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ABSTRACT: This study uncovers the interconnected reactivity of the three catalytically active sites of an atomically precise
nanocluster Cr;(py);CogSesLs (1(py)s, L = Ph,PNTol™, Ph = phenyl, Tol = 4-tolyl). Catalytic and stoichiometric studies into tosyl
azide activation and carbodiimide formation enabled the isolation and crystallographic characterization of key catalytically
competent metal-imido intermediates, including the tris(imido) cluster 1(NTs);, the catalytic resting state 1(NTs);(CN‘Bu);, and
the site-differentiated mono(imido) cluster 1(NTs)(CN'Bu),. In the stoichiometric regime, nitrene transfer proceeds via a stepwise
mechanism, with the three active sites engaging sequentially to produce carbodiimide. Moreover, the chemical state of neighboring
active sites was found to regulate the affinity for substrates of an individual Cr-imido edge site, as revealed by comparative structural
analysis and CNBu binding studies.

Understanding and controlling catalytically active sites is c) M/Co/Se moIecuIar<cIusters
the holy grail of nanoscale catalysis,' > promising to /

unlock fundamental insights into their mechanism and
facilitate the creation of catalysts designed for specific
transformations. The concept of “active sites” in heterogeneous
catalysis was first introduced by Taylor nearly a century ago,”
but their identity as low-coordinate surface sites was not
experimentally verified until decades later by Ertl.> To date,
identifying active sites experimentally and elucidating their
mechanism of action remains exceedingly difficult. Although
surface characterization techniques can provide atomic level
understanding of the identity, location, and even mechanism of
active sites in well-defined surfaces,”™® they withhold critical

)

Figure 1. Structural resemblance between (a) MoS,, (b) edge-doped

details into bonding and electronic structure that are more
easily accessed using the myriad strategies available to
molecular chemists. Atomically precise nanoclusters could
enable incorporating molecular precision in the design and
mechanistic study of active sites (Figure 1).>” Relative to their
bulk counterparts, these platforms exhibit large surface-to-core
ratios, which maximize the number of possible active sites, and
their catalytic selectivity and performance can be systematically
tuned by altering size,”” morphology,'® or composition.”"' "
However, in order to unlock their potential for catalysis,
synthetic innovations are required to prepare monodisperse
clusters at scale and to exercise precise control over their
surface chemistry and composition.

A large library of molecular ligand-stabilized transition metal
nanoclusters exists, which are solution processable and have
discrete chemical compositions.'*™"° Although the vast
majority are not catalytically competent, some shed light on
the physicochemical processes that underpin the catalytic
interface between active site and multimetallic support. Select
examples that provide these fundamental insights include
clusters with inorganic [Fe,(1,-0)],"” [RuCo,(u5-0),],"* and
[Fe,(15-S),]" cores, wherein metal-bound oxo and imido
substituents are stabilized by coordinative and electronic
participation of a polymetallic support, and a series of
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MoS,, and (c) M/Co/Se nanoclusters. Panel (a) reproduced with
permission from Besenbacher et al. ACS Nano 2010, 4, 4677—4682.
Copyright (2010) American Chemical Society. Panel (b) reproduced
with permission from Besenbacher et al. J. Catal. 2007, 249, 220—233.
Copyright (2007) Elsevier.

trinuclear [Fe;] and [Cr;] clusters in which electronic coupling
between the metal centers facilitates cooperative, multisite
reactivity.””*' Catalytically active chalcogenide clusters are
scarce, including [Mo,S,3]*” and [ MoFes(ﬂs S),], for hydro-
gen evolution and hydrazine reduction,”*’ respectively,
whereas metallic or metal oxide molecular clusters have been
shown to catalyze a wider range of reactions.”*™*® However,
the elucidation of catalytic intermediates remains challenging
across these platforms and relies heavily on computational
modeling as opposed to direct experimental observation.””*
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Combining molecular precision and scalability with catalytic
competence, we introduced a family of molecular clusters
M;CocSeglgy (M = Fe, Co, Zn, Sn; L = Ph,PNTol™) that
incorporate three chemically addressable edge sites (M) on the
surface of a Co/Se cluster core.” ~>° This synthetic construct is
reminiscent of a broad class of catalytically active edge-doped
transition metal dichalcogenide nanomaterials (Figure 1).571
Hemilabile edge—support interactions stabilize the three edge
sites in protected low-coordinate states,”" positioning them to
function as catalytically active sites and enabling the systematic
study of electronic metal—support interactions,” as well as
allosteric effects® and multisite dynamics on the cluster
surface. Previously, we discovered that Fe;CogSeglg (2) is an
excellent catalyst for activating an organic azide and forming
CN bonds®”** upon transferring the nitrene to tert-butyl
isocyanide. However, the role of the Fe edges as the
catalytically active sites has not been demonstrated.”’ We
hypothesized that an earlier transition metal might stabilize the
high valent metal-imido intermediates formed in this trans-
formation by localizing oxidation to the edge metals and
circumventing the electronic involvement of the Co4Seq
support.”’ Leveraging the synthetic versatility of the M/Co/
Se construct, a trichromium variant Cr;(py);Co¢SesLg (1(py)s,
94% isolated yield; Figure 2) was prepared from the
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Figure 2. Catalytic carbodiimide formation using nanoclusters 1(py);
and 2, including kinetic monitoring by "H NMR spectroscopy.

