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Carbohydrate-Functionalized Triazolylidene Iridium

Complexes: Hydrogenation Catalysis in Water with

Asymmetric Induction

Joseph P. Byrne,” "' Lidia Delgado, Francesca Paradisi,*“ and Martin Albrecht*

Two sets of carbohydrate-NHC hybrid iridium complexes were
synthesised in order to combine properties of carbohydrates
and triazolylidene (trz) ligands in organometallic catalysis. One
set features a direct trz linkage to the anomeric carbohydrate
carbon, while the second set is comprised of an ethyl linker
between the two functional units. Deprotection of the carbohy-
drate afforded hybrid complexes that efficiently catalyse the
direct hydrogenation of ketones in water. The catalytic activity

Introduction

Carbohydrates constitute an attractive class of compounds for
the functionalization of homogeneous catalysts since they
impart high water solubility and offer a natural and highly
diverse pool for introducing chirality. Remarkably carbohydrates
are considerably underexploited in catalysis when compared to
other natural chiral pools such as amino acids."? Pioneering
work involving carbohydrate incorporation into phosphine and
phosphinite ligands has demonstrated, however, promisingly
high enantioselectivities in catalytic olefin hydrogenation.®'"
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of the hybrid complexes was influenced by the pH of the
aqueous medium and surpassed the activity of carbohydrate-
free or acetyl-protected analogues (>90% vs 13 % yield). While
no enantiomeric induction was observed for the ethyl-linked
hybrids, a moderate enantiomeric excess (ee) was induced by
the directly linked systems. Moreover, these carbohydrate-trz
hybrid complexes displayed mixed inhibitory activity towards a
glycosidase from H. orenii that contain a glucose binding site.

Carbohydrate functionalisation of NHC ligands has been
developed only recently,"" with the majority of research thus
far focused towards imidazolylidene ligands and their saturated
analogues. Carbohydrate—NHC hybrid complexes have shown
anticancer activity,"? and catalytic activity in Ru-catalysed olefin
metathesis reactions,™ Ir-catalysed alcohol and amine
oxidation,"" and Pd-catalysed Suzuki-Miyaura coupling,"*" as
well as in Rh-catalysed carbohydrate-directed asymmetric
hydrosilylation of ketones."®'® Notably, these applications
involved fully protected carbohydrate derivatives, and only in
Suzuki-Miyaura coupling, in situ deprotection under catalytic
conditions has been assumed."®'” Our group recently demon-
strated that carbohydrate-trz iridium complexes (trz=1,2,3-
triazol-5-ylidene) were sufficiently robust to be deprotected at
the carbohydrate site, and that deprotection significantly
enhanced the catalytic activity in alcohol and amine oxida-
tion. '+

The installation of deprotected carbohydrate functionalities
on organometallic complexes offers several opportunities. For
example, increased solubility in aqueous media allows for using
water as a safe, cheap, and abundant solvent®?? with the
potential to regulate activity through pH modifications,
although stability of organometallic systems in buffer solutions
is not yet commonplace.” These properties paired with
sufficiently robust complexes have been exploited to couple
organometallic  catalysis in tandem with enzymatic
transformations,*2® and to build artificial metalloenzymes
upon docking of organometallic entities to proteins.?*? Similar
applications may emerge from carbohydrate-organometallic
hybrid systems, since biological receptors for specific carbohy-
drate bonding are well known, and indeed, carbohydrate-
functionalised triazoles were shown to inhibit the activity of
glycosidases.®*3¥

Here we demonstrate the incorporation of a variety of
carbohydrate motifs into Ir-triazolylidene complexes, and their
marked impact on catalytic ketone hydrogenation catalysis,
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both in terms of activity as well as stereoselectivity. Specifically,
the anomeric position was identified to be key for inducing S-
vs R-enantio-preference of the catalyst. Furthermore, bonding
of the carbohydrate-trz hybrid complexes to glucose hydrolase
was probed to establish the impact of the protein on catalysis.

Results and Discussion

Synthesis of carbohydrate—triazolylidene iridium complexes.
Carbohydrate-functionalised triazoles 1 were prepared from
phenylacetylene via copper-catalysed alkyne azide cycloaddi-
tion (CAAC) of the corresponding glucose-, galactose, and
mannose-azides,**>" respectively (Scheme 1). Analogous tria-
zoles 2 with an ethylene spacer between the triazole hetero-
cycle and the carbohydrate unit were synthesized from the
corresponding azidoethyl glycopyranosides, which were avail-
able via glycosylation of penta-O-acetylglycopyranose with
bromoethanol and subsequent nucleophilic substitution with
NaN,;.25* All compounds 1-2 were obtained in good yields
(41—78%).[12’]4'41]

A characteristic singlet at ca. 7.9 ppm in each 'H NMR
spectrum confirmed formation of the triazole heterocycle. In all
compounds, the triazole displayed a single set of '"H NMR
resonances, confirming that the products did not undergo
anomerisation. Specifically, the anomeric pair 1eMan and
1BMan, display different '"H NMR spectra, with distinct coupling
constants of the doublet resonance for the anomeric proton of
2.6 Hz (at 6.07 ppm) and 1.4 Hz (at 6.19 ppm), respectively. The
resonances arising from the anomeric protons in triazoles 2
were significantly less deshielded than for 1 and, appeared
around &, 4.5 with a *Jy,=7.8Hz coupling for 2aGlc and

20Gal, and 1.6 Hz for 2fMan. Triazole 1aGal was deprotected
in excellent yields under Zémplen conditions (SI),®*¥ but
attempts to subsequently obtain the corresponding triazolium
salt has failed in our hands. Protecting groups were therefore
retained for the triazole alkylation and metalation steps.

Near-quantitative alkylation of 1-2 was achieved with
[Me;O]BF, in CH,Cl, and confirmed by a diagnostic 0.5 ppm
downfield shift of the C,,H resonance in the '"H NMR spectrum
of the triazolium salt 3 and 4 as well as by HRMS (ESI+)
analysis. Reaction of 3-4 with Ag,O and transmetallation with
[IrCl,(Cp*)], afforded acetate-protected iridium(lll) NHC com-
plexes 5-6 in moderate yield (30-48 %) after flash chromatog-
raphy purification. These complexes were characterised by the
absence of any downfield resonance in the '"H NMR spectrum
and a diagnostic singlet at ca. 1.5 ppm corresponding to the
Cp* ligand. In 5aMan and 5BpMan, the 'H NMR resonances of
the anomeric proton were broadened and also significantly
deshielded by ca. 1 ppm with respect to 3aMan and 3fMan,
indicating electronic perturbation of this site upon metal
coordination, similar to 58Glc and 5BGal." By contrast, the
resonances for the anomeric proton were essentially unchanged
for 6 containing an ethylene spacer between the triazolylidene
and carbohydrate moieties (8, 4.69-4.84), suggesting no
electronic interaction between the carbohydrate and the
Ir—triazolylidene unit.

Exposure of the complexes to methanolic NaOMe, i.e.
typical acetyl deprotection conditions (vide supra), led to
decomposition of iridium complexes 5. Since triazolylidene
iridium complexes are generally very stable under acidic
conditions,*? the acetyl protecting groups in complexes 5-6
were successfully removed with 0.5M methanolic HCLM™
Subsequent precipitation yielded the iridium complexes in

/
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Scheme 1. Synthesis of carbohydrate-functionalized triazolylidene iridium complexes 7 and 8 and crystal structures of 5pGlc and 7gGal. (50 % probability,
hydrogen atoms and CH;OH molecules co-crystallised with 7pGal omitted for clarity).
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good (7) to modest (8) yields as yellow solids that are air- and
moisture stable for several months. The 'H NMR spectra
(CD;0D) of all deprotected iridium complexes contained a
single set of resonances, indicating that epimerization at the
anomeric position does not occur under these deprotection
conditions. All iridium complexes were analysed by a character-
istic atomic mass corresponding to the [M—CI]* ion by HRMS
(ESI+). Moreover, the structure of complex 7fGal was analysed
by X-ray diffraction on single crystals grown upon diffusion of
Et,O into CH;OH solution of the complex. The molecular
structure confirms the B-configuration and chair conformation
of the carbohydrate entity (Scheme 1). As expected for
unprotected carbohydrates, the structure features a series of
hydrogen bonding interactions between adjacent galactosyl
units as well as to co-crystallized MeOH molecules (SI). No
intramolecular hydrogen bonding was identified in the solid
state. Bonding geometry about the iridium centre does not
deviate significantly from related complex such as 7pGlc,™ or
related complexes containing a simple triazolylidene ligand."?

