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ABSTRACT. Stereoselectivity in heterogeneous hydrogenation of olefins and arenes is typically
dictated by the steric properties of the organic substrate, and the inherent steric preference is
difficult to alter through modification of catalyst or experimental parameters. One strategy to
access counter-steric selectivity is to incorporate a stereochemically-defined functional group into
the substrate that can adsorb to the catalyst surface and “direct” hydrogen addition from the same
face. This perspective provides an overview of heterogeneous directed hydrogenation and
elucidates a few design rules about directing group identity, substrate structure, and catalyst
composition that lead to diastereoselective reactivity. Monometallic heterogeneous catalysts are
capable of diastereoselective directed hydrogenation only with a limited set of substrate scaffolds
and directing functional groups. In a given substrate, a complex interplay between directing group
conformation, steric bulk, and adsorption strength makes it difficult to predict whether steric or

electronic factors will dominate the diastereoselectivity. We then discuss more recent examples of



bimetallic catalysts for this reaction and look toward opportunities for bimetallic structures to yield

more tunable and general heterogeneous directed hydrogenation catalysts.

Introduction

Supported metal nanoparticles are among the most important hydrogenation catalysts in the
synthesis of complex organic molecules.!! Because natural products and pharmaceutically-
relevant compounds frequently contain multiple stereocenters, any hydrogenation steps in their
synthetic routes will require differentiation of diastereotopic faces of the organic molecule.!!"!®
Heterogeneous catalysts typically favor hydrogenation from the less-hindered face of the organic
compound due to the steric constraints of substrate adsorption onto the metal nanoparticle
surface.!? This inherent steric preference comes from the substrate structure itself and is difficult
to alter through either catalyst or experimental parameters. In order to access counter-steric
selectivity, one strategy is to incorporate a stereochemically-defined functional group into the

molecule that can coordinate to the catalyst surface and thereby “direct” hydrogen addition from

the same face.
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Figure 1: Steric vs. haptophilic facial selectivity preferences in heterogeneous catalysis.

The first observations of counter-steric selectivity in heterogeneous hydrogenation that are
attributable to a directing group effect were made in the 1950s.243° These observations prompted

a systematic exploration of the structural origin of counter-steric facial selectivity in a series of



papers by Thompson and coworkers in the 1970s.3!3 Thompson postulated that a heterogeneous
catalyst could be modelled as a nominally flat surface, and in the presence of a relatively flat
polycyclic substrate, hydrogenation would always exhibit a steric preference to occur from the
opposite face of a stereochemically-defined functional group (Figure 1a). However, if that
functional group has a strong enough attractive interaction with the catalyst surface to overcome
the inherent steric preference, the opposite stereoselectivity would be observed (Figure 1b). The
term “haptophilicity” was coined to describe the interplay between functional group steric bulk

and surface adsorption strength in dictating directed diastereoselectivity.

Monometallic Catalysts: Olefin Substrates

Thompson demonstrated these concepts in the hydrogenation of fluorene and phenanthrene
derivatives using Pd/C and Pt/C catalysts. In the hydrogenation of a fluorene core (1), the identity
of the functional group in the allylic position had a strong influence on the diastereoselectivity of
the hydrogenation (Table 1).> An alcohol or aldehyde substituent (entry 1 and 2) resulted in a
>90:10 ratio of hydrogen addition cis to the R group to generate the directed product 2a while a
carboxylic acid, ester, or ketone (entry 6-8) reversed the selectivity to ~20:80 in favor of trans
addition (2b). The authors then correlated the observed 2a:2b diastereomeric ratio to physical
parameters of the functional group including electronegativity (X), basicity (pKa), and molar
refractivity (Mp), which serves as a proxy for volume. The authors hypothesized that steric bulk
and electron density of the R group work at cross-purposes to dictate the facial selectivity of
hydrogen addition. Comparison of R groups with similar size, CH2OH vs. COOH, illustrates that
the more electronegative and Lewis-basic alcohol functionality yields higher ratios of the directed
cis product (entry 1, 6). Deprotonating the carboxylic acid to generate the Li and Na carboxylates

increases their adsorption strength to the surface with the looser Na* ion pair showing stronger



direction (entry 4, 5). In contrast, steric bulk of the functional group plays a major role in inhibiting
directed diastereoselectivity. In a comparison of two R groups with similar electronic properties,
CHO vs. COMe, the larger steric bulk of the ketone relative to the aldehyde flips the selectivity to
14:86 in favor of the sterically-preferred trans product (entry 2, 8). Unfortunately, it is not possible
to define a unified parameter for group haptophilicity or directing ability because of the convoluted

steric and electronic parameters of each functional group.