hexalithiated salt Lig(py)sCogSesLs and CrCl,.*” Single crystal
X-ray diffraction reveals that the 14 e~ square pyramidal
Cr(py) edges (Figure 3a) expose open coordination sites for
binding substrates at the cluster surface. Like the iron
congener, 1(py); is an excellent catalyst for carbodiimide
formation (Figure 2).*” The conversion of tosyl azide (100
equiv) and tert-butyl isocyanide (16S equiv) to carbodiimide
TsNCN'Bu is completed at room temperature within 6 h of
adding the 1(py); (2.5 mol %, 2.8 mM; TOF at t;,, =27 h™"),
slightly slower than in the case of 2 (TOF at t,, = 34 h™').
Each Cr edge of the 1(py); cluster rapidly activates tosyl
azide, forming three stable Cr-imido units at the cluster
surface. In the absence of isocyanide, 1(NTs); (77% isolated
yield) is obtained within 15 min of mixing 1(py); with TsN,
(3 equiv; Scheme 1a). In the solid-state, the Cr(IV) edges
adopt a distorted trigonal bipyramidal geometry, with the
imido group oriented equatorially (Figure 3b).*" Each tosyl-
imido binds to Cr by N/O-chelation,* and as a result the
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£Cr—Nr,—S angles are significantly bent (avg. 96°), and the
Cr—Nr, double bonds are elongated (avg. 1.82 A).** There is
only one other structurally characterized Cr(NTs) complex in
the literature,"* others eluding isolation due to rapid C—H or
C—C bond activation.**®

Although the three Cr(NTs) edges have identical first
coordination spheres, they are chemically inequivalent due to
their (a,a,8) orientation on the CoSeq surface. Here a and f
designate equatorial Se atoms from the top and bottom Co;Se,
halves of the cubic Co4Seg support, respectively, as illustrated
in the inset of Figure 2.3% Small variations in the TsN/Cr/
CogSeg bonding interactions structurally distinguish the three
edge sites, most notable when comparing the Cr—Se bond
lengths of Crl with either of Cr2 or Cr3. In solution, the
Cr(NTs) edges remain locked in chemically inequivalent
orientations even at elevated temperatures, giving rise to
multiple N-tosyl '"H NMR environments (Figure S6 and S7).
Generally, the low-symmetry (@,a,8) orientation of the edge
sites appears to be favored over the Ereviously unobserved
(a,a,@) isomer in these nanoclusters.””>> We propose this
reflects the intrinsic preference of the nanocluster to evenly
distribute electron density between the three electron deficient
edge centers on the Co4Seg support, and hypothesize this force
guides the formation of (a,@,)-1(NTs), as the sole isomer
upon reaction of 1(py); with azide.

The tris(imido) nanocluster 1(NTs); catalyzes carbodiimide
formation similarly to 1(py); (Section S2.2). Stoichiometric
studies demonstrate that each of the three edge sites in
1(NTs); can transfer the nitrene group to isocyanide,
confirming their viability as catalytically active sites (Scheme
1c). Two equivalents of isocyanide per Cr center (6 equiv
total) are required to complete the nitrene transfer from
1(NTs),, forming quantitatively the tris(isocyanide) adduct
1(CN'Bu), (74% isolated yield) and carbodiimide TsNCN'Bu
(3 equiv). In situ '"H NMR monitoring of this reaction reveals
that it unfolds via a stepwise mechanism (Figures 4b and S27).
The edge sites engage sequentially to produce carbodiimide,
giving rise in the process to two major observable
intermediates, which were isolated independently. The first,
1(NTs);(CN'Bu);, forms upon isocyanide binding at 1(NTs)
and was identified as the resting state of the nanocluster under
catalytic conditions (Figure S25). This species is consumed
over the course of 4 h at room temperature, generating a
second, site-differentiated intermediate 1(NTs)(CN‘Bu), and

