni(OTf),
for use in reproducible and large scale preparation. The aminoglycoside 32 was then
subjected to traditional acidic conditions to remove the A-benzylidene group. This was first
attempted with the /n situ production of HCI from acetyl chloride in methanol, the optimal
conditions used for the removal of the benzylidene group of glycosyl threonine amino acid
23 (Scheme 4).57 Unfortunately, these previous conditions are not suitable for glycosyl
serine amino acid 32 because the use of methanol resulted in a transesterification reaction
converting an allyl protected acid to a methyl protected carboxylic acid. This methyl ester
byproduct came in a 1:1 ratio along with the desired allyl protected intermediate. To
suppress transesterification, the bulkier 2-propanol (5 equiv.) was then investigated in
combination with acetyl chloride (2.2 equiv.). The A-benzylidene group of 32 was cleanly
removed under new conditions (Scheme 6). Without purifying the resulting amine salt
intermediate was then dissolved in pyridine followed by addition of excess acetic anhydride
(Scheme 6), and the corresponding A-acetylated 33 was produced in 70% over two steps.
Removal of the allyl protecting group was done within 1 h using 10 mol % Pd(PPh3)4 with
N-methyl aniline as the allyl scavenger.20 This resulted in the solid-phase-peptide
synthesizer compatible 35 near quantitatively. Finally, serine-containing Ty antigen 34 was
obtained as the result of global hydrolysis of 33 (Scheme 6).

2.4 1H NMR Analysis of Threonine- and Serine-Containing Aminoglycosides:

Interestingly, when a 1H NMR analysis of 35 was conducted in CDClj it appeared that a
nearly 1:1 mixture of two compounds were observed. This observation was far more distinct
on the threonine-containing compound 24 (Fig. 1). At first, we speculated that the desired
aminoglycoside 24 was epimerized. However, without the presence of a strong base it would
be unlikely to happen under these conditions and has never been mentioned in the literature.
On the other hand, when 24 was spectroscopically analyzed in either DMSO-dg or MeOD
the peaks merged into one compound (Fig. 1). The spectrum of 24 was also compared to that
of known spectra of each GalNAc-Thr epimer. The chemical shifts of 24 in DMSO-dg
matched that of the GalNAc bearing the desired, natural L-threonine amino acid.3! The
discrepancy between CDCl3 and DMSO-dg spectra suggests the involvement of hydrogen
bonding. We hypothesize that a 1:1 mixture of 24 observed in the ITH NMR spectrum is the
result of two major hydrogen bonding conformations not being able to interconvert in
CDCls. This type of intramolecular hydrogen bonding is disrupted when 24 was
spectroscopically analyzed in DMSO-dg or MeOD, explaining why only one product was
observed in IH NMR analysis (Fig. 1).
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To further confirm our hypothesis, a variable temperature from 25 to 45 °C of GalNAc-Thr
compound 24 in CDCl3 was conducted (Fig. 2). As the temperature rises, the peaks slowly
become broad and less distinct and begin to coalesce with the known compound peaks as the
rate of exchange increases, including that of the anomeric hydrogen peak at 5.03 ppm and
the methyl peak at around 1.25 ppm. This result suggests that there is actually only one pure
compound. Unfortunately, complete coalescence could not be achieved due to low boiling
point of chloroform. To the best of our knowledge, this phenomena has never been
mentioned in the literature on this substrate.31:32 We believe that this transparent analysis
would minimize confusion when non-specialists try to use one of the aforementioned
methods for the construction of Fmoc-protected GalNAc-Ser/Thr compounds 24 and 35.
These compounds are versatile building blocks required for the solid-phase peptide synthesis
of tumor associated mucin-type glycopeptides.