Interaction of 7BGal with molecular hydrogen. In view of
catalytic applications of these iridium complexes, their reactivity
towards hydrogen was probed in aqueous solution (H,0/D,0
9:1, 40°C). Exposure of 7BGal to H, induced a notable colour
change from pale yellow to dark pink within 15 minutes.
Analysis by '"H NMR spectroscopy revealed formation of a new
complex which was characterized by a downfield shifted
resonance for the Cp—CH; groups (Ad ca. 1 ppm, Figure S.4a-b)
and a broad resonance at 0,=-12.8 integrating for two
hydrogens. The spin lattice relaxation time of this latter high-
field resonance, T, <85ms,! suggests the formation of non-
classical hydrides and a Ir—(H,) complex rather than a classical
dihydride.***! This species was stable in solution under ambient
conditions for several hours. When analogous experiments were
carried out in D,0 solution, the same shift in the Cp* signal was
observed, but no high-field resonance was detectable. Instead,
deuterium incorporation into the phenyl group of the triazoly-
lidene ligand was observed by the disappearance of 'H
resonances in the aromatic region of the '"H NMR spectrum
(Figure S4c-d). These data indicate H/D exchange of the
hydride complex with solvent water and reversible cyclo-
metallation of the phenyl group under these conditions.*” We
note that water is crucial as a solvent since no hydrogen
complex was observed when the reaction was carried out in
CH,Cl,, EtOH, or MeOH. The carbohydrate functionality is
obviously assisting in ensuring water solubility of the iridium
complexes, though related unfunctionalized triazolylidene iri-
dium complexes similarly form hydrides.*® The ability of 7pGal
to bind and activate hydrogen under atmospheric dihydrogen
pressures prompts the use of this class of carbohydrate-
functionalised NHC complex for application in direct hydro-
genation catalysis in aqueous media.

Ketone hydrogenation catalysis in aqueous conditions.
The catalytic activity of iridium complex 7fGal in ketone
hydrogenation was assessed by saturating an aqueous solution
at various pH with hydrogen gas for 15 minutes, i.e., conditions
that induce formation of the dihydrogen complex (vide supra).
Subsequent addition of acetophenone as model substrate
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induced quantitative conversion to 1-phenylethanol in less than
3h (40°C, 1 mol% 7pGal). Working in aqueous media offers
opportunities to optimize the catalytic activity via pH modu-
lation. Therefore, catalytic runs of 7BGal were conducted at
different pH values using various buffer media (Table 1). Under
neutral, and even more so under basic conditions, maximum
yields were low, reaching only 18% and 35% yield at pH 8.0
and 7.4, respectively (entries 1,2). Precipitation of a yellow solid
was also observed at basic pH after a few hours, tentatively
attributed to the formation of insoluble hydroxide complexes.
The catalytic performance improved considerably at acidic pH.
At pH 5.8, yields reached 74% (entry 3), while further acid-
ification to pH 5.0 gave 94% yield in 3h and quantitative
conversion after 4 h (entry 4). At pH 3.0, quantitative hydro-
genation with 7fGal was accomplished already within 2 h
(entry 5, Figure S5). Under these conditions, also lower catalyst
loadings were active, though at 0.1 mol% 7fGal, conversions
were incomplete even after 24 h and gave a maximum turnover
number of 360. These data reveal a clear relationship between
pH and both the reaction rate and final product yield,
consistent with observations by Ogo et al.”*” with Ru-catalysed
transfer hydrogenation. This behaviour may be rationalised by
an increased stability of the hydride complex combined with
substrate activation through proton bonding by the carbonyl
group.[zz"“’”

While the well-defined stereochemistry of carbohydrates
may induce asymmetric catalysis,*'®**=3 hydrogenation with
7BGal induced only a modest enantiomeric excess towards S-1-
phenylethanol with slight variation upon pH modification. We
note that the type of buffer, has a more significant impact on
the modest but consistent enantiomeric enrichment of the 1-
phenylethanol than the pH. Highest asymmetric induction (30%
ee) was observed in citrate buffer, while unbuffered conditions
(26% ee) were less effective, followed by phosphate (20% ee)
and HEPES buffer (15% ee). This dependence suggests that the
hydride stabilization by the buffer may be critical for enantio-
discrimination of the substrate.

The impact of the carbohydrate functionality was probed
under the optimised conditions, viz. citrate buffer at pH 3.0. The

Table 1. Catalytic acetophenone hydrogenation in aqueous solution
buffered at various pH.?

0 8Gal (1 mol%) OH
H, (1 atm.), 40 °C

aqueous buffer (50 mM)

Entry Complex pH Buffer Yield® ee.
(50 mM) 3 h; %] 9]
1 7BGal 8.0 Phosphate 18¢ 20 (S)
2 7pGal 74 HEPES 35 15 (S)
3 7BGal 5.8 Phosphate 74 21 (S)
4 7pGal 5.0 Citrate 94 32(S)
5 7pGal 3.0 Citrate >98 30(S)

[a] General conditions: acetophenone (0.1 mmol), Ir complex (1 pmol,
1 mol%), aqueous buffer (1.0 mL); [b] determined by LCMS with phenol as
internal standard; [c] determined by chiral GC; [d] yellow precipitate
formed.
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catalytic activity of 7fGlc, 7BMan and 7aMan were highly
similar to that of 7fGal and reached >90% conversion within
2 h (Table 2 and Figure S6). Like 7fGal, 7BGlc and 7fMan led to
preferential formation of the S-enantiomer with 34% and 46 %

Table 2. Catalytic acetophenone hydrogenation with different iridium
complexes.?

[a] general conditions: acetophenone (0.1 mmol), Ir complex (1 pmol,
1 mol%), citrate buffer (1.0 mL, 50 mM, pH 3.0), H, (1 atm.), 40°C; [b] yields
determined by HPLC relative to phenol as internal standard (in
parentheses yields determined by 'H NMR spectroscopy in CDCl; after
product extraction, relative to anisole as internal standard); [c] determined

by chiral GC.

\NC%N/

ee, respectively (entries 1-3). The same selectivity of 7BGal and
7BGlc suggests that the stereochemistry of the remote C-4
hydroxy group has negligible impact on the chirality transfer,
while inversion at C-2 increases the asymmetric induction
(7pGal vs 7pMan). Remarkably, 7aMan showed the opposite
enantio-preference and favours the R-enantiomer (39% ee;
entry 4). This outcome underscores that the NHC-linked
carbohydrate scaffold is playing a pivotal role in substrate

Entry Complex Yield ee. orientation for asymmetric hydrogen transfer, and that the
(2 h, %]" (%] anomeric configuration is decisive for S- vs R-preference.

1 7pGal 98 (94) 30 (S) A set of control experiments underpinned the pivotal role

2 7fGlc 99 (94) 349 of the carbohydrate entity on both catalytic activity and

3 7pMan 90 (86) 46 (5) o . h Ivtic hvd . .

4 ZaMan 95 (99) 39 (R) asymmetric induction. Thus, catalytic hydrogenation reaction

5 9 13 (18) <4 with 9, a model iridium complex without carbohydrate

6 5pGal 70 (63) 45(S) functionality (Figure 1), gave very low vyield and produced

7 5BGlc 70 (66) 45 () . d Table 2 Likewi |

8 5BMan 55 (69) 34(5) racemic product (Table 2, entry5). Likewise, complexes 5

9 5aMan 55 (65) 6(S) containing acetyl-protected carbohydrate units were consider-

10 8fGal 47 (40) <4 ably less active than the analogues with free carbohydrates and

:; :ﬁs::n i? gg; ii reached only 55-70% vyield after 2 h (entries 6-9). Remarkably,

the acetyl-protected complexes 5fGal and 5BGlc induce a
higher enantiomeric excess (45%) than their deprotected
analogues, while the effect is inverted for the mannose
derivatives 5aMan and 5BMan. Furthermore, all protected
carbohydrate-triazolylidene complexes showed a preference for
the S-enantiomer, irrespective of the anomeric configuration.

