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Gold catalyzed hydrogenations of small imines and nitriles: Enhanced
reactivity of Au surface toward H, via collaboration with a Lewis base
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Clean gold surface is inactive toward H,, however, the computations, aided by experiments, reveal that
gold surface could serve as a Lewis acid coupling with Lewis bases (e.g. imine and nitrile) to construct
effective frustrated Lewis pairs (FLPs) to activate H, and subsequently to achieve hydrogenation of small
imine and nitrile. The Lewis base-coupled Au FLPs avoid tight adsorption of Lewis bases to gold surface
via repulsion between nitrogen lone pair and the filled d-band electrons of gold surface. This is different
from the normal FLPs that use sterically demanding groups or molecular scaffold to prevent formation of
stable Lewis acid/base complexes. The enhanced reactivity of the gold surface toward H, is due to the
synergetic catalytic effects of Lewis acid (Au surface) and the coupled Lewis base (imine or nitrile),
which is supported by projected density of states (PDOS) analyses. Among Cu, Ag, and Au surfaces, Au
surface exhibits such reactivity most significantly, because Au is much more electronegative than Cu and
Ag. The study enriches the FLP chemistry by adding a new type (heterogeneous) of FLPs and reveals a

new reaction mode for gold surface.

Introduction

Hydrogenations are important reactions widely used in laboratory
synthesis and chemical industry. Because the direct additions of
H, to unsaturated bonds such as C=C, C=N, and C=0 bonds are
symmetry-forbidden, hydrogenations using H, must be mediated
by catalysts. As conventional hydrogenation catalysts, either
heterogeneous (e.g. Raney-nickel catalyst') or homogeneous (e.g.
metal-ligand bifunctional catalysts*®), involve transition metals
(TMs), metal-free systems such as FLPs (frustrated Lewis
pairs)*® have recently been found to be capable of activating H,
facilely. Exemplified by the prototypical FLP, B(CgFs)s/P(tBu)3,°
a FLP is composed of a Lewis acid and a Lewis base which
cannot form a conventional Lewis acid/base adduct because of
the sterically demanding substituents. The facile H, activation by
FLPs is due to the synergetic catalytic effects of the Lewis acid
(i.e. B(CgFs)s) and the Lewis base (i.e. PtBuj).” Since the first
report of a FLP, more and more FLPs have been developed. The
FLP chemistry has been applied to carry out metal-free
hydrogenations,®™® to activate other small molecules,® and to
reduce carbon dioxide to carbon monoxide,** methanol,*? and
methane.®

The various reported FLPs can be classified as follows: i)
homogenous FLPs®***' (e.g. A in Scheme 1) using separate
Lewis acid (e.g. B-, Al-centered Lewis acids, or fullerenes) and
base (e.g. N-, P-centered Lewis bases, or stable carbenes); ii)
homogeneous FLPs*®% (e.g. B) in which Lewis acidic and basic
sites are grafted in a molecular framework; iii) heterogeneous
FLPs?**% (e.g. C, the y-alumina) where Lewis acidic and basic

sites are embedded on the surface of solid; and iv) the FLP
concept was initially proposed for metal-free systems, but FLPs
using transition metals (TMs) as Lewis acids were also

s reported”®?’ (e.g. D). As the TM Lewis acid and the phosphorus
base in D are incorporated in one molecule, we computationally
showed that the CpIr intermediate (Lewis acid) can pair with the
nitrogen heterocycle to activate H, (i.e. E)® in the reversible
dehydrogenation/hydrogenation of nitrogen heterocycle catalyzed

ss by an Ir-complex.? It should be pointed out that these FLPs look
differently, but all utilize the same principle to achieve high
reactivity, that is, using the catalytic effects of Lewis acids and
bases simultaneously.*
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s Scheme 1 Types of FLPs (A~E) reported previously and the
Lewis base-coupled Au FLP (F) proposed in the present study. In
A, fullerene or stable carbene can also serve as Lewis acid or base,
respectively. The R and R’ represent bulky groups. The X group
in B represents linkages separating the Lewis acidic and basic