2.5 Computational Analysis of Threonine-Containing Aminoglycosides in Various Solvents

To confirm that hydrogen bonding played important role in the aforementioned 1H NMR
results (Fig. 1 and 2), we turned to computational analysis of GaINAc-Thr 24 in three
solvent systems (chloroform, dimethyl sulfoxide, and methanol) to simulate the
intramolecular movement of the hydrogen bond network over time. These solvents were
chosen in particular due to their range of relative polarities from medium to very high. Upon
initial mapping it was found that there were five major potential intramolecular hydrogen
bonds that could occur between several donor (D-H) and acceptor (A) atoms on 24 (Fig. 3).
We present the results of the interaction between each solvent system and the key hydrogen
bonding (intra- and intermolecular) donor-acceptor pairs while comparing and contrasting
the differences in the dihedral angle distribution of O1-C-C-NH of the threonine component
of compound 24.

Overall, the analysis of the intramolecular hydrogen bonds as an evolution of time in these
three solvents found that only three hydrogen bonds were of key significance. Specifically,
hydrogen bonds between the C(2)-NH group of GalNAc sugar unit and the carboxylic acid
oxygen of threonine (I, Fig. 3), the carboxylic acid and the carbonyl oxygen of the A-Fmoc
protecting group on threonine (11, Fig. 3), and the C(2)-/VH group and the carbonyl oxygen
of the C(3)-acetyl group of GalNAc unit (111, Fig. 3). These hydrogen bonds (I, 11, and I11)
were determined to be of significance based on the standard distances between the donor (D-
H) and acceptor (A) atoms for strong and medium strength hydrogen bonds, established by
Jeffrey and coworkers, being 2.2 - 2.5 and 2.5 - 3.2 A, respectively.33 Although hydrogen
bonds 1V and V were observed in the simulation (Fig. 3), their greater distances (> 5 A)
were not relevant to this study. To determine how the solvent would interact/interfere with
these hydrogen bonds of the solute, the distances between these donors and acceptors were
simulated over 400 ns and plotted (Fig. 4). As chloroform is a relatively non-polar solvent,
GalNAc-Thr compound 24 prefers intramolecular hydrogen bonding because there is no
possibility of hydrogen bonds formed between the sugar and chloroform. Over time these
three hydrogen bonds did not deviate significantly. In particular, H-bond Il maintains a near
distance of less than 3.2 A. The result suggests that hydrogen bonding was strong and
conformationally locked the molecule in CHClI3 (Fig. 4a). When the simulation was
attempted in the more polar solvents, methanol and DMSO (Figs. 4b and 4c), which is in
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stark contrast to the results shown in t chloroform (Fig. 4a). Although all three of the same
hydrogen bonds were observed, there was a greater fluctuation of the distances between the
donor and acceptor atoms caused by competing intermolecular bonding with the solvent
(Figs. 4b and 4c). An analysis of the solvation geometry for the hydrogen bonding in both
DMSO and methanol illustrates that compound 24 is in hydrogen bonding with the solvent
for >99% of time (See S1 for a representative snapshot of the solvated GalINAc-Thr by
methanol).

Normalized population distributions of the hydrogen bond distance vs time plots (Fig. 4)
further confirmed that over time the probability of strong intramolecular hydrogen bonding
occurring in chloroform is much larger than that of both methanol and DMSO (Fig. 5).
Having weak intramolecular hydrogen bonds would lower the barrier of rotation around the
bonds allowing for fast interconversion between conformations. This could explain why only
one set of peaks in the 1H NMR spectrum was observed for MeOD-d, and DMSO-dg,
whereas in CDCl3 the strong hydrogen bonding locked into two separate conformations with
no interconversion. Thus, the two blocked conformations explains why two sets of 1H NMR
peaks were observed in CDCls. Dihedral angle analysis for O1-C-C-NH of threonine that
connects GalNAc to the Fmoc moiety is also in agreement with this statement (see the
Supporting Information). In DMSO and methanol, dihedral angle of O1-C-C-NH freely
shifts between three populations centered around —50, 80 and 170 degrees. On the other
hand, in chloroform only two populations were centered around 80 and 170 degrees (Fig.
S2). When thoroughly analyzing the population distributions of GaINAc-Thr 24 in
chloroform, we hypothesize since there are two very distinct and similar populated regions
(2.5 -3.2 A and 4.2-5 A) that hydrogen bond 111 plays a role in these two different
conformations. Theoretically, there could be intramolecular hydrogen bonding competition
for the C(2)- M-acetamide hydrogen by both the carbonyl of the free carboxylic acid and also
the carbonyl of the C(3)-acetyl group.