In line with these trends, complexes 8 possessing an
ethylene spacer between the deprotected carbohydrate and
NHC units gave moderate yields of 47-59% in 2h and no

C'\/" Ph significant asymmetric induction (entries 10-12). The lack of ee
cl is in agreement with the absence of any significant interaction
between the carbohydrate and the triazolylidene entities as

9

Figure 1. Structure of simple triazolylidene complex 9.

deduced also by NMR spectroscopy (vide supra).
A small substrate scope was carried out with 7pGal as
catalyst precursor (Scheme 2a). Acetophenones substituted

OoN MeO
0 1 mol% 7pGal 94% 89% 80%
R)J\R. H, (1 atm.), 40 °C OH OH OH
citrate, pH 3.0 : J /@/K
Br HoN
89% 75% 20%
b)
(0] OH OH (0]
X 1 mol% 7pGal A
+ +
H, (1 atm.), 40 °C
citrate, pH 3.0
Reaction time: 2h 8% 4% 26%
16h 59% 13% 27%

Scheme 2. Products formed by hydrogenation of various substrates. General reaction conditions: substrate (0.1 mmol), 7Gal (1 umol, 1 mol%), 1 atm. H,,
40°C, citrate buffer (1.0 mL, 50 mM, pH 3.0); yields determined by 'H NMR spectroscopy with anisole as internal standard after 2 h unless stated otherwise.
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with electron-withdrawing nitro and electron-donating meth-
oxy groups were converted with high yields, while an amine
substituent impeded catalysis considerably. Cyclohexanone as a
representative of aliphatic ketones and also bromobenzalde-
hyde were reduced under these conditions. Stilbene was inert,
suggesting that olefins are not hydrogenated. However,
activated olefins in o,f-unsaturated ketones are converted as
demonstrated with cinammyl ketone (Scheme 2b). Hydrogena-
tion is considerably slower than with acetophenone with 38%
conversion after 2 h and some selectivity towards the saturated
ketone intermediate. This selectivity may be a consequence of
predominant olefin reduction or efficient double bond
migration.®” Extension of the reaction time to 16 h yielded
predominantly the fully reduced product.

Interactions of iridium complexes with H. orenii f-
glucosidase (GH1) enzyme. Further tailoring of activity and
selectivity was anticipated by embedding the catalytically active
site within a biological scaffold. Specifically, we aimed at using
the carbohydrate functionality in complexes 7-8 as anchoring
group for interaction with $-glucosidase (GH1) enzyme from H.
orenii, a thermophilic glycosidase containing an active site that
is pre-organised to bind and hydrolyse O-linked -
glycopyranosides.®

Binding of various concentrations of complexes 7-8 was
probed by monitoring the enzymatic rate of hydrolysis of p-
nitrophenyl glucoside by a UV-Vis assay. Essentially complete
inhibition (90-98 %) was observed with all complexes at 0.5 mM
concentration (Figure S43). Notably, model complex 9 without a
carbohydrate functionality showed a similar level of inhibition,
indicating that the loss of enzymatic activity is not limited to
the competitive binding of the carbohydrate unit of complexes
7-8 to the GH1 active site.

Inhibition kinetic experiments were carried out for each
complex, analysing the activity of the GH1 enzyme in the
presence of 0.05 mM of each iridium complex 7-9. Variations in
the reaction parameters with respect to the uninhibited enzyme
(Table S2, ESI) indicate that all the complexes behave as ‘mixed
inhibitors’, demonstrating a combination of competitive and
non-competitive inhibition processes. Allosteric binding at sites
other than the active carbohydrate-binding site is also occur-
ring. Modelled as mixed inhibitors, dissociation constants for
both processes were calculated. As expected for a B-glucosi-
dase, the glucose-derived molecules, 7Glc and 8fGlc (K.=
2.9(5) and 3.4(2) uM, respectively), have higher competitive
affinity for the enzyme than the other examples, with 7$Glc
being ca. tenfold higher than the uncompetitive affinity.

Catalytic hydrogenation experiments with 7fGal in the
presence of excess GH1 showed no detectable catalytic activity
on acetophenone, suggesting that the lack of selective binding
prevents these hybrid complexes from assembling into effective
artificial metalloenzymes, and the catalyst active site is
hindered. Indeed, in catalytic runs with 1 mM solutions of 7pGal
and 7PGlc, conversion of acetophenone was impacted already
in the presence of only 0.3 uM GH1 at pH 7.4 (HEPES 50 mM),*®
achieving about 20% and 15% yield, respectively, i.e., half of
the performance recorded in the absence of the enzyme (cf.
Table 1). Interestingly, catalytic runs in the presence of non-

ChemCatChem 2022, 14, €202200086 (5 of 10)

carbohydrate-binding protein BSA also stalled the activity of
7BGal, indicating a more general role of proteins to hinder this
particular reaction. While catalysts 7-8 are bio-compatible and
operate under physiologically relevant conditions in aqueous
buffer solutions, translation of catalytic activity to biocatalysis
through coupling with a protein scaffold still presents a
significant challenge. In order to successfully exploit this bio-
recognition, stronger and more specific protein-carbohydrate
interactions with the carbohydrate-organometallic hybrid scaf-
fold are required, such as, for example, those exhibited by
lectins (e.g. Concanavalin A).”” Multivalency, where multiple
carbohydrate units are presented by a structure, are also well
known to increase affinity of compounds for protein carbohy-
drate-receptor sites.”® Moreover, variation of the iridium
catalytic site, e.g. by chelate bonding might shield it from the
protein environment to a greater extent and reduce inhibitive
interactions.

Conclusions

Carbohydrate-functionalised triazolylidine NHC iridium com-
plexes are efficient pre-catalysts for ketone hydrogenation
under mild aqueous conditions and low hydrogen pressures.
They significantly outperform carbohydrate-free analogues and
acetyl-protected analogues. Direct linkage of the carbohydrate
motif to the NHC imparts much higher catalytic benefits
compared to ethylene linked more remote carbohydrate trz
hybrids. Under optimized conditions at low pH (citrate buffer at
pH 3.0), these carbohydrate NHC systems gave essentially
quantitative yields for hydrogenation of acetophenone within
2 h. While the carbohydrate entity induced only moderate
enantiomeric enrichment up to ~50%, the enantiopreference
of the catalyst directly correlates with the stereochemistry at
the anomeric carbohydrate position, which offers rational
guidelines for further catalyst optimisations. Complexes 7-9
completely inhibited activity of glycosidase enzyme GH1 (H.
orenii), acting as mixed inhibitors. Kinetic data showed that the
glucose-derivatives has the highest competitive binding affinity
for GH1, but hydrogenation catalysis was completely impeded
by enzyme interactions. More efficient anchoring of the hybrid
in the active site may provide a further approach to modulate
and increase the catalytic activity and selectivity of these hybrid
systems.

Experimental Section

General experimental details. 1-a-azido-2,3,4,6-tetra-O-acetylman-
nopyranose was prepared by reaction of penta-O-acetylmannopyr-
anose with TMSN, and SnCl,,®? while the B-anomer was prepared
via a glycosyl iodide.?” 1-azidoethyl-2,3,4,6-tetra-O-
acetylglycopyranosides,***” 1Glc¢" 1Gal" 1eMan"’ 2Man,*"
4G|C,[M] 4Ga|,“‘” [|rC|2Cp*]2,[59] 5[3G|C,”4] SﬁGaI,“‘” 7[3Gal,“‘” 7|3G|C[14]
and 9"? were prepared as described previously. Ag,0 was used
after regeneration by heating to >160°C under vacuum. Dry,
degassed solvents were obtained by filtering over columns of dried
aluminium oxide under a positive pressure of argon. Other reagents
were obtained from commercial suppliers and used as received.