https://doi.org/10.1021/jacs.2c00234
J. Am. Chem. Soc. 2022, 144, 9206—9211


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00234/suppl_file/ja2c00234_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00234/suppl_file/ja2c00234_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00234/suppl_file/ja2c00234_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00234/suppl_file/ja2c00234_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00234?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00234?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00234?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00234?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00234?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00234?fig=sch1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c00234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Communication

a) 1(py)s b) 1(NTs)s
\A

X\

Cr1
e
A

)

Cr2(py) edge: Cr2(NTs) edge:

¢) 1(NTs)3(CNBu)s |

d) 1(NTs)(CNBu),

=Ny /\\: 4 /
Cr2(NTs)(CN®Bu) edge: Cr2(CNBu) edge:
VW

>
\

i

v
¥
R

22

Figure 3. Single crystal X-ray diffraction structures of (a) 1(py)s, (b) 1(NTs);, (c) 1(NTs);(CN'Bu);, and (d) 1(NTs)(CN'Bu),. Thermal
ellipsoids plotted at 50% probability. H atoms, disordered ligands, and cocrystallized solvents not depicted for clarity.

substoichiometric carbodiimide (2 equiv). Under these
conditions, the last equivalent of carbodiimide is released
slowly (>48 h at 60 °C) alongside 1(CN'Bu);.

To independently isolate the first intermediate and unveil
the identity of the catalytic resting state, 1(NTs); was treated
with CNBu (10 equiv) at a temperature sufficiently low to
prevent the evolution of carbodiimide (—3S °C). Over the
course of 24 h, dark red prismatic crystals of the tris-
(isocyanide)-tris(imido) cluster 1(NTs);(CN'Bu); formed
quantitatively (88% isolated yield, Scheme 1b). Single crystal
X-ray diffraction reveals how CN‘Bu coordination breaks the
N/O-chelation of the N-tosyl group observed in 1(NTs), by
displacing the sulfonyl oxygen atom to afford a monodentate
tosyl imido (Figure 3c). Isocyanide binding at the Cr(NTs)
edge strengthens the substrate-edge interactions and weakens
the edge-support contacts, trends marked by contracted Cr—
NTs bonds (avg. 1.75 vs 1.82 A) and elongated Cr—Se bonds
(avg. 2.61 A vs 2.48 A), respectively. We propose that the
weakening of edge—support bonding interactions depolarizes
the CogSeg core and provides the necessary structural flexibility
for the Cr—Se contacts to reorganize from (a,a,f) in 1(NTs),
to the (a,a,a) configuration in 1(NTs);(CN'Bu), in which all
edge sites are identical.

Rather than extruding three equivalents of carbodiimide,
1(NTs);(CN'Bu); evolves to a second intermediate that
contains a single Cr''(NTs) edge free of bound isocyanide
(Figure S27). Its identity as 1(NTs)(CN'Bu), was elucidated
by independent synthesis (62% isolated yield) from 1(NTs),
and substoichiometric CN'Bu (4 equiv; Scheme Ic), and its
catalytic competence demonstrated (Section S$2.2). Unlike
1(NTs);(CN‘Bu);, the mono(imido) 1(NTs)(CN‘Bu), is
indefinitely stable at room temperature, evidence of the high
affinity for isocyanide of the two Cr(II) sites which do not
release isocyanide that would otherwise strip the nitrene off the
Cr(NTs) edge. Despite this high affinity, the Cr—CN'Bu
bonding interactions in 1(NTs)(CN'Bu), are among the
longest reported (avg. 2.08 A),* and the CN stretching
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frequency (voy = 2196 cm™) is blue-shifted, a mark of the
electron deficiency of these Cr centers which do not engage in
m-backbonding.