3. Conclusion

In summary, we have developed an operationally-simple and efficient approach to the
synthesis of 1,2-c¢/s-2-aminoglycosides in very high a-selectivity through the activation of
N-phenyltrifluoroacetimidates by bench-stable and substoichiometric amounts of
inexpensive and commercially available Ni(OTf),. This simple protocol is water-tolerant,
does not require specialized equipment, and is compatible with a wide variety of protecting
groups. Importantly, we demonstrated that the Ni(OTf),-mediated 1,2-c/s-2-
aminoglycosylation methodology is a straightforward approach to effortlessly and safely
construct a number of highly a-selective saccharide targets, such as blood type A-type V
and VI antigens, heparin sulfate disaccharide repeating unit, aminooxy glycosides, and
GalNAc-Serine conjugate, which could not be easily achieved with use of in-house prepared
Ni(4-F-PhCN)4(OTf),. Moreover, under these nickel conditions the scale-up production of
these targets transitioned smoothly. This methodology provides increased access to these
targets as it requires minimal training and simple laboratory equipment so that potential
users could be both specialist and non-specialists alike. Finally, discrepancies seen by 1H
NMR in various solvents were computationally addressed as a way to solidify the purity and
structure of the product by analyzing the solvent effect on intramolecular hydrogen bonding

Carbohydr Res. Author manuscript; available in PMC 2017 November 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sletten et al.

Page 11

of the Fmoc-protected GalNAc Serine/Threonine compounds, one of the most important
tumor-associated mucin antigens.

4. Experimental section

4.1 General methods

All reactions were performed in dried flasks fitted with septa under a positive pressure of
nitrogen atmosphere unless otherwise noted. Organic solutions were concentrated using a
Buchi rotary evaporator below 40 °C at 25 torr. Analytical thin-layer chromatography (TLC)
was routinely utilized to monitor the progress of the reactions and performed using pre-
coated glass plates with 230-400 mesh silica gel impregnated with a fluorescent indicator
(250 nm). Visualization was achieved using UV light, iodine, or ceric ammonium molybdate
stain. Flash column chromatography was performed using 40-63 um silica gel (SiliaFlash®
F60 from Silicycle). Dry solvents were obtained from a SG Waters solvent system utilizing
activated alumina columns under an argon pressure. Anhydrous nickel(Il) chloride, silver
triflate, and nickel(1l) triflate were purchased from Strem Chemicals Inc. and Sigma Aldrich
Co. All other metal triflates, solvents, and commercial reagents were used as received from
Sigma Aldrich, Alfa Aesar, Acros Organics, TCI and Combi-Blocks, unless otherwise noted.
All new compounds were analyzed by NMR spectroscopy and High Resolution Mass
spectrometry. All 1H NMR spectra were recorded on either Bruker 400 or 500 MHz
spectrometers. All 13C NMR spectra were recorded on either Bruker 100 or 125 MHz NMR
spectrometer. Chemical shifts are expressed in parts per million (& scale) downfield from
tetramethylsilane and are referenced to the residual proton in the NMR solvent (CDCl3: &
7.27 ppm, § 77.16 ppm; DMSO-dg: 6 2.50 ppm, & 39.52 ppm; D,0: &§ 4.79 ppm). Data are
presented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, g =
quartet, m = multiplet, and bs = broad singlet), integration, and coupling constant in hertz
(Hz). Infrared (IR) spectra were reported in cm™1. High resolution (ESI) mass spectrometry
was performed at the University of lowa. Preparation of donors 5 and 18 and allyl-protected
threonine and serine residues 6 and 31 as well as global hydrolysis were done according to
our previous report.5f

4.2 General Glycosylation of Threonine/Serine Amino Acids Mediated by In Situ Generated

Ni(OTf);