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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NMR spectra were recorded on Bruker spectrometer operating at
room temperature. Chemical shifts (0 in ppm, J in Hz) were
referenced to residual solvent resonances and are reported down-
field from SiMe,. High resolution mass spectrometry and elemental
analysis were performed by the Analytical Research Services at
University of Bern.

Gas chromatography (GC) was performed on an Agilent 7820 A GC
System using a CP-Chiralsil-DEXC8 column (25 mmx0.25 mm X
0.25 um) as stationary phase. LC analysis was carried out with an
Agilent 1260 HPLC system, equipped with a reverse phase XBridge
C18 (3.5 um, 2.1 mmx30 mm) column, running a gradient method
with 0.01% aqueous ammonia and acetonitrile.

Enzyme activity and inhibition assays. In a 96-well plate, 10 uL of
enzyme solution, 90 uL of inhibitor solution and 200 uL of p-
nitrophenyl glucoside solution were added together (to give final
concentrations of [p-nitrophenyl glucoside]=10 mM, [HEPES]=
50 mM, pH 7.4). Immediately upon mixing, the assay was begun
and formation of p-nitrophenol monitored by measuring the
formation of the absorbance at 420 nm over 10 minutes. Specific
activity (U/mg) was expressed as pumol of product formed per
minute per mg of protein. For inhibition studies [inhibitor]=0-
0.5 mM was used. For inhibition kinetics final concentration of
[inhibitor] =0.05 mM was used.

Catalytic hydrogenation. A 1.0 mM stock solution of the iridium
complex was made up in aqueous buffer. 1.0 mL of this was
transferred to a 10-mL round bottomed flask, before fitting with a
rubber septum. The solution was saturated with H, for 15 minutes
at 40°C. Acetophenone (12 uL, 0.10 mmol) was added and the
reaction allowed to proceed under H, atmosphere.

To monitor the reaction by LC analysis, phenol was added as an
internal standard before addition of ketone substrate, and the
reaction sampled regularly by syringe. Chiral GC analysis samples
were prepared from reactions without phenol and diluted in 2-
propanol. In order to determine yield spectroscopically by '"H NMR:
after 2 h anisole (12 pL, 0.11 mmol), as internal standard, and NaCl
(0.3 g) were added, and the reaction mixture extracted (0.5 mLx 3)
into CDCl,.

Formation of iridium hydride species. 73Gal (5.0 mg, 0.007 mmol)
was dissolved in a 9:1 mixture of deionized H,0 and D,0 and was
bubbled with H, for 15 minutes at 40°C. The 'H NMR spectrum was
measured at various temperatures under ambient conditions.

General synthesis of triazoles. The relevant protected azide
precursor (1 equiv.), CuSO,-5H,0 (0.4 equiv.) and sodium ascorbate
(1 equiv.) were dissolved in aqueous tert-butanol solution (1:1
mixture). To this, phenyl acetylene (1 equiv.) was added and (a)
stirred at room temperature for 3 days, or (b) heated by microwave
irradiation to 100°C for 6 hours. Reaction mixture was extracted
into CH,Cl, and washed with NH,Cl, (x3), water (x2) and brine (x
2), dried over Na,SO,, filtered and concentrated under reduced
pressure, yielding the triazole as a white or off-white solid. For 2Glc,
2Gal and 2Man, a precipitation from Et,0 was necessary to purify
the compound.

1pMan. According to the general procedure, 1-B-azido-2,3,4,6-tetra-
O-acetylmannopyranose (0.270 g, 0.73 mmol), CuSO,-5H,0 (0.073 g,
0.30 mmol), sodium ascorbate (0.146 g, 0.72 mmol) and phenyl-
acetylene (0.08 mL, 0.73 mmol) were reacted. The crude solid was
triturated with CH;OH and filtered, yielding 1pMan (0.240 g,
0.50 mmol, 70%). Anal. calc. for C,,H,5N;0,CH;OH (507.498 g/mol),
C 5443, H 5.76, N 8.28%. Found C 54.18, H 6.29, N 8.31%; HRMS
(ESI+) Calculated for Cy,Hy6N;Oo* [M+H]* m/z=476.1664. Found
m/z=476.1650; '"H NMR (400 MHz, CDCl;): 6=2.00 (s, 3H, OC-
(O)CH,), 2.05-2.19 (m, 9H, 3xOC(0)CH,), 4.00 (ddd, 1H, *},,,=10.0,
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6.2, 2.3 Hz, mannosyl C°H), 4.23 (dd, TH, *J,;;=2.3 Hz, *Jy,=12.5 Hz,
mannosyl C°HH), 437 (dd, 1H, *Jyy=6.1 Hz, *J,;;=12.5 Hz, mannosyl
C°HH), 5.31 (dd, 1H, *Jyy=10.0, 3.1 Hz, mannosyl C*H), 5.38 (t, TH,
*Jun=10.0 Hz, mannosyl C*H), 5.80 (dd, 1H, *j,4=3.1, 14Hz
mannosyl C*H), 6.19 (d, TH, *Jy,;= 1.4 Hz, mannosyl C'H), 7.29-7.39
(m, TH, CoH), 7.40-7.60 (m, 2H, CpH), 7.74-7.86 (m, 2H, CpH), 7.99
(s, TH, C,,H); *C NMR (100 MHz, CDCl,): §=20.5, 20.6, 20.66, 20.74,
(4x0OC(0)CH,), 62.3 (mannosyl C°H,), 65.0 (mannosyl C*H), 68.9
(mannosyl CH), 70.8 mannosyl CH), 75.8, (mannosyl C*H), 84.8,
(mannosyl C'H), 1184, (C,,H), 125.8, 128.5, 128.9 (3xCp,H), 130.1
(Cor—trz), 147.8 (C,~Ph), 168.9, 169.6, 169.7, 170.5 (4 x C=0)

2fGlc. According to the general procedure, 1-azidoethyl-2,3,4,6-
tetra-O-acetylglucopyranoside (0.950 g, 2.30 mmol), CuSO,-5H,0
(0.230 g, 0.92 mmol), sodium ascorbate (0.455 g, 2.30 mmol) and
phenylacetylene (0.25 mL, 2.30 mmol) were reacted, yielding 2Glc
(0.680 g, 1.27 mmol, 55%). Anal. calc. for CyH,oN;0;,-0.5(H,0)
-0.5((C,Hs),0) (519.509 g/mol), C 55.22, H 6.24, N 7.43%. Found C
55.48, H 6.75, N 7.54%; HRMS (ESI +) Calculated for C,,H,sN;0,(Na™*
[M+Nal® m/z=542.1751. Found m/z=542.1727; 'H NMR
(300 MHz, CDCly): 6=1.72, 1.98, 2,01, 2.07 (4xs, 3H, OC(O)CH,), 3.69
(ddd, 1H, *Jy4=9.5, 4.5, 2.5 Hz, glucosyl C°H), 3.91 (td, TH, *J,,,=
2.5Hz, *Jy,=9.5Hz, ethylene CHH), 4.13 (dd, 1H, *},,=2.5Hz,
*Jyn=12.4 Hz, glucosyl C°HH), 4.21-4.33 (m, 2H, glucosyl C°HH and
ethylene CHH), 4.46 (d, TH, *J,,=7.8 Hz, glucosyl C'H), 4.49-4.75
(m, 2H, ethylene CH,), 4.97-5.25 (m, 3H, glucosyl C*H, C°H, C*H),
7.27-7.36 (m, 1H, CoH), 7.37-7.49 (m, 2H, CpH), 7.80-7.91 (m, 3H,
CoH and C,,H); *C NMR (75 MHz, CD,OD): 8=20.4, 20.59, 20.60,
20.7 (4x0C(0)CH,), 50.1 (ethylene CH,), 61.7 (glucosyl C°H,), 67.9
(ethylene CH,), 68.2 (glucosyl C'H), 70.9 (glucosyl CH), 72.0
(glucosyl C°H), 72.4 (glucosyl C*H), 100.5 (glucosyl C'H), 121.4 (C,,H),
125.7, 1282, 128.8, 130.5 (4xCpy), 147.6 (Cy,—Ph), 169.4, 169.5,
170.1, 170.6 (4x C=0).