Comparing the Cr(NTs) site in 1(NTs)(CN'Bu), with
those of 1(NTs); we discovered that the chemical state of the
neighboring active sites on the cluster impact its structure and
reactivity. Although of identical coordination environment to
those in 1(NTs),;, the Cr(NTs) edge in 1(NTs)(CN'Bu),
features a strengthened Cr—Se interaction (2.444(2) vs 2.48
avg. A) and an elongated Cr—Ny, bond (1.862(9) vs 1.82 avg.
A; Figure 3d) in the solid state. To probe if the strengthened
edge—support interaction decreases nitrene transfer reactivity
of the Cr(NTs) edge, the isocyanide binding affinities of
1(NTs); and 1(NTs)(CN'Bu), were compared. Using 'H
NMR spectroscopy, the binding constant for isocyanide at the
1(NTs); cluster to produce 1(NTs);(CN‘Bu),_; adducts is
estimated to average 44(7) M~ for the three sites, whereas
there is no spectroscopic evidence of any isocyanide binding at
the Cr(NTs) site in 1(NTs)(CN'‘Bu), under identical
conditions (see SI, Section S4). We propose that structural
differentiation with Cr''(CN'Bu) edge sites slows nitrene
transfer kinetics at this third edge site, distinguishing its
reactivity from that of the first Cr(NTs) edge. The
strengthened edge—support interactions in 1(NTs)(CN'Bu),
are also associated with a reorganization back to (a,a,3)
symmetry in the solid state. This rearrangement reinforces the
hypothesis that a/f isomerism enables the Co¢Seg support to
reversibly distribute electron density via structural changes in
response to substrate binding events at the active sites.

Informed by the catalytic and stoichiometric reactivity of the
trichromium nanoclusters, a catalytic cycle is proposed at a
single edge site (Figure 4a). The cycle begins with a Cr'L’ (L’
= py, CN'Bu) site that quickly activates tosyl azide, producing
a Cr"V(NTs) species. Isocyanide binding to Cr™(NTs) disrupts
the N/O-chelation of the N-tosyl group, and generates the
catalytic resting state Cr''(NTs)(CN'Bu). Although both
coupling substrates are already bound at the Cr'Y(NTs)-
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Figure 4. (a) Proposed catalytic cycle for carbodiimide formation at an isolated Cr edge site. (b) Differentiated nitrene transfer reactivity at the

three edge sites of 1(NTs); under stoichiometric conditions.

(CN'Bu) edge, an additional equivalent of isocyanide is
required for carbodiimide formation to occur. Extrusion of
carbodiimide is the rate determining step and regenerates the
Cr''(CN'Bu) site, which is ready to reengage with azide.

Electronic and structural differences distinguish the
individual Cr edge sites of the nanocluster, leading to
interdependent and sequential reactivity that is observable
under stoichiometric conditions. The stepwise process of
transferring the nitrene groups from 1(NTs), is detailed in
Figure 4b, informed by the observation and isolation of
1(NTs);(CN'Bu); and 1(NTs)(CN‘Bu),. We propose that as
the Cr'"(CN'Bu) edges are generated on the nanocluster, they
have a stabilizing effect on the neighboring Cr'V(NTs) sites,
deactivating them toward isocyanide binding and, conse-
quently, nitrene transfer. Throughout the catalytic cycle, the
inorganic Co/Se support is structurally responsive to substrate
activation and transfer with hemilabile Cr—Se interactions
enabling facile transitions between x° and x* binding to
accommodate the Cr edge sites in diverse configurations.

The dichotomy between the stability of the Cr(NTs) edges
in the Cr/Co/Se clusters toward isolation and their propensity
to accomplish group transfer catalytically is unusual and
uniquely positions this system for mechanistic investigations.
Only two other imido-bound transition metal-chalcogenide
clusters have been previously reported, the cubane-type
Fe,S;(NR) and Mo,S,(NR), clusters,'”*® though neither
have been shown to be catalytically competent or active
toward stoichiometric group transfer chemistry. 1 is not only a
functional model for heterogeneous single-atom group transfer
catalysis, but also a powerful platform to study the dynamics of
neighboring active sites in heterogeneous catalysts. While the
push—pull dynamic between the substrate/edge/support is
central to completing a catalytic cycle at an isolated Cr edge
site, a domino effect wherein electronic changes propagate
through the CogSeg support intertwines the reactivity of
neighboring active sites. Overall, this study sheds light on the
mechanism of nitrene transfer at the surface of a well-defined
nanocluster catalyst bearing three operational active sites,
achieving a distinguished level of detail for nanocluster
catalysis.
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