4.2.1. Fmoc-protected threonine-(O-allyl) 3,4,6-tri-O-acetyl-2-deoxy-2-O-
trifluoromethylbenzylideneamino-a-b-glucopyranoside (7)—First, a stock solution
of active Ni(OTf), catalyst was prepared by charging a dried 10 mL reaction flask A with
NiCl, (4.5 mg, 0.036 mmol, 45 mol %) and AgOTf (18.3 mg, 0.071 mol, 90 mol %) under
nitrogen. A reaction flask A was wrapped in aluminum foil since AgOTf is light-sensitive,
and 1 mL of dry CH,Cl, was then added under flowing nitrogen and quickly capped to
prevent evaporation. This mixture was allowed to stir at room temperature for 30 min. Into a
different dried 10 mL reaction flask B, p-glucososamine A-pheny!l trifluoroacetimidate
donor 5 (50 mg, 0.079 mmol, 1 equiv.) and threonine 6 (36.6 mg, 0.095 mmol, 1.2 equiv.)
were charged under nitrogen and then dissolved in 0.7 mL of dry CH,Cl,. After the catalyst
mixture in reaction flask A had been stirring for 30 min, a 1 mL plastic syringe fitted with a
20 gauge needle was inserted into the flask and to make sure there is high turbidity in the
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solution was extracted into the syringe serval times before finally withdrawing the desired
amount [0.33 mL containing 15 mol % of the active Ni(OTf), catalyst]. This solution was
then transferred into a reaction flask B under nitrogen. The resulting mixture was stirred
under nitrogen at 35 °C overnight while covered in an aluminum foil tent. Reaction was
monitored using TLC (5/1 toluene/acetonitrile, R¢ = 0.25). Once complete, 0.5 mL of
toluene was added to the reaction and then concentrated at room temperature until CH,Cl»
was completely removed. The remaining toluene containing the reaction mixture was then
loaded directly on to a silica gel column and purified by flash chromatography (10 g of
silica, 1/2in ID X 12in column, 5/1(180 mL)—3/1(200 mL)—2/1(200 mL) hexanes/ethyl
acetate + 1% triethylamine). AXer purificaZon, the fractions containing the product were
combined into a 250 mL round bottom flask, diluted with 50 mL toluene,” and then
concentrated using a Buchi rotary evaporator at room temperature until the solvent level
reaches the previously marked 50 mL volume (at this point, all EtzN was removed). Once
this solvent level was achieved, the solution was concentrated at 50 °C to provide the desired
1,2-cis-aminoglycoside 7 as a semi solid (44.9 mg, 69%, a:p = 9:1). 7a: 'H NMR (400
MHz, CDCl3): & 8.65 (g, /= 2.4 Hz, 1H), 8.39 — 8.34 (m, 1H), 7.77 (d, /= 7.6 Hz, 2H),
7.66 —7.61 (m, 3H), 7.46 — 7.42 (m, 2H), 7.39 (q, J= 6.9 Hz, 3H), 7.32 - 7.27 (m, 2H), 6.31
(d, /=8.9 Hz, 1H), 5.77 — 5.59 (m, 2H), 5.18 — 5.08 (m, 3H), 4.99 (d, J= 3.5 Hz, 1H, H-1),
4.54 - 4.25 (m, 11H), 4.16 (d, /= 11.6 Hz, 1H), 3.64 (dd, J=10.2, 3.5 Hz, 1H), 2.12 (s,
3H), 2.06 (s, 3H), 1.89 (s, 3H), 1.44 (d, J= 6.4 Hz, 3H); 13C NMR (101 MHz, CDCl3): &
170.78, 170.28, 170.01, 170.00, 162.02, 157.01, 144.06, 143.89, 141.38, 141.34, 133.02,
132.39, 131.34, 131.06, 129.56, 129.29, 129.16, 128.85, 128.35, 127.81, 127.25, 125.80,
125.32, 122.85, 120.07, 120.05, 119.13, 99.61, 75.89, 72.91, 70.71, 68.94, 68.44, 67.71,
66.20, 62.34, 58.94, 47.30, 20.88, 20.84, 20.56, 19.50; HRMS (ESI): calc. for
CaoHa3N,01,F3 (M + Na)*: 847.2666; found 847.2669. 78: 1H NMR (400 MHz, CDCly): &
8.63 (9, /=2.5Hz, 1H), 8.10 (d, /= 7.5 Hz, 1H), 7.76 (d, J= 7.6 Hz, 2H), 7.70 (d, J= 7.4
Hz, 1H), 7.56 (dt, /= 15.7, 7.3 Hz, 4H), 7.39 (t, J= 7.4 Hz, 2H), 7.30 — 7.22 (m, 2H), 6.00 —
5.86 (m, 1H), 5.63 (d, /=9.2 Hz, 1H), 5.46 (t, /=9.6 Hz, 1H), 5.36 (dd, /= 17.2, 1.3 Hz,
1H), 5.26 (dd, /=10.4, 1.1 Hz, 1H), 5.14 (t, /= 9.8 Hz, 1H), 4.82 (d, /= 7.8 Hz, 1H, H-1),
474 - 458 (m, 2H), 4.47 (qd, J= 6.2, 2.6 Hz, 1H), 4.42 — 4.30 (m, 4H), 4.23 (t, J= 7.3 Hz,
1H), 4.15 (dd, J=12.2, 2.3 Hz, 1H), 3.81 (ddd, J=10.0, 4.4, 2.4 Hz, 1H), 3.44 (dd, J= 9.8,
7.8 Hz, 1H), 2.10 (s, 3H), 2.06 (s, 3H), 1.94 (s, 3H), 1.19 (d, J= 6.4 Hz, 3H); 13C NMR (126
MHz, CDClI3): 6 170.61, 169.84, 169.80, 169.70, 161.64, 156.68, 143.93, 143.79, 141.26,
133.62, 132.22, 131.71, 130.69, 129.20 (q, 2Jc.£= 31.0 Hz), 128.48, 128.21, 127.66, 127.02,
125.64 (q, 3JoF= 5.6 Hz), 125.12, 125.10, 119.92, 118.55, 99.61, 74.94, 73.99, 73.02,
71.96, 68.38, 67.38, 66.10, 62.06, 58.66, 47.15, 20.68, 20.64, 20.39, 17.14; HRMS (ESI):
calc. for C4o Ha3N2O1oF3 (M + Na)* : 847.2666; found 847.2671.