2pGal. According to the general procedure, 1-azidoethyl-2,3,4,6-
tetra-O-acetylgalactopyranoside (2.03 g, 4.87 mmol), CuSO,-5H,0
(0.486 g, 1.95 mmol), sodium ascorbate (0.965 g, 4.87 mmol) and
phenylacetylene (0.53 mL, 4.87 mmol) were reacted, yielding 2fGal
(1.100 g, 2.12 mmol, 43%). Anal. calc. for CyH,oN;0,,-0.5(H,0)
-0.5((C,Hq),0) (519.509 g/mol), C 55.22, H 6.24, N 7.43%. Found C
55.45, H 6.66, N 7.30%; HRMS (ESI-+) Calculated for C,,H;N;0y " [M
+H]T m/z=520.1926. Found m/z=520.1937; 'H NMR (300 MHz,
CDCly): §=1.70, 1.95, 2,04, 2.14 (4xs, 3H, OC(O)CH,), 3.84-3.97 (m
2H, galactosyl C’H and ethylene CHH), 4.01-4.20 (m, 2H, galactosyl
C°H,), 4.29 (ddd, TH, *J,;;=4.2, 3.0 Hz, *J,;;;=10.1 Hz, ethylene CHH),
443 (d, 1H, J=7.9 Hz, galactosyl C'H), 4.54 (ddd, TH, *Jy4=9.3,
3.0Hz, *Jyy=145Hz ethylene CHH), 469 (ddd, 1H, *J,,=4.2,
3.0Hz, *Jyy=14.5Hz, ethylene CHH), 495 (dd, 1H, *Jy4=10.5,
3.5 Hz, galactosyl C*H), 5.21 (dd, 1H, *J,,,=10.5, 7.9 Hz, galactosyl
CH), 5.38 (dd, 1H, *J;,=3.5, 1.1 Hz, galactosyl C*H), 7.27-7.36 (m
1H, CpH), 7.38-7.48 (m, 2H, CpH), 7.79-7.93 (m, 3H, 2xCpH and
Ci,H); PC NMR (75 MHz, CD,0D): §=20.47, 20.54, 20.66, 20.70 (4 x
OC(O)CH,), 50.1 (ethylene CH,), 61.2 (galactosyl C°H,), 66.9
(galactosyl C*H), 67.8 (ethylene CH,), 68.5 (galactosyl C*H), 70.6
(galactosyl C*H), 70.8 (galactosyl C°H), 100.9 (galactosyl C'H), 121.6
(C,H), 125.7, 128.1, 128.8, 1305 (4xCp), 147.6 (C,~Ph), 169.7,
170.0, 170.2, 170.4 (4x C=0).

General synthesis of triazolium salts. The relevant triazole
(1 equiv.) and Meerwein’s reagent (Me;OBF, 1.1 equiv.) were
suspended in dry CH,Cl, (50 mL) and stirred at room temperature
for 18 hours. Reaction was quenched with CH;OH (0.5 mL) and
concentrated under reduced pressure, yielding the product, which
could be further purified by dissolving in a minimum of CH,Cl, and
addition of copious diethyl ether, causing triazolium salts to
precipitate as white solid in near-quantitative vyields. These
compounds were hygroscopic.
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3aMan. According to the general procedure, 1TaMan (1.238 g,
2.60 mmol) and Meerwein’s reagent (0.414g, 2.80 mmol) were
reacted, yielding 3aMan (1.550 g, quant.). HRMS (ESI+): Calculated
for Cy3HysN;0," [M—BF,]* m/z=490.1820. Found m/z=490.1799;
"H NMR (300 MHz, CDCl,): §=2.04-2.12 (m, 9H, 3x0OC(0)CH,), 2.18
(s, 3H, OC(O)CH; [overlaps with acetone peak]), 4.07-4.56 (m, 6H,
N—CH,, mannosyl C°H,, C*H), 5.35 (t, 1H, *};;;=8.0 Hz, mannosyl
C*H), 5.56 (dd, 1H, *},,;;=8.0, 3.5 Hz, mannosyl C’H), 6.04 (t, 1H, J=
3.5 Hz, mannosyl C’H), 6.47 (d, TH, *J;4=3.5 Hz, mannosyl C'H),
7.51-7.70 (m, 5H, Cp,H), 8.57 (s, 1H, C,,,H); *C NMR (75 MHz, CDCl,):
0=20.53, 20.55, 20.6, 20.69 (4xOC(O)CH,), 39.2 (N—CH,), 61.2
(mannosyl C°H,), 65.2 (mannosyl C*H), 66.6 (mannosyl CH), 68.4
(mannosyl C?H), 73.4 (mannosyl C°H), 87.4 (mannosyl C'H), 121.5
(Cop—trz), 1284 (C,H), 129.6, 129.7, 132.1 (3 CppH), 144.5 (C,.,—Ph),
169.64, 169.65, 170.0, 170.9 (4x C=0).

3BMan. According to the general procedure, 1fMan (0.240 g,
0.46 mmol) and Meerwein’s reagent (0.071g, 0.48 mmol) were
reacted, yielding 3fMan (0.285 g, quant.). HRMS (ESI+): Calculated
for Cy3HyN;O" [M—BF, 1" m/z=490.1820. Found m/z=490.1916;
'H NMR (300 MHz, CDCly): §=2.01, 2.12, 2.14, 2.16 (4xs, 3H,
OC(O)CHs,), 4.18-4.38 (m, 6H, N—CH,, mannosyl C°H, C°HH), 4.45 (dd,
TH, >4y =5.5 Hz, *Jy=12.9 Hz, mannosyl C°HH), 5.37-5.55 (m, 2H,
mannosyl C?H, C'H), 6.04 (app s, 1H, mannosyl C°H), 6.53 (app s, 1H,
mannosyl C'H), 7.54-7.69 (m, 5H, Cp,H), 8.51 (s, TH, C,,,H); *C NMR
(101 MHz, CDCl;): 6=20.4, 20.5, 20.6, 20.7 (4xOC(O)CH;), 39.0
(N—CH,), 61.6 (mannosyl C°H,), 64.6 (mannosyl C*H), 67.7 (mannosyl
C?H), 70.8 (mannosyl C®H), 75.9 (mannosyl C°H), 86.5 (mannosyl
C'H), 121.6 (Coytrz), 127.5 (C,H), 129.6, 129.8, 132.2 (3xCyy), 143.6
(C,.~Ph), 169.6, 169.7, 169.8, 170.8 (4x C=0).

4fGlc. According to the general procedure, 2fGlc (0.770 g,
1.50 mmol) and Meerwein’s reagent (0.244 g, 1.65 mmol) were
reacted, yielding 4fGlc (0.900 g, 1.12 mmol, 74%). Calculated for
CosH5,N;0,0 " [M—BF,]" m/z=534.2064. Found m/z=7534.2084; 'H
NMR (300 MHz, CD;0D): 6=1.94, 1.99 (2xs, 3H, OC(O)CH,), 2.02-
206 (m, 6H, 2xOC(O)CH,), 3.77-3.86 (ddd, 1HJy,=10.1, 4.4,
2.0 Hz, glucosyl C°H), 4.0-94.44 (m, 7H, N—CH;, glucosyl C°H,,
O—CH,—CH,N), 4.69 (d, 1H, *Jy,,=7.9 Hz, glucosyl C'H), 2.82-2.98 (m,
3H, O—CH,—CH,N and glucosyl CH), 5.04 (t, 1H, *J;,=9.5Hz,
glucosyl C*H), 5.22 (t, TH, J=9.5 Hz, glucosyl C*H), 7.53-7.72 (m, 5H,
CprH), 8.52 (C,,H); *C NMR (75 MHz, CD,0D): =20.57, 20.62, 20.7,
(4xOC(O)CH; [2xoverlapping]), 38.4 (N-CH;), 54.1 (ethylene CH,),
61.6 (glucosyl C°H,), 66.6 (ethylene CH,), 68.1 (glucosyl C*H), 71.2
(glucosyl C?H), 71.9 (glucosyl C°H), 72.5 (glucosyl C°H), 100.6
(glucosyl C'H), 122.0 (Cp,—trz), 129.2 (CtH), 129.4, 129.8, 132.0 3%
CopH), 143.2 (C,~Ph), 169.6, 169.9, 170.0, 170.7 (4x C=0).