65 Sites.

The experimental discovery of FLPs has encouraged
computational studies.”*** We computationally designed metal-
free molecules/active sites for hydrogen®?*® and methane*
activations and for imine**® and ketone* hydrogenations.
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Encouragingly, our designed molecules/active sites anticipated
features similar to those in the later synthesized
compounds.’®?2% Related to the metal-free H, activation, we
further proposed a strategy to integrate the aromatization effect
and FLP reactivity to achieve metal-free reversible H, activation
via the formal [4+2] reaction mode.*®

Recently, gold catalysis has attracted extensive research
interest. Various gold catalysts including gold complexes and
nano-gold have been prepared and investigated.*® Aerobic
oxidation reactions catalyzed by bulk gold were reported.>**
Gold surface covered by pre-adsorbed atoms such as atomic H®®
and O%8 or species such as OH® could results in various
reactions. Nevertheless, probably because of the well-known fact
that clean bulk gold surface is inert to H,,% hydrogenation using
clean gold surface and H, has not been explored. In this study, we
report that clean gold surface may serve as a Lewis acid to couple
with imine/nitrile to form a new type of heterogeneous FLPs (i.e.
F) which can activate H, and further achieve hydrogenation.

Computational and experimental details
Computational details

All calculations were carried out using the Vienna ab initio
simulation package (VASP).® The GGA-PW91 density
functional®® was employed to describe electron exchange and
correlation, in combination with the projector augmented wave
(PAW)®® function method with plane-wave basis sets (cutoff =
400 eV). The reciprocal space was represented by a 3>3xl
Monkhorst-Pack® k-point grid. Because the (111) facet is most
stable for gold surface, we used the Au(111) facet to represent
gold surface. The Au (111) surface was modeled by a four-layer
slab, with a p(3>3) unit cell in the lateral directions and a vacuum
of 16 A between slabs. The upper two layers were allowed to
relax and the atoms in the bottom two layers were fixed at the
bulk positions that were taken from the calculated lattice constant
of 4.17 A (the experimental value is 4.08 A). The dipole
correction was considered in the z direction. For the optimized
structures, the energies were converged to within 10 eV and the
forces were smaller than 0.02 eV/A. Both spin-polarized and
unpolarized calculations were performed when a single H atom is
involved in a reaction, and the spin polarization was found to
have a negligible impact on the relative energies. Isolated gas-
phase molecules were optimized in a (15x15x15 A) unit cell for
small molecules except for B(CgFs)s/P(tBu); which used a
30>30>30 A unit cell. Bader charges of atoms and molecules
were computed using the standard method.®® The transition states
(TSs) were optimized by using the climbing-image nudged elastic
band method (CI-NEB)®*®" at a reduced force threshold of 0.05
eV/A, with eight images between the starting and ending points.
All TSs were confirmed by frequency analysis.

Experimental details

N-benzylidenemethylamine and benzonitrile were purchased
from Alfa Aesar and the gold powder was purchased from
Aladdin. Acetone and toluene were reagent grade and H, (>99.9%)
was used as received. Thin layer chromatography was performed
using glass plates pre-coated with silica gel (0.25 mm, 60 A pore
size, 230-400 mesh) impregnated with a fluorescent indicator
(254 mm). The spots were visualized by exposure to ultraviolet
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light at 254 nm or under iodine vapor. Column chromatography
purifications were performed by flash chromatography using
silica gel (200-300 mesh). H and *C NMR spectra were
recorded using a JOEL JNM-ECA600 NMR spectrometer. Mass
spectra were recorded on Micromass Platform QP-2010. The total
surface area of the gold powder was determined by the BET
method using N, adsorption at 77 K on a Gemini V. The TEM
(transmission electron microscopy) images were obtained by a
transmission electron microscopy (Philips CM120).