4.3. General Glycosylation of Threonine/Serine Amino Acids Mediated by Commercially
Available Ni(OTf),

4.3.1. Fmoc-protected threonine-(O-allyl) 3,4,6-tri-O-acetyl-2-deoxy-2-O-
trifluoromethylbenzylideneamino-a-o-glucopyranoside (7)—To a dried 10 mL
reaction flask was charged with p-glucososamine A-phenyl trifluoroacetimidate donor 5 (50
mg, 0.079 mmol, 1 equiv.), threonine 6 (36.6 mg, 0.095 mmol, 1.2 equiv.), and NiOTf, (4.25
mg, .0119 mmol, 15 mol %) under nitrogen, and the mixture was then dissolved in 1 mL of
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dry CH,Cl,. The resulting solution was stirred under nitrogen at 35 °C (16 h) overnight.
Reaction was monitored by TLC (5/1 toluene/acetonitrile, R¢ = 0.25). Once complete, 0.5
mL of toluene was added to the reaction and then concentrated at room temperature until
CH,Cl, removed. The remaining toluene containing the crude product was then loaded
directly on to a silica gel column and purified by flash chromatography (10 g of silica, 1/2in
ID X 12in column, 5/1(180 mL)—3/1(200 mL)—2/1(200 mL) hexanes/ethyl acetate + 1%
triethylamine). AXer purificaZon, the fractions containing the product were combined into a
250 mL round bottom flask and diluted with 50 mL toluene. The round bottom was then
concentrated via a Buchi rotary evaporator at room temperature until the solvent level
reaches the previously marked 50 mL volume. Once this level is achieved, the solution was
concentrated at 50 °C to provide the desired glycosyl amino acid 7 as a semi solid (43.6 mg,
67%, a:p =10:1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

. Commercial Ni(OTf), is an effective catalyst to form a-glycosidic
bonds.