Table 1: Influence of functional group on directed diastereoselectivity and correlation to

electronegativity, basicity, and molar refractivity.

0 ’ 0 ’ o
O Pd/C
Y s O O
= H,, MeO(CH,),OH = =

1 atm, RT )

1 2a = directed 2b = steric
Entry R yield (%) dr (2a:2b) X pKa M,
1 CH,OH >97 95:5 3.65 2.2 7.24
2 CHO a65 93:7 2.90 -8 573
3 CN >97 75:25 3.20 -10 6.46

4 COONa >90 55:45 2.95 +4.8 -

5 COOLi >90 2377 2.95 +4.8 -
6 COOH >97 18:82 2.85 -6.1 7.25
7 COOMe >97 15:85 275 -6.3 12.0
8 COMe >97 14:86 2.70 -7.2 104

aSide product is primarily the fully hydrogenated alcohol.

Thompson and coworkers subsequently showed that the choice of solvent was also critical in
dictating the directing ability of an OH group in the hydrogenation of a phenanthrene scaffold (3)
using both Pd/C and Pt/C (Table 2).>* Solvents with high dielectric constants, typically containing
Lewis basic functional groups, can competitively adsorb to the catalyst surface, inhibiting
adsorption of the substrate via its OH directing group and preferentially producing the steric
product 4b (entry 2-5). The solvent-covered surface also presents a modified steric and dipolar

environment as the substrate approaches the catalyst, which may alter the inherent preference of



the substrate-surface interaction. Non-polar and non-interacting solvents such as hexanes resulted

in the highest diastereoselectivity toward the directed product 4a (entry 1).

Table 2. Influence of solvent on directed diastereoselectivity.

‘ catalyst H
—» +
O‘ CH,OH H,, solvent CH,OH

1 atm, RT . .
3 4a = directed 4b = steric

. . Pd/C Pt/C
Dielectric
Entry Solvent constant yield (%) dr (4a:4b) yield (%) dr(4a:4b)

1 Hexane 1.9 89 61:39 90 81:19
2 Bu,0 3.1 94 2773 90 51:49
3 DME 7.2 94 20:80 96 36:64
4 THF 7.6 93 18:82 90 30:70
5 DMF 36.7 99 6:94 90 9:91

Efforts to expand and generalize the concept of directed diastercoselective hydrogenation
yielded mixed results in studies of monocyclic terpene-based scaffolds by Mitsui and Seghal >’
With OH as the directing functional group, Raney Ni showed modestly higher directed selectivity
than Pt and other noble metal catalysts across most substrate scaffolds, but the maximum
selectivity achievable ranged widely from 50:50 to 96:4 dr (a:b) depending on the steric properties
of the substrate (Table 3). In considering a range of substrate structural motifs—homoallylic or
allylic alcohols, 5- or 6-membered rings, endocyclic or exocyclic olefins—no obvious structural
parameters could be correlated to higher directed diastereoselectivity. The greater conformational
flexibility of the monocyclic structures compared to the fluorene and phenanthrene scaffolds make

it more challenging to rationalize and predict how steric bulk and directing group adsorption

interact in these substrates.

Table 3: Influence of metal catalyst and substrate structure on directed diastereoselectivity.