A mixture of N-benzylidenemethylamine (8.0 mmol, 1.0 g)
and gold powder (0.8 g) in toluene (3 mL) was prepared in a glass
tube (50 mL). For benzonitrile and acetone, the reactants (4 mL)
without additional solvent were mixed with the equal amount of
gold powder. The glass tube with the reactant mixture was put
into an autoclave. 2.0 MPa H, was introduced into the autoclave.
The mixture was stirred vigorously (magnetic stir bar) at 50 <C
for 24 h and then worked up by filtration to remove the gold
powder. Products of these reactions were separated and purified
by column chromatography and then identified by NMR and
mass spectra. The isolated yields were given.

Results and Discussion

It has been well documented that, unlike metal surfaces such as
Ni, Cu, and Pt, bulk gold surface is not able to activate H,.*°
According to FLP principle, we conceived that the reactivity of
Au surface toward H, could be enhanced by coupling with a
Lewis base. Using NH3 as a probe, we computationally examined
the speculation. Fig. 1 shows the energetic and geometric results
for the H, activation by Au/NHj pair. In terms of electronic
energy, the complex (Au_NHs) is 7.3 kcal mol™ lower than Au +
NHs, compared to the 11.5 kcal mol™ electronic binding energy
of B(CgFs)3/P(tBu); FLP.” Because the electronic binding energy
does not account for the entropic penalty of the binding process,
the adsorption between NHzand Au surface must be very weak if
any, meeting the requirement for forming an effective FLP. The
repulsion between the NH; lone pair and the filled d-band
electrons of gold surface prevents tight adsorption of NH3 on Au
surface. This is different from regular FLPs which use steric
effects such as bulky substituents (e.g. A and B in Scheme 1) or
molecular skeletons (e.g. B and C) to prevent the formation of the
otherwise stable Lewis acid-base adduct.

0.75(0)-0.01e 1.42 (+0.20e(NH,) +0.25€(NH;)
+0.16e(NH,) ‘0%1 +0.16€(NH.) N 1.05
< O1e +0.31e g ¥
L% +0.49% (1
-0.21e @/, - B
2.42 2.42 0. -0.05e ,73.11
-0.16e -0.16e 181} /.0.30e 1.90 (& "~ -0.69
- — S - - & K ’_ & -—I:
Au_NH, Au_NH;_H, Au_H, NH,_TS AuH_NH,
AE=-7.3 -7.9 7.6 -1.4

Fig. 1 Optimized structures of the stationary points involved in
the H, activation by Au/NH; pair, along with the key bond
lengths (in A), relative energies to Au + H, + NH; (AE, kcal mol”
1), and Bader charge population.

When placing a H, molecule close to the Au_NH; complex,
another local minimum (Au_NH;_H,) could be located. The very
small charges on the two hydrogen atoms of H, moiety (+0.01e

ws and -0.01e, respectively) and the almost unchanged H-H bond

length (0.75 A, which is the same as that in free H,) indicate that
the H, moiety does not effectively interact with either the gold
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surface or NH;. The minimum is only 0.6 kcal mol™ lower than
Au_NH; + H,.

In the H, activation transition state (TS), Au_H,_NHj; TS, the
dihydrogen lies between Au surface and NHs;, geometrically
similar to the TS for the H, activation by FLPs (e.g.
B(CeFs)a/P(tBu); FLP?). The dihydrogen bond is stretched to 0.96
A from 0.75 A in Au_NH;_H, and the two hydrogen atoms are
1.81 A (Au-H?) and 1.42 A(N-H?) apart from Au surface and
NH; moiety, respectively. Relative to Au_NH; + H,, the
activation barrier is 14.9 kcal mol™®, which is higher than the H,
activation barrier (10.4 kcal mol™®) by B(C¢Fs)s/P(tBu); FLP’ but
less than the value (17.3 kcal mol™) that is typically considered to
be surmountable for surface reactions.®®