. Comparison of Ni(OTf), and in-house prepared Ni(4-F-PhCN)4(OTf),
is discussed.

. Ni(OTf), prepared several bioactive motifs difficult under traditional
methods.

. Investigatory studies of solvent effects on Tn-antigen hydrogen

bonding network.
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The IH NMR of GalNAc-Thr 24 in three different deuterated solvents (CDCls, MeOD-dy,

and DMSO-dg).
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Fig. 2.
Variable temperature 1H NMR experiment of GalNAc-Thr 24 in CDCl3 in which the

temperature was raised from 25 °C to 45 °C.
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Fig. 3.

GalNAc-Thr molecule 24 with all the possible intramolecular hydrogen bonds. The Roman
numerals show the numbering of the five H-bonds that we calculated in this molecule. The
arrows indicate the hydrogen bonds with the arrow head pointing from the donor (D-H) to
acceptor (A) (Oxygen = Red, Nitrogen = Blue, Carbon = Cyan, Hydrogen = Gray).
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b)

Fig. 4.

Time vs. distance plot for GaINAc-Thr 24 in all three solvent systems, a) CHCl3, b) DMSO,
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and ¢) MeOH. Refer to Fig. 3 for the H-bond donor/acceptor pairs.
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Hydrogen bond distance population analysis for the three major hydrogen bonds of GalNAc-
Thr 24 over 400 nanoseconds in all three solvent systems. Refer to Fig. 3 for the H-bond

donor/acceptor pairs.
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Enoch and Nguyen (JACS 2009 and 2010):

-0 5-10 mol % —0
(RO Ni4-F-PhCN),0Th, (RO Tﬁ1

N N
\ OTCCI?’ CHCly, 25°C, 3-12h il O-R
1 NH ron /d 2

X 70 - 98% vield X

X=H, OMe,F,CF, (@B =121-251)

Yu and Nguyen (JOC 2012):
0 15 mol % 0
RO, Ni(4-F-PhCN)4(OTf), (Ro)n_\ﬁ1
N “O_ CF, : N
| g CH,Cls, 35 °C, overnight | O-R
NPh R-OH
70 - 98% yield
CF
5 0 (@p =12:1+25:1) 4 P

Scheme 1.
Evolution of the Nguyen nickel-catalyzed 1,2-c¢/s-2-aminoglycosylation.
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Previous Work:

NGl CH,Cly, 72 h,
N 25°C Ni(4-F-PhCN),Cl, | _AgOTf -
~ i(4-F- )4Cl2| ———  Ni(4-F-PhCN)4(OTf), +AgCl  (a)
4-F-PhCN 10-76% (active catalyst)
This Work:
Nicl, —AgOTf Ni(OTf),  + AgCl ®)

(active catalyst)

Scheme 2.
Simplification of nickel catalyst to expand the scope of potential users to non-specialists.
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AcO OAc épg
Q0 @
AcO N 0 BnO °
CFs N o (]
| BnO o =
©) e BnO \/ﬁs\/
Me 707 ogn 21
BnO OBn 63%, c-only

Ph Ph
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Ni(OTf),-mediated formation of blood group tetrasaccharide antigens.
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Ohc NHFmoc OAc

AcO Hoo A o ACO AcO
o YOS 0 0
AcO Me O 6 AcO NHFmoc See Ref. 6f  AcO NHFmoc
N - - " . NDoE —— " ANt

IR 15mol % LNIOT, J O~y copiyi o Scheme 6
NPh CH.xCly, 35 °C, overnight Me
cl cF, B

Fs 18
a: (4-F-PhCN),NiClL/AgOTf 18 63% (ot only)
b: NiClo/AgOTf 18 (0.08 mmol) 61% (ci:p = 10:1)
c: Ni(OTf), 18 (0.08 mmol) 65% (o = 12:1)
d: NiCl,/AgOTf 18 (0.32 mmol) 69% (ct:p = 10:1)
e: NiCl/AgOTf 18 (0.32 mmol) 69% (ct:p = 10:1)

Scheme 4.