OH OH
Sub catalyst R R
ubstrate @— >
H,, EtOH £7\TR + :5_7-jnR
1-60 atm, RT
a = directed b
Substrate dr(a:b) Substrate dr (a:b)
OH OH
Ni: 75:25 Me Ni: 70:30
Pt: 30:70 Pt. 31:69
Me
OH
OH .
Ni: 964 Ni: 81:19
=N\n.pr Pt 55145 Pt: 33:67
Me
OH OH
b Ni: 61:39 Ni: 50:50
Z nPr pt 5347 Pt 33:67
Me
OH
OH
o/ ~n-Pr Ni: 74:26 Ni: 52:48
Pt: 48:52 Pt: 24:76
Me

Nonetheless, due to the excellent reactivity of supported metal catalysts, numerous natural
product total syntheses have taken advantage of a haptophilic effect to achieve highly
diastereoselective heterogeneous hydrogenation. In the synthesis of (-)-englerin A by Ma and
coworkers, hydrogenation of compound 5 was found to proceed selectively to the directed product
6 in the presence of Raney Ni at 90 atm of Ha pressure (Figure 2a).** A previous racemic synthesis
by Nicolau and coworkers utilized Crabtree’s catalyst, an established molecular catalyst for OH-
directed hydrogenation, to set the same stereocenter, which confirmed the role of the alcohol in
directing facially-selective hydrogen addition.*! In the synthesis of fasicularin by Kibayashi and
coworkers, an alcohol directing group was also thought to be critical in diastereoselective
hydrogenation of an iminium intermediate, formed in-situ after deprotection of amine 7 in the
presence of Pd/C and 1 atm H, (Figure 2b).** A striking solvent effect was observed in this

transformation where nonpolar solvents such as cyclohexane favored the directed product 8 (5.2:1)



while the reaction in EtOH produced a 1:1.7 mixture of diastereomers, consistent with an
adsorptive interaction between the OH group and the Pd nanoparticle surface. Amines have also
been utilized as directing groups in the diastereoselective directed hydrogenation of 9 toward the
synthesis of (-)-hispidospermidin by Overman and coworkers.** Using Rh/C as the catalyst under
90 atm of H», the directed hydrogenation product 10 was obtained as a single diastereomer (Figure
2¢). In this reaction, the Lewis basicity and small steric bulk of the primary amine were crucial
toward obtaining strong directing group adsorption to the Rh surface. Tosyl-protected or alkyl-

functionalized analogs of amine 9 resulted in significantly lower diastereoselectivity.***
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Figure 2. Synthetic examples of heterogeneous directed hydrogenation.

Around the same time that the haptophilic effect was first being explored in heterogeneous
systems, Brown, Crabtree, Evans, and others demonstrated that molecular Ir and Rh complexes

were effective catalysts for the directed hydrogenation of olefins with allylic and homoallylic



oxygen-containing directing groups.*>* High diastereoselectivity was accessible across a broad
substrate scope of cyclic and acyclic olefins, and introduction of chiral ligands into the catalyst
complex could impart enantioselectivity to achiral substrates.’® In a seminal review on substrate-
directed chemical reactivity by Hoveyda, Evans, and Fu in 1993, the authors concluded that
heterogeneous catalysts were inferior to their homogeneous counterparts for substrate-directed

hydrogenation for the following reasons:

“Although heteroatom functional groups can influence the stereochemical course of
heterogeneous reductions, a number of variables, such as the nature of the directing group, solvent,
catalyst, support, and hydrogen pressure are important and often must be optimized to achieve
useful levels of selectivity. These changes in reaction conditions cannot be effected predictably;
poisoning is often a problem, and different catalyst batches seldom show identical reactivity. It is
for these reasons that heterogeneous catalysis does not offer a general and reliable solution to the

notion of heteroatom-directed hydrogenation reactions.”>®

For these reasons and the excellent selectivity and generality of the molecular catalysts,
relatively little work has been done in the intervening years on substrate-directed heterogeneous

hydrogenation of olefins.

Monometallic Catalysts: Arenes

One area in which some effort has persisted in achieving stereoselective heterogeneous
hydrogenation is in arene hydrogenation. The low reactivity of arenes necessitates high catalyst
loading, hydrogen pressure, and temperature in order to achieve reasonable reactivity, and very
few molecular catalysts are stable under these conditions.’”>® As a result, heterogeneous noble

metal catalysts remain the dominant catalysts in arene hydrogenation. '85!



Table 4: Influence of functional group in directed arene hydrogenation.