&

S °
+0.20e(NH;) b tig 1010608, 038 _+0.35e
. > o
& ® +0.07e
’O’mﬁ. -0.09e @7 *00%¢ ® o vy
-0.21e 8 8\‘ o-d ;\
;, 0.30e I Sc? o P -0.09% J
+0.02e( ) -0 (BH,) +0.05¢
Ry - & prs
-0.07e(BR';)
Au_H,_NH, TS B(C,F),/P (tBu),_H,_TS BH,CH,NH,_H, TS

Fig.2 Comparing the charge density difference (Ap) maps of the
H, activation TSs by Au/NHs;, B(CgFs)s/P(tBu); and BH,CH,NH,
FLPs. Blue and red surfaces denote gain and loss of electron
density, respectively. Bader charges are given in black. Note that
the charges given in BH,CH,NH, H, TS are the charge
difference between those of the TS and BH,CH,NH,.

In agreement with our speculation, the H, activation barrier
(14.9 kcal mol™) by Au/NHj pair is significantly lower than the
barrier (27.6 kcal mol™, see Fig. S1 in electronic supplementary
information for details) by clean Au(111) surface. We
investigated the reasons for the decreased barrier. With respect to
Au_NH;_H,, even though the NH; moiety in Au_H, NH; TS
moves further away from Au surface (the shortest N-Au distance
increases to 3.61 A from 2.42 A), the total negative charge on the
Au surface is increased to -0.30e from -0.16e and the NH3; moiety
donates more electron density (the charge of NH; is increased to
+0.20e from +0.16€). The even more significant charge donation
from NH; to Au surface indicates that the charge transfer is not
due to the direct interaction between NH; and Au surface, and the
middle dihydrogen must play an important role. To understand
the role, Fig. 2 compares the charge density difference (Ap) map
of Au_H, NH;_ TS with those of the H, activation TSs by both
inter-moleculear  (B(CgFs)s/P(tBu);’) and  intra-molecular
(BH,CH,NH,) FLPs.* It can be observed that the charge transfer
patterns in these TSs are very similar. Lewis bases (i.e. NHs,
P(tBu)s, and NHy-site) donate electrons to their corresponding
Lewis acid partners (i.e. Au, B(CgFs)s;, and BH,-site). The H
atoms close to Lewis bases bear positive charges (+0.31e, +0.06e,
and +0.35e, respectively) and the H atoms bound to Lewis acids
have negative charges (-0.21e, -0.09e and -0.38e, respectively).
These similarities indicate the dihydrogen plays a similar role in
these TSs and thus the reason for the enhanced reactivity of the
Au/NH; pair toward H, is similar to that of FLPs. Overall, the
middle dihydrogen in Au_H, NH;_TS bears a net positive
charge of +0.10e, compared to -0.03e in both
B(CgFs)s/P(tBu);_H, TS and BH,CH,NH, H, TS. The charge
difference on the dihydrogen in these TSs reflects the different
balance between the electron donation of Lewis base to the H,
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o*-antibonding orbital and electron withdrawing of Lewis acid
(Au surface) from H, o-bonding orbital.