Comparison studies: In-house prepared Ni(4-F-PhCN), (OTf), vs. readily available

Ni(OTf),
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Scheme 5.
Ni(OTf),-catalyzed formation of a-aminooxy glycoside.
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AcO OAc
o 15 mol % NiCl,/AgOTf
AcO CHzCl, 35°C, 12h
_CHiCly35°C,42h

N
I O«_-CF3 NHFmoc
T o T
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CFs 18 3
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Scheme 6.
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Scalable synthesis of Ty antigen bearing serine amino acid.
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Table 1

Initial catalyst screening in the streamline of metal-catalyzed 1,2-¢/is-2-amino glycosides.

NHF moe
5 5
NS YT i
L\c(‘ws"\'ﬂ Me ¢ 6 AcO NHFmoe
Mo, eFry ——————r Mo 2L
~ L IMIOTP, CHCE, T cosA
| NPh 35 *C, overnight Me
ZGFy 5 ory 7
Entry Catalyst Mol %  Yield %)P  a:pC
1 Ni(4-F-PhCN),4Cl,/AgOTf 15 66 9:1
2 NiCl,/AgOTf 15 69 91
3 NiCl, 15 0 0
4 AgOTf 30 16 41
5 AgOTf 100 66 2:1
6@  Ni(OThH, 15 67 10:1
7 Cu(oTh, 15 60 8:1
8 Zn(0TH), 15 45 7:1
9 Fe(OTf)3 15 47 7:1
106 Au(OTf); 15 70 7:1
11 In(OTf)3 15 53 8:1

aAII reactions were conducted with 0.08 mmol of glycosyl donor 5.
blsolated by chromatography.
¢ 1
Calculated based on “H NMR.
dFor additonal details see Table 2.

61Made in situwith 15 mol % AuCI3 and 30 mol % AgOTHf.

Carbohydr Res. Author manuscript; available in PMC 2017 November 29.

Page 28



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Sletten et al.

Table 2

Discrepancies in yield based on variations in commercially acquired nickel triflate.

NHFmoc
AcO - AcO
N 0 HO. o]

AcO TS a9
AcO Me O 6 AcO \ NHFmoc

Mo, cFp ——————— No
i 15 mol % Ni(OTf)2, CHaClz T coaiy
NPh 35 °C, avernight Me .

C 5

F3 CFa

Entry  Vendor Lot # Catalyst Color  Yield (%)2 q:pb

1 Strem 24039600 blue 67 10:1
2 Strem 24039600 green 54 8:1
3 Strem 25453100 tan 16 71

alsolated by chromatography.

bCaIcuIated based on 1H NMR.
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Coupling of various glycosyl acceptors to C(2)-A-benzylidene substituted glucosamine donor 5.

Table 3

AeD AcQ
AgO Q AcO 0
AcC 15 mol% NiCl/AgOTF AtD
NO._CF2 ~ ROH, CHuCloy NoR
(S Nen 387Cyovermisht d 13-17
= CF3 & CF3
Entry Acceptors Products Yieldd (a:p®
HO 0N o
Ao
o N0 VR
n | P, .
a ) Q 0
1 BAC e 'IA”I) B0\ -0 85%, 15:1
8 Fher gy MCome
S(2-CF+Ph) -,
Mw Bel— Io.wsmmm
N g e
ob HO 0 6 9 S ":-\,o 93%, a-only
L‘e‘.'. N| . :‘-\.a_ﬂ 1 Me
B
om poO
L AcO—>—T —
/\\ N 0O~ L IR
34 — \) L7 90%, 111
10 C"x(\h 15
CO-Ne A0
Sy
HO 0O = COxMe
BnO ) o —= 76%, a-only
43 g BnO \ f
BnO COMe i & BCome  71%, a-only
" ~Fer
oo
HO—A-
B0 -5(2 6-Me-Ph)
5C Bzl 58%, a-only

1z

aDonor/Acceptor =1:1.2.

bDonor/Acceptor =1:2.

cDonor/Acceptor =2:1.

dlsolated by chromatography.

eCaIcuIated based on 1H NMR.

fConducted with 15 mol % commercially available Ni(OTf)2 for 16 h.
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