R 4 (R H R

Rh/C or ALO, =

H, EtOH * L

49 atm, 25 °C H H

11 12a = directed 12b = steric

Entry R yield (%) dr (12a:12b)
1 NH,2 100 98:2
2 CH, 92 36:64
3 OH 88 35:65
4 OPr 88 8:92
5 COH >92 16:84
6 CO,Me >92 15:85
7 CO,NH, >92 19:81
8 OHp 89 85:15
9 NH,-HCI 90 68:32

2reaction at 70 °C *with additional 6 mol% KOH

Systematic studies of Rh-catalyzed hydrogenation of indane derivatives (11) in ethanol clearly
illustrated the intertwined roles of steric bulk and functional group Lewis basicity in the
stereoselectivity of arene hydrogenation (Table 4).°>% Interestingly, the only functional group
that showed a significant preference for the directed product 12a was the primary amine (entry 1).
The OH group, while capable of modest direction in the olefin examples described previously,
showed the same selectivity as the Me substituent, indicating a predominantly steric preference
(entry 2, 3). Bulkier groups (CO2H, CO;Me, CO2NH>, and OPr) shifted the selectivity further in

favor of the steric product 12b (entry 4-7).

The need for stronger Lewis basicity in arene hydrogenation relative to olefins likely stems from
the fact that the arene itself has a stronger n-adsorption interaction with the Rh surface, which must
be partially disrupted in order for the substrate to adsorb from the same face as the directing
group.®>% The importance of strong Lewis basicity is further highlighted in the presence of acidic

or basic additives. Upon addition of 6 mol% KOH to 1-indanol, a significant enhancement of the



directed product was observed due to deprotonation of the OH group and its subsequent increase
in basicity (entry 8). Correspondingly, protonation of the primary amine with HCI resulted in
significant erosion of its directed stereoselectivity (entry 9). When strong Lewis bases like amines
and alkoxides are required for adsorption to the catalyst surface, poisoning of the surface through
irreversible coordination becomes a major issue.’’’! In 1-indamine (entry 1), higher temperatures

are required during hydrogenation in order to drive product desorption and catalyst turnover.
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Figure 3. Chiral auxiliaries exert a predominantly steric influence in heterogeneous arene

hydrogenation.

Due to the inherent planarity of arene substrates, significant effort has been invested in
generating diastereotopic faces through covalent attachment of chiral auxiliaries. Chiral proline
derivatives have been utilized as an auxiliary to enhance steric selectivity in heterogeneous arene
hydrogenation (Figure 3).!%7>" For example, hydrogenation of pyroglutamic acid covalently
linked to o-toluic acid (16) resulted in 5:95 dr favoring the steric product over a Rh/Al,Oj3 catalyst
(Figure 3).” Both the rigidity of the lactam and steric bulk of the CO>Me substituent played

important roles in dictating the high diastereoselectivity in this substrate. The less rigid proline

10



methyl ester (15) and less bulky prolinol (14) auxiliaries resulted in lower steric

diastereoselectivities. 8!

In contrast to sterically-governed chiral auxiliaries, Prins and coworkers utilized an anilide
scaffold in order to introduce a proline moiety with a free secondary amine.®>%* As with the 1-
indamine hydrogenation described above, the secondary amine 13 would likely have sufficient
Lewis basicity to coordinate to the Rh surface. Indeed, moderate diastereoselectivity toward the
directed product (78:22 dr) was observed, likely through amine coordination to the Rh surface and

minimization of steric repulsion between the ortho-methyl group and the proline moiety.

Table 5: Directed arene hydrogenation in organic synthesis.

o] H o]
17 catalyst  18a = directed
—_—

H,, MeOH

2 atm, 60 °C H OHH
+
N
H O
20a = directed 20b
Entry Catalyst dr (18a:18b) dr (20a:20b)

1 Pd/C 39:61 76:24
2 Rh/ALO, 56:44 75:25
3 Ru/C 30:70 62:38
4 Raney Ni 64:36 93:7

Relatively few synthetic examples exist of directed arene hydrogenation in complex natural
product synthesis. Daich and coworkers utilized a diastereoselective hydrogenation of a furan
moiety (17, 19) as a key step to generate several members of the tricyclic furoindolizidinol family

(18, 20).3° In this work, the highly oxophilic Raney Ni catalyst showed superior

11



diastereoselectivity toward the OH-directed product (18a, 20a) compared to the noble metal Pd,
Rh, and Ru catalysts (Table 5). However, complex steric and electronic effects were still at play
given the dramatic changes in absolute diastereomeric ratio depending on the orientation of the

furan ring.

