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The development of NHC gold clusters will open up previously unknown possibilities in catalysis.
Since the NHC not only forms a stable bond to the cluster, but also stabilizes the cluster itself,
we will be able to perform the surgical removal of specific ligands without cluster collapse.

With the Kakenhi funds, we have made significant progress on the synthesis
and characterization of novel gold nanoclusters bearing phosphine and N-Heterocyclic carbenes (NHC)
ligands. In addition, we have made strides to understanding their properties in terms of stability
and catalytic reactivity. These results are broken down by cluster type. By tuning the method of
synthesis and nature of the NHC, we have prepared new NHC-based gold clusters.
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N-Heterocyclic carbenes (NHC) have been employed as ligands for transition metal
complexes for decades. They provide stable, oxidation-resistant bonds to the metal that enable
the use of metal complexes as catalyst precursors under conditions where related phosphine
ligated-catalysts would be unstable. Our group was the first to demonstrate that NHCs are also
exceptional ligands for metal surfaces. We have shown that NHCs form exceptionally strong
bonds to Au surfaces that are resistant to heat, pH extremes, and oxidation (Fig 1A). NHCs remain
intact on the surface until 600K, which gives an estimate of the bond strength at 158+10 kd/mal,
compared with 125 kd/mol for thiols. g 1A: Evoution of kncwn NWC-metal apecies
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Au nanoclusters. Unlike nanoparticles,
which are imperfect composite materials
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of catalysis.

Following up on the groundbreaking work of Haruta on gold nanoparticle catalysis, thiol-
protected nanoclusters have been examined as catalysts for a variety of reactions, including the
oxidation of CO to CO; using O, and the reduction of nitroarenes. Although there are cases
where ligand-bound nanoclusters are employed directly as catalysts, there is considerable
evidence that, at least in some processes, thiol ligands have to be removed because they block
the surface too efficiently. For this reason, it is common to deposit the nanoclusters on support
and then remove the ligands either oxidatively or thermally. Challenges with this process are: 1)
ensuring that the unligated clusters do not migrate on the surface and agglomerate into larger,
less active clusters; 2) keeping the same active faces/facets after deposition and calcination; 3)
ensuring that mixed-metal species retain the same composition. Although there are some cases
where these challenges are met, in many cases they are not. With our collaborator, Tatsuya
Tsukuda, a world expert in the preparation and use of nanoclusters in catalysis, we will employ
NHC-stabilized nanoclusters as highly efficient catalysts for the transformation of complex
molecules. The selective oxidation of C—H bonds will be the goal (Fig 1B).
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N-Heterocyclic carbenes (NHC) are exciting alternatives to thiols since they form strong bonds
to metal surfaces, giving films that are resistant to heat, pH extremes, and oxidation. We have
recently showed that NHCs also provide stability to "magic number" gold nanoclusters, which are
unique molecular species bridging the gap between molecules and materials. Herein we propose
to employ mixed NHC/phosphine Au clusters as novel catalysts for C—H oxidation reactions.
Previous work with thiol-stabilized nanoclusters required removal of all ligands for activity, which
decreases the ability to tune the catalyst. We plan to selectively remove phosphine ligands in
mixed clusters to generate active sites for C—H oxidation. This reaction is important for late stage
functionalization.
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(1) Preparation of new mixed NHC/phosphine and investigation of the nature
(2) Investigation of catalytic activity

(3) Preparation of new all-NHC Au clusters

4. WFERR

(1) The use of NHCs to displace phosphines on known phosphine-stabilized clusters has been
accomplished during this funding period. We began by preparing phosphine-stabilized
undecagold clusters Aus1(PPhs);Cls and [Au11(PPhs)sCl2]Cl and treating these with di-isopropyl
benzimidazolium hydrogen carbonate. The less stable cluster (Aus1(PPhs);Cls) was not suitable
but the more stable cluster gave predominantly a single NHC-containing cluster
([Au11(PPhg)7(NHCP")CI]Cl) after heating in THF at 66 °C. This cluster results from substitution of
one phosphine ligand for the NHC. When the free NHC was employed, a complex mixture
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(2) Key to our progress in the use of these clusters as catalysts is understanding of the ligand
exchange and displacement properties in order to create active sites for catalysis. We have made
progress in understanding of these factors for the NHC-stabilized nanoclusters. The thermal loss
of phosphine was assessed for all the clusters Catalysts:

prepared by thermal gravimetric analysis (TGA). [Auy(PPhUCKIC!  (2)L=PPhy  (3a)L = Q m,L=Q