To gain further insight/details into the FLP reactivity of the
Au/NH; pair in H, activation, we analyzed the PDOSs of
reactants (H,, NH3, Au(111)) and the TS (Au_H, NH5_ TS) in
Fig. 3. In the reactants, the states corresponding to NH; lone pair
and o*(H,) orbital are localized at around ~0.0 eV and ~10.0 eV,
respectively (Fig. 3al), while the related states in
Au_H, NH3_TS delocalize and overlap across -5-0 eV, as
shown in Fig. 3a2, which shows a Lewis basic role of NHj3 in
activating H,. Comparing Fig. 3b1 and b2, it is evident that the
state of o(H,) overlaps with partially filled Au s-band at -8.0 eV
(Fig. 3b2). Similary, the o(H,) state also overlaps with the
partially occupied Au p-band, but the intensity is much weaker
(Fig. 3cl and c2). These overlaps indicate a Lewis acidic role of
Au surface in interacting with H, o electrons. Among the five d
bands of Au surface, the occupied Au d,? band play a major role
in interacting with both o(H,) and o*(H,) states in
Au_H, NH3_TS (Fig. 3d2) and the interactions between other
Au d states with those of H, are negligible (see Fig. S2 for
details). The overlap between the Au d;? state and H, states
signifies two types of interactions including i) the overlap at
around -4.5 eV indicates an electron donation from Au filled d,?
state to o*(H,) state, but the effect could be weak, as shown by
the very small positive charge (+0.02¢, see Fig. 2) on the Au
atom bound to the H atom, and ii) the overlaps at around -8.0 eV
and -1.0 eV can be attributed to the bonding and anti-bonding
interactions between the Au filled d? state with o(H,),
respectively. Because both the bonding and anti-bonding overlaps
lie below Fermi level and are occupied, these interactions do not
contribute to the H, activation, as pointed by Nerskov et al.®® in
their study of H, cleavage on clean Au(111). In principle, the
type ii) overlap is similar to the interaction between two occuiped
molecular orbitals when two molecules interact with each other.

1

— H,_free 1

(a1) - o(H,) —H, TS  (a2)
— N,_free —N,_TS
.~ N lone pair a*(H,)
"
0 A MF. Jh 0 L Mo
1 1
(b1) — H,_free — H, TS (b2)
_ —Au,_clean — Au_TS
5 L
2
@
@, 0 N%Mm
2]
29 1
8 |en — H, free —H. TS (c2)
a — Au, clean — Au, TS
0 A—F\.L 0 AL..%_._
1 1
(d1) — H,_free —H, TS (d2)
— Aug?_clean T — Aug2 TS
0 . T = 0 A
10 -5 0 5 10 15 -10 -5 0 5 10 15

Energy (eV)

Fig. 3 The PDOS of free H,, NHs; clean Au surface and
Au_H, NH3_TS. The Fermi level was set at 0.0eV. Note that
both the 6(H;) and N lone pair states appear at ~0.0 eV in (al).

Summarizing the Ap map results (Fig. 2) and PDOS analyses
(Fig. 3), Scheme 2 depicts the favorbale orbital intractions
involved in the H, activation by Au(111)/NH; pair in a way
similar to the fronier molecular orbital (FMO) theory. The NH;

This journal is © The Royal Society of Chemistry [year]
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lone pair and Au d,? state interact with H, o*-antibonding orbital
and the partially filled s- and p-bands of gold interact with H, o-
bonding orbital. The former interactions donate electrons to H,
o*-antibonding orbital and the latter depletes H, o bonding
electrons. Both effects weaken dihydrogen H-H bond, resulting in
higher reactivity toward H,. Note that the Au surface interacts
with both o(Hy,) state via its partially filled s- and p-band (a Lewis
acidic effect) and o*(H,) state via occupeid d,>-band (a Lewis
basic effect). However, the Au surface overall plays a Lewis acid
role, as demonstrated by the total negative charge (-0.30e) on Au
surface and its Ap map which is similar to those of the well-
recognized FLPs (Fig. 2).

O=Q Hals")
AU Hy(o) } }
'."" HOH "+'—'
.".‘ Hg(ﬁ)
Ha(c*)=—:NH3

Au(s,p)=—Ha(c)

Scheme 2. Schematic illustration of the favorable interactions
among Au, H, and NHa.