Based on the literature discussed thus far, some general trends on haptophilicity as a driving
force for diastereoselective heterogeneous hydrogenation can be elucidated. Raney Ni consistently
shows higher directed diastereoselectivity for oxygen-based directing groups compared to noble
metal catalysts such as Pt, Pd, Rh, and Ru. However, Raney Ni is the least reactive hydrogenation
catalyst and requires high catalyst loadings and harsh conditions, typically high H> pressure and
long reaction times, in order to drive reactivity. Amine directing groups show stronger adsorptive
interactions with noble metal catalysts compared to alcohols and are capable of inducing
diastereoselective hydrogenation of arenes. However, product inhibition and catalyst turnover
become a challenge due to the strong binding of the amine to the surface. Across all examples, the
substrate scope of heterogeneous directed hydrogenation is limited, and product
diastereoselectivity is difficult to predict based on substrate structure and directing functional
group. In light of these observations, monometallic catalysts do not provide a general solution

toward the directed hydrogenation of olefins and arenes.

Bimetallic Catalysts

12
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Figure 4. (a) Bimetallic catalyst design for directed hydrogenation compared to (b) molecular
Crabtree’s catalyst. (¢) Comparison of directed diastereoselectivity using pseudo-axial and

pseudo-equatorial directing groups.

Recently, our group hypothesized that bimetallic catalysts with two distinct binding sites may
provide a more general solution to achieving high diastereoselectivity in the OH-directed
heterogeneous hydrogenation reaction. Using bimetallic alloys containing a noble metal and a first-
row transition metal, we envisioned that the OH directing group would preferentially bind to the
more oxophilic first-row transition metal while the noble metal would still be available to activate
H; and bind the olefin (Figure 4a).®¢ We showed that careful control over surface composition in
a Pd-Cu bimetallic nanoparticle enabled high diastereoselectivity in the hydrogenation of a range
of cyclic homoallylic and allylic alcohols, achieving comparable diastereoselectivities in some
cases to Crabtree’s catalyst, [[r(COD)(py)(PCy3)]|PF¢ (Figure 4b). While the conformation of the
substrate still had an impact on the inherent steric preferences of the hydrogenation, we were able

to elucidate a general principle for directed substrate design in heterogeneous systems. Substrates
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with a pseudo-axial OH directing group (21) were capable of strong haptophilic interaction with
the Pd-Cu surface, resulting in diastereoselectivities >92:8 across a range of structures, while

equatorial OH groups (22) led to much lower diastereoinduction (Figure 4c¢).

Table 6. Large-scale heterogeneous hydrogenation of a chiral imine using a bimetallic catalyst.

Me Me Me
NI catalyst
OMe
|
4 1 7 atm, RT HOZC/\NJ\O
23 24a = major 24b = minor
Entry  Catalyst dr (24a:24b) 0

1 NaBH, 89:11 peliglitizar
2 Raney Ni 97:3 pilot-scale (>400 g)
3 Pd/C 86:14 2\
4 Pd/C, 0.3 eq. (-)-cinchonidine 94:6 /
5 Pd-Cu/C (4:1 wt. ratio) 97:3
6 Pd-Na/C (300:1 wt. ratio) 96:4