4BGal. According to the general procedure, 2fGal (0.535 g,
1.03 mmol) and Meerwein’s reagent (0.165g, 1.10 mmol) were
reacted, vyielding 4fGal (0.695g, quant). Calculated for
CosHiNsO,0 " [M—BF,]* m/z=534.2064. Found m/z=534.2070; 'H
NMR (300 MHz, CDCl;): 6=1.90, 1.95, 2.04, 2.10 (4 xs, 3H OC(O)CH,),
3.97 (t, TH, *J,,=6.5 Hz, galactosyl C’H), 4.01-16 (m, 2H, galactosy!
C°H,), 4.17-4.39 (m, 5H, ethylene CH,, N-CH;), 4.62 (d, TH, *Jyu=
7.6 Hz, galactosyl C'H), 4.76-4.98 (m, 2H, ethylene CH,), 5.01 (dd,
TH, *Jy4=10.4, 3.3 Hz, galactosyl C*H), 5.09 (dd, TH, *J,,=104,
7.6 Hz, galactosyl C’H), 5.38 (dd, 1H, *Jyz=3.3, 1.1 Hz, galactosyl
C*H), 7.52-7.72 (m, 5H, Cp,H), 8.51 (C,,H); *C NMR (75 MHz, CDCl,):
§=20.5, 20.6, 20.7 (4xOC(O)CH, [2xoverlappingl), 38.4 (N—CH.,),
54.1 (ethylene CH,), 61.2 (galactosyl C°H,), 66.2 (ethylene CH,), 67.0
(galactosyl C*H), 68.7 (galactosyl C°H), 70.5 (galactosyl C*H), 70.9
(galactosyl C°H), 100.9 (galactosyl C'H), 122.1 (Cp—trz), 129.1 (C,,,H),
129.4, 129.8, 132.0 (3xCpyH), 1433 (C,—Ph), 169.9, 170.1, 170.4,
170.6 (4x C=0).

4oMan. According to the general procedure, 2aMan (0.720 g,
1.38 mmol) and Meerwein’s reagent (0.209g, 1.41 mmol) were
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reacted, vyielding 4aMan (0.840g, quant). Calculated for
CsH3oN30p0 " [M—BF,]" m/z=534.2064. Found m/z=534.2069; 'H
NMR (300 MHz, CDCl;): 6=1.97, 2.02, 2.10, 2.14 (4xs, 3H, 4x
OC(O)CH;), 3.87-4.02 (m, 1H, mannosyl C°H), 4.01-4.37 (m, 8H,
N—CH,, mannosyl C°H, and ethylene CH,), 4.84 (d, 1H, *};,=1.8 Hz,
mannosyl C'H), 4.93 (app t, 2H, ethylene CH,), 5.12 (dd, 1H, *Jy,=
3.0, 1.8 Hz, mannosyl C°H), 5.13-5.34 (m, 2H, mannosyl C?H, C*H),
7.51-7.71 (m, 5H, CoyH), 8.67 (s, TH, C,,H); *C NMR (75 MHz, CDCL,):
8=20.71, 20.75, 20.9 (4x OC(O)CH, [2 x overlappingl), 38.5 (N—CH,),
53.6 (ethylene CH,), 62.4 (mannosyl C°H,), 64.6 (ethylene CH,), 65.8
(mannosyl C*H), 68.9 (mannosyl C?H), 69.0 (mannosyl C*H), 69.1
(mannosyl C°H), 97.3 (mannosyl C'H), 121.9 (Cp—trz), 129.0 (C,,,—Ph),
1295, 129.7, 132.0 (3xCyH), 143.7 (C,—Ph), 169.7, 170.2, 1703,
170.9 (4x C=0).

General synthesis of iridium complexes. The relevant triazolium
salt (1 equiv.), Ag,O (0.5equiv) and NMe,Cl (1equiv.) were
suspended in dry CH,CN (50 mL) and stirred in darkness at room
temperature for 18 hours. Crude 'H NMR analysis showed disap-
pearance of the resonance associated with the triazolium CH. The
reaction mixture was filtered through a bed of celite and
concentrated under reduced pressure. The residue was dissolved in
dry CH,Cl, and [IrCl,Cp*], (0.37 equiv.) added. The reaction was
stirred in darkness at room temperature for 18 hours, before
cooling over an ice bath, filtering through a bed of Celite and
concentrating under reduced pressure, yielding a crude orange
solid. This was purified by gradient flash chromatography (SiO,;
CH,Cl,—(CH5),CO 0—10%), yielding the product as a yellow solid.

5aMan. According to the general procedure, 3aMan (1.346 g,
2.33 mmol), Ag,0 (0.278 g, 1.20 mmol), NMe,Cl (0.254 g, 2.33 mmol)
and [IrCl,Cp*], (0.708 g, 0.89 mmol) were reacted, yielding 5aMan
(0.480 g, 1.07 mmol, 46%). Anal. calc. for C5;H,,N,0,IrCl, (887.834 g/
mol), C 44.64, H 4.77, N 4.73%. Found C 45.08, H 5.18, N 4.39%;
HRMS (ESI+) Calculated for Cy3H,N;O0lkClIT [M—CIIT m/z=
852.2233. Found m/z=2852.2237; 'H NMR (300 MHz, CDCl;): 6= 1.49
(s, 15H, Cp*), 2.02, 2.08, 2.13, 2.24 (4xs, 3H, OC(O)CH,), 3.88 (s, 3H,
N—CH,), 4.15-4.44 (m, 3H, mannosyl C°®H, and C°H), 5.43 (t, 1H,
*Jun=9.9 Hz, mannosyl C*H), 5.91 (br s, TH, mannosyl C’H), 6.03 (dd,
1H, *},;=9.8, 3.2 Hz, mannosyl CH), 7.42-7.55 (m, 4H, mannosyl
C'H, 3xCpyH), 7.57-7.67 (m, 2H, CpyH); *C NMR (75 MHz, CDCly): 6 =
8.6 (Cp* CH,), 20.7, 20.78, 20.80, 20.9 (4x OC(O)CH,), 37.8 (N—CH,),
62.9 (mannosyl C°H,), 66.2 (mannosyl C*H), 68.6 (mannosyl CH),
69.1 (mannosyl C*H), 72.6 (mannosyl C°H), 87.2 (mannosyl C'H), 88.6
(Cp* qt), 127.1, 127.9, 130.2, 132.4 (4xCpy), 149.8 (br 2xC,,), 169.0,
169.7, 170.0, 170.5 (4 x OC(O)CH,).

5BMan. According to the general procedure, 3fMan (0.280 g,
0.49 mmol), Ag,0 (0.058 g, 0.25 mmol), NMe,Cl (0.054 g, 0.49 mmol)
and [IrCl,Cp*], (0.159 g, 0.19 mmol) were reacted, yielding 5fMan
(0.270 g, 0.30 mmol, 62%). Anal. calc. for C;3H,,N;O,IrCl,-2(H,0)
(923.8643 g/mol), C 42.90, H 5.02, N 4.55%. Found C 43.10, H 5.37,
N 4.03%; HRMS (ESI+) Calculated for Cy3H,,N;OIrClIT [M—CIIT m/
z=2852.2233. Found m/z =852.2252; "H NMR (300 MHz, CDCl,): =
1.41 (s, 15H, Cp¥), 2.04, 2.09, 2.25 (3xs, 3H, OC(O)CH,), 3.75 (s, 3H,
N—CH,), 4.16-4.40 (m, 3H, mannosyl C°H,, C°H), 5.14-5.28 (m, 1H,
mannosyl C*H), 5.47 (t, TH, *},;=9.9 Hz, mannosyl C*H), 5.66 (br s,
1H, mannosyl C°H), 7.40-7.51 (m, 3H, CpH), 7.56 (br d, 1H )y, =
0.6 Hz, mannosyl C'H), 7.76 (br s, CpyH); *C NMR (75 MHz, CDCl,):
0=8.8 (Cp* CH,), 20.6, 20.8, 20.97, 21.04 (4xOC(O)CH), 37.8
(N—CHj;), 62.3 (mannosyl C°H,), 65.6 (mannosyl C*H), 69.4 (mannosyl
C?H), 71.7 (mannosyl C®H), 75.5 (mannosyl C°H), 85.6 (mannosyl
C'H), 88.8 (Cp* qt), 127.1, 128.2, 130.2, 132.8 (4x Cpy), 1483 (Cyim1r),
149.3 (C,,—Ph), 169.75, 169.82, 169.9, 170.9 (4 x C=0).