Similar to the H, activation products by normal FLPs, the
product AuH_NH, can be viewed as an ion pair (i.e. (AuH)>--
(NH,)™), as reflected by the charge separation (0.74e) on AuH
and NH,; moieties. The H, activation by Au/NHjs is Kkinetically
feasible but thermodynamically unfavorable with the product
(AuH_NH,) being 6.5 kcal mol™® higher than Au_NH; H,.
However, the hydrogen activation can be driven by replacing
NH; with  imine, because imine hydrogenation is
thermodynamically favorable, providing driving force for H,
activation.

The imine hydrogenation can take place by following a
mechanism similar to that catalyzed by B(CgFs)3.%® Imine first
couples with Au surface to split Hy, then the activated hydrogen
atom on Au surface transfers to imine carbon, completing
hydrogenation. The hydrogenation mechanism is different from
the general hydrogenation using either heterogeneous® or regular
homogeneous®® catalysts, where the catalysts first activate H,
independently, giving catalyst hydride, followed by two hydride
transfers to the unsaturated bond of substrates. In the present case,
the substrate (imine) also plays a crucial role in H, activation.

Using Me,C=NH as an imine model, Fig. 4 shows the
computed energetics for the imine hydrogenation on Au(111)
surface to give Me,CH—NH,, along with the optimized structures
of stationary points. The imine (Me,C=NH) first adsorbs on the
Au surface at the top site, forming a complex (IM1) with an
adsorption energy of 5.1 kcal mol™. The co-adsorption of H, and
Me,C=NH on Au surface giving IM2 lowers the system by 0.9
kcal mol™. The transition state (TS1) is similar to the
Au_H, NH; TS in Fig. 1, but the length of dihydrogen bond
(0.90 A) is shorter than the 0.96 A in Au_H, NH; TS.
Consistently, the hydrogen activation barrier (9.8 kcal mol™?) of
TS1 relative to IM2 is less than the corresponding value (14.9
kcal mol™?) for the H, activation by Au/NH; pair. After H,
cleavage, an intermediate (IM3) forms, in which the adsorbed

so hydrogen atom (denoted as H*) lies in the fcc site of Au surface.
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IM3 is 3.6 kcal mol™ lower than IM2, which is in contrast to the
NH; scenario where AuH_NH, is 6.5 kcal mol™ higher than
Au_NH;_H,. Thus, the H, activation by Au/Me,C=NH FLP pair
is more favorable than by Au/NH; pair in terms of both kinetics
and thermodynamics. The energetic difference between
Au/Me,C=NH and Au/NHj; pairs could be ascribed to the larger
size of Me,C=NH than NH; that benefits stabilization of the
cationic species (Me,C=NH," versus NH,") in the TS and product.

To transfer H* to the unsaturated carbon of imine, IM3 adjusts
to IM4 which has more suitable arrangement for H* transfer. The
adjustment disturbs the ion pair interaction in IM3, placing IM4
2.5 kcal mol™ above IM3. The surface H* transfers to the carbon
of Me,C-NH, after crossing a barrier (TS2) of 7.1 kcal mol*
(relative to 1M4), leading to the complex IM5 that is 29.5 kcal
mol? more stable than Au(111l) + Me,C=NH + H,. The
adsorption energy of hydrogenation product (Me,CH-NH,) on
Au surface is only 4.0 kcal mol™, thus the product can be released
easily.