To our knowledge, only one other example has used the formation of a bimetallic structure to
enhance hydrogenation diastereoselectivity compared to its monometallic counterpart, which in
this case relies primarily on steric control. In the process optimization for pilot-scale synthesis of
peliglitizar, a candidate drug for type II diabetes, Muslehiddinoglu, Li, and coworkers developed
a diastereoselective hydrogenation of imine 23 containing an alpha-phenylethylamine chiral
auxiliary (Table 6).*” In this example, addition of Cu or Na to Pd/C enhanced the inherent
selectivity preference of the substrate (86:14 dr on pure Pd, entry 3) to achieve 97:3 dr over the
bimetallic catalyst (entry 5, 6). The addition of chiral organic modifiers to Pd/C was also effective
in enhancing diastereoselectivity to some degree (entry 4), a strategy that creates a chiral steric

environment at the catalyst surface.®®?> While the steric properties of the chiral auxiliary dictate
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hydrogenation diastercoselectivity regardless of the catalyst composition, enhanced imine

adsorption to the Pd-Cu bimetallic surface may help reduce formation of the undesired product.

New Catalyst Designs

In order to design more selective bimetallic catalysts for directed heterogeneous hydrogenation,
we draw inspiration from a large body of literature on noble metal bimetallic nanoparticles that
have demonstrated excellent hydrogenation selectivity and reactivity compared to their noble
metal-only counterparts.”>*” While we will not exhaustively review this body of literature, we
hope to highlight a few examples that illustrate the versatility of bimetallic structures in altering
substrate adsorption, reaction chemoselectivity, and catalytic rates. The observed catalytic changes
typically stem from three possible modifications to surface properties upon formation of the
bimetallic structure—electronic hybridization with the second metal, a change in surface ensemble
geometry, and the creation of heterobimetallic adsorption sites (Figure 5). We anticipate that all

of these bimetallic mechanisms will be relevant for heterogeneous directed hydrogenation.

.‘1: Y

Ensemble Geometry
J .

J

' '
Electronics Bifunctional Binding

Figure 5. Bimetallic nanostructures and their mechanisms to influence catalytic behavior.

Electronic modification of the noble metal through hybridization with the second metal in a core-
shell or alloy structure will have a major impact on the adsorption strength of any heteroatom

directing group as well as the arene or olefin to be hydrogenated. Core-shell structures exemplify
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a purely electronic effect, wherein the ensemble geometry of the surface remains nearly identical
to that of the monometallic structure, but the electronic and redox properties of the surface are
strongly influenced by the underlying core metal.”®*!® This concept has been utilized most
frequently in electrocatalysis, but surface science and DFT studies on single crystal model systems
have shown that gaseous adsorbates bind very differently on supported monolayer films compared
to thicker slabs.'”"'% For example, Chen and coworkers showed that ethylene adsorbs as a di-o-
bonded intermediate on bulk Pt(111) single crystals but exhibits much weaker binding as a n-

). MO For - directed

coordinated species on Pt epitaxial monolayers grown on Ni(111
hydrogenation, we anticipate that weakening surface binding of the olefin or arene while retaining

or strengthening directing group coordination will be a key strategy toward increasing selectivity

for the directed reaction.

Another common bimetallic design is known as a single-atom alloy, in which the noble metal is
sufficiently dilute in the surface so as to have no other noble metal nearest neighbors. Site isolation
of the noble metal combined with its electronic modification through alloy formation is crucial
towards achieving reaction selectivity.!'>!'* Dilute alloys of active noble metals (Pd, Pt, Rh)
embedded within a more inert matrix (Cu, Ag, Au) have shown excellent chemoselectivity for the
semihydrogenation of alkynes and dienes.''>'" In most cases, the selectivity stems from a
significantly weaker adsorption of the semihydrogenated product on the isolated atom site
compared to a larger ensemble, leading to fast product desorption and suppression of over-
hydrogenation. Intermetallic alloy surfaces have also been leveraged to a similar effect to enforce

site isolation of an active metal within a more inert matrix.'20-124

In addition to unsaturated C-C bonds, bimetallic alloys have also proven effective in the selective

125-131

hydrogenation of carbonyls in the presence of olefins. Similar to the alkyne
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semihydrogenation examples, weakening of olefin adsorption to the noble metal likely plays an
important role in achieving chemoselectivity.'>!3> However, bifunctional binding to both metal
atoms in the bimetallic may also be critical. Using alloys of an active metal (Ru, Rh, Ir, Pd, Pt)
with a more oxophilic partner (Re, Fe, Co, Zn, Sn), selective carbonyl hydrogenation is illustrative
of a reaction that relies upon electronic modification, ensemble geometry reduction, and
bifunctional reactivity to achieve high chemoselectivity (Figure 6a).!**!'*! Adsorption of the
aldehyde moiety on the base metal species and activation of H> on the noble metal contributes to
preferential carbonyl hydrogenation, but suppression of the native reactivity of the noble metal

through electronic and ensemble geometry perturbation is also required.