In all cases, phosphine loss was initiated at about Yy o S
180 °C. USing this temperature as a Staning *clusters were deposited on carbon paper (0.25 mg/cm?) and activated at 180 °C for 2h
point, we examined the behavior of the clusters
in the eleCtrocatalytiC redUCtion Of CO2 to CO Selectivity for CO vs. Hz Activity in reduction of COz to CO
after heating of the clusters to 180 °C. As an  ~ T
indication that phosphine removal was key to
catalytic activity, we also performed the catalysis
after heating to only 50 °C and found significantly
lower activity.
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The most active of the clusters was cluster ’ M : l..IL

[Aui1(PPhg)7(NHCMe)CI,]Cl, in which the dimethyl X s |I' .
NHC derivative is employed. This particular FreRE® freE®
cluster out-performed the all phosphine cluster and also the other NHC-stabilized clusters
examined. Interestingly, this particular cluster was also by far the most stable against
decomposition to nanoparticles leading to the exciting conclusion that retaining the nanocluster
structure was a key component of the catalytic activity. This cluster had the best catalytic activity,
as assessed by current density and mass activity. It also was the most selective for CO vs H»
production (Faradaic efficiency).

In order to further investigate the possibility that retaining the nanocluster form was critical to
activity, we examined the effect of increasing the density of the nanocluster on the electrode. If
nanoclusters that have lost a ligand undergo agglomeration to nanoparticles, we should expect
to see a significant improvement as the amount of catalyst is increased since this will increase
the likelihood of nanoparticle formation due to Ostwald ripening.

Current density was found to stay basically the same when the catalyst loading on the surface
was quadrupled and CO mass activity actually decreased. This suggests that either there is
multilayer deposition of the catalyst, (unlikely at 1 mg/cm2 on a 1 cm?2 electrode), or that
agglomeration into nanoparticles leads to lower activity, which is consistent with the fact that the
most stable dimethyl NHC—-nanocluster is also the most active.

we worked to improve the yield of the clusters even further to permit us to carry out more
experiments studying the ligand exchange behaviour and catalysis. With revised synthetic
methods in hand, we then moved to examine phosphine dissociation in detail and catalytic C-H
oxidation.

To obtain a better idea about phosphine dissociation under more controlled conditions, we are in
the process of carrying out inversion transfer experiments with the NHC-protected clusters to
shed light on the process of phosphine exchange. Since a single resonance is observed in the
31P NMR, we know that there is some type of exchange going on, and if we can better understand
this, we hope to exploit it in a catalytic system. These results are ongoing.

We have also carried out C—H oxidation studies with cluster [Au11(PPhs)7(NHCP)CI5]CI. Initially
we used a simple substrate, benzyl alcohol, and looked for the absolute activity in terms of
conversion to product and also selectivity for initial C—H oxidation to benzaldehyde vs. over
oxidation to the corresponding benzyl ester. Our preliminary results with these gold clusters have
shown that these give improved yields and selectivities compared with the corresponding all
phosphine clusters. For example, under conditions where the all phosphine cluster gave a 2:1
ratio of benzaldehyde to the over oxidized benzylester, the NHC-containing cluster gave a 10:1
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ratio and higher yields. Selectivity of up to 44:1 has been obtained but at lower yields.

(3) Building on the previous work, we strived to make a cluster in which the NHC ligand was the
predominant ligand, not the ancillary ligand. To achieve this, we investigated the reduction of well-
defined NHC-Au-CI complexes. This produced clusters composed of an icosahedral Auy; core
(similar to the abovementioned Au1) which is an 8-electron superatom. These clusters represent
the first examples of gold clusters larger than three atoms stabilized entirely by NHC and halide
ligands. The direct reduction preparation was initially developed for NHCs bearing 1,3-
disubstituted benzimidazolium ligands bearing benzyl wingtip groups. The procedure was found
to be general, and [Au13(NHC)sCls]2+ clusters were prepared with a variety of benzimidazole- and
triazole-derived NHC ligands. This synthetic success
allowed us to study the effect of the structure of NHC
ligands, including electronic configuration and steric
effects on size, structure, and properties of gold
nanoclusters. In particular, X-ray crystallography
shows that the clusters with benzyl and naphthyl
wingtips are characterized by multiple CH-mt and m—1t
interactions, which rigidify the ligand shell and likely
contribute to the exceptionally high photoluminescent
quantum yields observed, up to 16.0%, which is
significantly greater than that of the most luminescent
gold clusters.
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