6pBGlc. According to the general procedure, 4fGlc (0.845 g,
1.36 mmol), Ag,0 (0.160 g, 0.69 mmol), NMe,Cl (0.149 g, 1.36 mmol)
and [IrCl,Cp*], (0.519 g, 0.65 mmol) were reacted, yielding 6BGlc
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(0412 g, 0.66 mmol, 48%). Anal. calc. for CaysHegN;04lrCly-2(H,0)
(967.917 g/mol), C 43.43, H 5.21, N 4.34%. Found C 43.73, H 530, N
3.79%; HRMS (ESI +) Calculated for C3sHgN3O4oIrClT [IM—CIT* m/z=
896.2495. Found m/z=2896.2518; 'H NMR (300 MHz, CDCl;): 6=1.40
(s, 15H, Cp* CH;), 2.00, 2.03, 2.05, 2.09 (4xs, 3H, OC(O)CH,), 3.70-
3.83 (m, 4H, N-CH; and CH), 4.14 (dd, 1H, *J;y=24Hz, *Jyu=
12.3 Hz, glucosyl C°HH), 4.22-4.50 (m, 3H, glucosyl C°HH and
ethylene CH,), 471 (br s, 1H, glucosyl C'H), 4.83-5.16 (m, 4H,
glucosyl C’H, C*H, and ethylene CH,), 5.21 (t, TH, *J,,=9.4 Hz,
glucosyl C*H), 7.35-7.52 (m, 3H, CpH), 7.64-7.75 (m, 2H, C,H); 1*C
NMR (75 MHz, CDCl,): 6=8.8 (Cp* CH,), 20.6, 20.8, 20.9 (4x
OC(O)CHs), 37.1 (N—CH,), 61.9 (CH,), 62.1 (CH,), 68.2 (glucosyl C*H),
68.5 (CH,), 71.4 glucosyl C°H, 71.8 (glucosyl C°H), 72.9 (glucosyl
C'H), 88.2 (Cp* qt), 100.4 (glucosyl C'H), 127.6, 127.9, 129.9, 132.6
(4% Cpy), 146.6 (C,—I1), 149.0 (C,,—Ph), 169.3, 169.6, 170.2, 170.6 (4x
C=0).

6fGal. According to the general procedure, 4pGal (0.500 g,
0.80 mmol), Ag,0 (0.093 g, 0.40 mmol), NMe,Cl (0.087 g, 0.80 mmol)
and [IrCl,Cp*], (0.236 g, 0.30 mmol) were reacted, yielding 6pGal
(0.270 g, 0.28 mmol, 36%). Anal. calc. for CisH,N;0,,IrCl, - (H,0)
(949.902 g/mol), C 44.26, H 5.09, N 4.42%. Found C 44.17, H 5.14, N
3.89%; HRMS (ESI+) Calculated for C35H,N3O;,IrClT [M—CITT m/z=
896.2495. Found m/z=2896.2469; 'H NMR (300 MHz, CDCl,): § =1.41
(s, 15H, Cp* CH,), 1.98, 2.06, 2.07, 2.13 (4xs, 3H, OC(O)CH,), 3.74 (s,
N—CH,), 3.97 (t, 1H, *J,,,=6.7 Hz, galactosyl C*H), 4.14 (d, 2H, J=
6.7 Hz, galactosyl C°H,), 4.28-4.42 (m, 2H, ethylene CH,), 4.69 (br d,
1H, galactosyl C'H), 4.76-5.23 (br m, 4H, ethylene CH, (broad) and
galactosyl C*H, C*H), 5.41 (dd, 1H, J=3.3, 1.1 Hz, galactosyl C*H),
7.39-7.50 (m, 3H, CpyH), 7.63-7.78 (m, 2H, CppH); *C NMR (75 MHz,
CDCl,): 5=8.8 (Cp* CH,), 20.6, 20.7, 20.8, 21.0 (4x OC(O)CH,), 37.1
(N—CH,), 61.1 (galactosyl C°H,), 67.0 (galactosyl C*H), 68.4 (ethylene
CH,), 68.9 (galactosyl C*H), 70.7 (galactosyl C*H), 70.9 (galactosyl
C°H), 88.2 (Cp* qt), 100.8 (galactosyl C'H), 127.6, 127.9, 129.9, 132.6
(4XCpp), 146.7 (CyiIr), 149.0 (C,—Ph), 169.4, 170.08, 170.12, 170.4
(4xC=0).

6aMan. According to the general procedure, 4aMan (0.500 g,
0.80 mmol), Ag,0 (0.093 g, 0.40 mmol), NMe,Cl (0.087 g, 0.80 mmol)
and [IrCl,Cp*], (0.236 g, 0.30 mmol) were reacted, yielding 6aMan
(0.220g, 0.23mmol, 30%). Anal. calc. for CyHuN;OqIrCl,-
(CH,Cl,)-0.5((CH,),CO) (961.927 g/mol), C 46.20, H 5.89, N 4.37%.
Found C 46.44, H 5.14, N 3.85%; HRMS (ESI+) Calculated for
C3sH46N304IrClH [M—CII™ m/z=896.2495. Found m/z=2896.2481; 'H
NMR (300 MHz, CDCly): §=1.42 (s, 15H, Cp* CHs), 1.99, 2.04, 2.13,
2.17 (4xs, 3H, OC(O)CH;), 3.77 (s, 3H, N—CH,), 4.00-4.11 (m, 1H,
mannosyl C°H), 4.11-4.44 (m, 4H, ethylene CH, and mannosyl C°H,),
4.84 (br s, TH, mannosyl C'H), 4.93-5.16 (m, 2H, ethylene CH,), 5.18
(br s, TH, mannosyl C?H), 5.21-5.32 (m, 2H, mannosyl CH, C*H),
7.40-7.51 (m, 3H, CpH), 7.70-7.86 (m, 2H, CoH); *C NMR (75 MHz,
CDCl,): 8=8.9 (Cp* CH,), 20.73, 20.75, 20.9, 21.0 (4x OC(0)CH,), 37.2
(N—CH;), 54.0 (ethylene CH,), 62.4 (mannosyl C°H,), 66.1 (ethylene
CH,), 66.5 (mannosyl C*H) 68.9 (mannosyl C°H), 69.3 (mannosyl C*H),
88.2 (Cp* qgt), 100.0 (mannosyl C'H), 127.5, 127.9, 129.8, 132.7 (4x
Cor), 146.9 (Co—Ir), 149.2 (C,,—Ph), 169.6, 169.9, 170.3, 170.8 (4%
C=0).

General synthesis of deprotected iridium complexes. The relevant
protected iridium complex 5/6 (0.1 mmol) was dissolved in
methanolic hydrochloric acid (0.5M, 2.5 mL) and stood at room
temperature overnight. The solution was cooled to —20°C and any
precipitate filtered. To the filtrate, copious Et,0 was added and the
suspension stored at —20°C for 1 hour. The product was collected
as a pale yellow or orange solid upon filtration.