H € H .
(a) () | ‘\,.éa, (© c
A, iy A, -
e By — AN
H y b )‘/’ o ? b )‘/’ . ?
' L — - S —_—
o cusio,
Pt OH PYC H CO,+H, —> CO+H,0
H,+ o) R H /@ low TOF /@ low TOF
R/\)LH_ OH PUTIO, Cu/ZnO/AL,0
PtM —_— 23
— AN *H,  highTOF  +HO  co,+3H,—> CH,0H +H,0

Figure 6. Heterogeneous reactions that utilize bifunctional substrate adsorption to influence

catalytic reactivity or chemoselectivity.

Catalytic reactions that rely on bifunctional binding of reactants typically feature substrates
containing both carbon and oxygen functionality and catalysts containing both an active metal and
an oxophilic component.'*"'4* The oxophilic component can take the form of a base metal in a
bimetallic alloy or a metal oxide support material. In phenolic hydrodeoxygenation reactions

catalyzed by noble metals supported on reducible oxides, bifunctional adsorption occurs at the
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metal-support interface (Figure 6b).!*14>14¢ Hydrogen and the aromatic ring of phenol are
activated on the noble metal nanoparticle while the OH group binds strongly to the reduced metal
oxide, facilitating the cleavage of the C—O bond at the interface and dramatically increasing
turnover frequency (TOF) relative to the noble metal nanoparticle alone.!*’"'* CO, hydrogenation
over Cu/ZnO/Al,0Os is likewise thought to be an interfacial reaction, where bifunctional binding of
CO> across the Cu/ZnO interface enhances reactivity and alters product selectivity from CO to

methanol (Figure 6¢).!>%1%

The ideal catalyst for heterogeneous directed hydrogenation will likely contain elements from
each of these bimetallic examples. Some of the key design principles include 1) limiting the size
of large noble metal ensembles to weaken olefin or arene adsorption and minimize undirected
reactivity, 2) creating an atomic-level mixture of the two metals for bifunctional substrate
adsorption, either in the form of a bimetallic alloy or metal/metal oxide interface, and 3) tuning
the electronic properties of the bimetallic surface for efficient H» activation, directing group
coordination, and product desorption. In addition, the precise composition and ratio of the
bimetallic surface will need to be tailored to the organic substrate and directing functionality. We
anticipate that the Lewis acidity of the second metal must be matched to the Lewis basicity of the
directing group in order to achieve optimal directing group binding and turnover. The electronic
and geometric properties of the noble metal will likewise require tuning to achieve moderate-
strength olefin or arene adsorption, sufficient to drive hydrogenation reactivity but not so strong

that the undirected reaction dominates.

Given the advances in atomically-precise materials synthesis and characterization over the last
three decades, we believe that many of the challenges associated with heterogeneous directed

hydrogenation can now be addressed through the synthesis of well-defined bimetallic catalysts. In
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particular, batch-to-batch reproducibility is much improved across the entire field of
heterogeneous catalysis due to improved control over materials synthesis coupled to detailed
structural characterization for every batch. Poisoning of the surface by the directing group can be
alleviated in bimetallic catalysts because the identity and concentration of the alloying metal can
be modified in order to weaken (or strengthen) directing group surface coordination. Finally,
understanding how substrate structure, directing group identity, and experimental parameters
influence the stereochemical outcome of heterogeneous reactions remains an open question. With
the synthetic tools now available, we can systematically study these parameters and tailor the
bimetallic surface appropriately to maximize reactivity and selectivity for any class of organic
compound. In doing so, we aim to elucidate design principles for the catalyst and organic substrate

that will enable predictable, general, and reliable heterogeneous directed hydrogenation.
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