7aMan. According to the general procedure, protected complex
5aMan (0.100g, 0.11 mmol) was reacted with methanolic
hydrochloric acid (0.5M, 2.5mlL), yielding 7aMan (0.052g,
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0.07 mmol, 64 %). Anal. calc. for C,5H3,N;04lrCl,-2.5(H,0) (784.722 g/
mol), C 39.27, H 5.14, N 5.49%. Found C 39.70, H 5.67, N 5.42%;
HRMS (ESI+) Calculated for CyH3uN;O5lrClT [M—CIIT m/z=
684.1811. Found m/z=684.1793; '"H NMR (300 MHz, CD,0D): 6=
1.44 (s, 15H, Cp* CH,), 3.66-4.01 (m, 7H, N—CH;, mannosyl C°H,, C°H,
C*H), 4.26 (br s, TH, mannosyl C*H), 437 (br s, TH, mannosyl C*H),
6.66 (br s, TH, mannosyl C'H), 7.41-7.56 (m, 3H, Cp,H), 7.60-7.73 (m,
2H, CpuH); *C NMR (75 Hz, CD;0D): =7.6 (Cp* CH;), 36.8 (N—CH;),
61.8 (mannosyl C°H,), 68.3, 71.0, 71.0, 77.7 (5xmannosyl CH), 88.8
(Cp* qt), 89.5 (mannosyl C'H), 127.6, 127.7, 129.6, 132.2 (4xCy),
146.6 (C,,—Ir), 148.2 (C,,—Ph).

7BMan. According to the general procedure, protected complex
5BMan (0.170g, 0.19 mmol) was reacted with methanolic
hydrochloric acid (0.5M, 2.5mL), yielding 7fMan (0.095 g,
0.13 mmol, 68%). Anal. calc. for C,sHs,N;05lrCl,-(H,0) (737.700 g/
mol), C 40.70, H 4.92, N 5.70%. Found C 40.65, H 5.12, N 5.43%;
HRMS (ESI+) Calculated for CyHyNsO5IrCl™ [M—ClI* m/z=
684.1811. Found m/z=684.1822; '"H NMR (300 MHz, CD;0D): 6=
1.32 (s, 15H, Cp* CH,), 3.61-3.82 (m, 4H, mannosyl C*H, C*H, CH,
C°HH), 4.00 (app d, TH, *Jy4=11.3 Hz, mannosyl C°HH), 4.09 (s, 3H,
N—CH,), 4.27 (br s, TH, mannosyl C?H), 6.03 (br s, TH mannosyl C'H),
7.49-7.66 (m, 3H, CppH), 7.82-7.97 (m, 2H, CppH); *C NMR (75 MHz,
CD,0D): =7.8 (Cp* CH,), 37.0 (N-CH,), 61.3 (mannosyl C°H,), 67.3
(mannosyl C*H), 71.0 (mannosyl C*H), 73.0 (mannosyl C’H), 81.4
(mannosyl C°H), 86.9 (mannosyl C'H), 89.0 (Cp* qt), 127.0, 128.7,
130.3, 131.7 (4X Cpp), 146.2 (Cy—Ir), 146.9 (C,—Ph).

8BGlc. According to the general procedure, protected complex
6pBGIlc (0.250g, 0.27 mmol) was reacted with methanolic
hydrochloric acid (0.5 M, 2.5 mL) yielded 8pGlc (0.042 g, 0.06 mmol,
22%). Anal. calc. for C,;H;5N;04IrCl,- (H,0) (781.753 g/mol), C 41.48,
H 5.16, N 538%. Found C 41.72, H 5.54, N 5.09%; HRMS (ESI+)
Calculated for C,;H3gN;OgIrClIT [M—CI1* m/z=728.2078. Found m/
z=728.2037; 'H NMR (300 MHz, CD;0D):  =1.41 (s, 15H, Cp* CH,),
3.18 (t, TH, *Jyy=8.3 Hz, glucosyl C’H), 3.24-3.41 (m [overlaps with
CH;OH residual peak], 3H, glucosyl C*H, C*H, C*H), ), 3.68 (dd, TH,
*Jun=5.1Hz, Jyy=119Hz, glucosyl C°HH), 3.75-3.99 (m, 4H,
N—CH; and glucosyl C°HH), 4.25 (br s, TH, ethylene CHH), 4.34-4.54
(m, 2H, ethylene CHH and glucosyl C'H (J,,;=7.80), 5.00 (br s
[overlaps with H,O resonance], 2H, ethylene CH,), 7.40-7.53 (m, 3H,
CepH), 7.64-7.76 (m, 2H, CpH); *C NMR (75 MHz, CD;0D): 6=7.7
(Cp* CH,), 36.4 (N-CH,), 53.7 (ethylene CH,), 61.3 (glucosyl C°H,),
67.7 (ethylene CH,), 70.2 (glucosyl C*H), 73.6 (glucosyl C’H), 76.7
(glucosyl C*H), 76.9 (glucosyl C°H), 88.5 (Cp* qt), 103.1 (glucosyl
C'H), 127.5,127.9, 129.5, 132.4 (4x Cpy), 145.9 (C,,,—Ir [determined by
HMBC]), 148.1 (C,,,—Ph).

8BGal. According to the general procedure, protected complex
6fGal (0.140g, 0.15mmol) was reacted with methanolic
hydrochloric acid (0.5 M, 2.5 mL) yielded 8fGal (0.053 g, 0.69 mmol,
46%). Anal. calc. for C,,H;gN;04IrCl5-1.5(H,0) (790.761 g/mol), C
41.01, H 5.23, N 5.31%. Found C 40.82, H 5.74, N 5.16 %; HRMS (ESI
+) Calculated for Cy,H;gN,OglrClI*T [M—CI]" m/z=728.2078. Found
m/z=728.2071; '"H NMR (300 MHz, CD,0OD): 6=1.42 (s, 15H, Cp*
CH,), 3.41-3.61 (m, 3H, galactosyl C*H, C*H, C*H), 3.69-3.91 (m, 6H,
galactosyl C®H,, Gal C*H, N—CH;), 4.24 (br s, 1H, ethylene CHH), 4.37
(d, TH, *J,4=6.9 Hz, galactosyl C'H), 4.49 (br s, 1H, ethylene CHH),
4.91-5.06 (m [overlaps with H,O resonance], 2H, ethylene CH,),
7.39-7.44 (m, 3H, CpyH), 7.63-7.72 (m, 2H, CppH); *C NMR (75 MHz,
CD,0D): 6=7.8 (Cp* CH,), 36.4 (N-CH,), 53.7 (ethylene CH,), 61.1
(galactosyl C°H,), 67.8 (ethylene CH,), 68.9 (galactosyl C*H), 70.9
(galactosyl C*H), 73.8 (galactosyl C*H), 75.3 (galactosyl C°*H), 88.5
(Cp* qgt), 103.8 (galactosyl C'H), 127.5, 127.9, 129.5, 132.4 (4xCpp),
145.6 (C,,—Ir), 148.1 (C,,—Ph).

8aMan. Yield=11%. Anal. calc. for GC,;H3;sN;O¢lrCl,-2.5(H,0)
(808.776 g/mol), C 40.10, H 5.36, N 5.20%. Found C 40.07, H 5.84, N
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5.32%; HRMS (ESI+) Calculated for C,,H;gN;O(IrClIHT [M—ClIY m/z=
728.2078. Found m/z=728.2085; '"H NMR (300 MHz, CD,0D): 6=
1.41 (s, 15H, Cp* CHs), 3.43-3.56 (m, 1H, mannosyl C°H), 3.56-3.67
(m, 2H, mannosyl C?H, C*H), 3.68-3.80 (m, 2H, mannosyl C*H, C°HH),
3.81-3.94 (m, 4H, N—CH,;, mannosyl C®HH), 3.93-4.17 (br m, 1H,
ethylene CHH), 4.43 (br s, 1H, ethylene CHH), 4.82-5.07 (m [overlaps
with H,O resonance], 3H, mannosyl C'H and ethylene CH,), 7.36-
7.58 (m, 3H, CpH), 7.59-7.76 (m, 2H, CpH); *C NMR (75 MHz,
CD,0D) & 7.7 (Cp* CH,), 36.5 (N—CH,), 53.8 (ethylene CH,), 61.6
(mannosyl C°H,), 65.5 (br, ethylene CH,), 67.0 (mannosyl C*H), 70.5
(mannosyl C®H), 71.2 (mannosyl C*H), 73.7 (mannosyl C°H), 88.4
(Cp* qt), 100.4 (mannosyl C'H), 127.5, 127.8, 129.5, 132.5 (4xCyy),
145.6 (Cy,,—Ir [determined by HMBC]), 148.3 (C,,—Ph [determined by
HMBC]).
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