Using HCN as a representative of nitriles, we also explored

70 whether the strategy could be applied to nitrile hydrogenation.
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Fig. 5 gives the energetic and geometric results for the H,
addition to HCN giving amine H3;C—NH, via two sequential
hydrogenation steps. From IM1b to IM5b in Fig. 5, HCN is
hydrogenated to H,C=NH on Au(111) surface. The barriers of
hydrogen activation (TS1b) and hydride transfer (TS2b) are 16.2
and 10.3 kcal mol™ (relative to IM4b), respectively. From 1M6b
to IM10b, H,C=NH is hydrogenated to H;C—NH,. The barriers
of hydrogen activation (TS3b) and hydride transfer (TS4b) are
15.7 and 11.6 kcal mol? (relative to IM9b), respectively. The
barriers of the two hydrogen activations (TS1b and TS3b) and
hydride transfer (TS2b and TS4b) are higher than those (9.8 kcal
mol? for TS1 and 7.1 kcal mol® for TS2) in Me,C=NH
hydrogenation. The higher barriers of HCN hydrogenation could
be ascribed to the stronger adsorption of HCN and H,C=NH due
to the smaller steric effects of HCN/H,C=NH than Me,C=NH.
The strong adsorptions result in favorable thermodynamics; as
shown in Fig. 5, the reactions are downhill with all intermediates
and transition states lower than Au(111) + HCN. The energetic
results indicate that that the Au(111) surface could mediate nitrile
hydrogenation either.

The mechanism for imine/nitrile hydrogenation was also
explored for ketone hydrogenation. Using Me,C=0 as a ketone
representative, Fig. 4 shows the energetics for the hydrogenation
of the ketone (Me,C=0). Because ketone is less Lewis basic than
imine, ketone hydrogenation is expected to be less favorable.
Indeed, the ketone hydrogenation has a late H, activation
transition state (TS1a) in which the H-H bond length is quite long
(2.05 A). The two barriers (TSla and TS2a) in the ketone
hydrogenation are 16.8 and 17.2 kcal mol™® higher than the
corresponding barriers (TS1 and TS2) in the imine hydrogenation,
respectively. Due to the high barriers, Au(111) surface should not
be able to catalyze ketone hydrogenation, although ketone
hydrogenation is also thermodynamically favorable. Note that the
H, activaiton barrier (23.6 kcal mol™) of TS1a relative to IM2a is

15 also lower than the H, activation barrier (27.6 kcal mol™) by

clean gold surface, showing somewhat catalytic effect of the
Lewis base (ketone).
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30 aAg 278 optimal arrangement for metal surface to exert surface Lewis
25 | @7.2) ’f‘”/'/ 9 (Ere) R2=0.94 basic effect. This is clear by comparing the TS geometries of the
Re=090 AuMe,C=0 *(22.8) H, activation by clean metal surface and Lewis base-coupled

20 7 cumec=o 0O Ao/Me,C=0 metal surface. As exemplified by TSa and TSb in Figure 7 for H,
5 // (17.6)* *(16.9) so activation by clean Cu surface and Cu/Me,C=0, respectively, the
EBT e agmecenn Ag/NH, H, moiety in TSa is parallel to the metal surface, while the
£ .1 © (115)¢ moiety tilts in TSb; the former arrangement is more suitable for
o +(8.0) Cu/NH, Cu surface to exercise its own Lewis basic interaction than the
5 - Al;gl\.ﬂs(i;:kNH o, "FTS' Iatter: If the gain in Lewis basic effect due_to th(_e coupled Lewis

o I (O ss base is smaller than the lose of surface Lewis basic effect, the E+1g

# Cu/Me,C=NH — IEpa of the Lewis base coupled surface would increase. This is the
5104 , , ‘ : : : case for Cu/Me,C=0 system, becasuse clean Cu surface already
15 -10 -5 0 5 10 15 20 25 has strong surface Lewis basisc effect (see above) and Me,C=0 is

reaction energies (Epg) in the H, activations by clean M(111)
(M=Cu, Ag, Au) surfaces and M(111)/Lewis bases (Me,C=NH,
NHs;, Me,C=0). The values in the parentheses are E+s.

o

We further investigated the reactivity trend twoard H, of clean
M(111) (M=Cu, Ag, and Au) surfaces and M(111)/Lewis bases ¢
(i.e. Me,C=NH, NHs, and Me,C=0) systems. By analogy to the
Bronsted—Evans—Polanyi (BEP) plotting, Fig. 6 plots the TS
energies of H, activation (Es) versus reaction energies (Epg). It
can be observed that the BEP linear relation clearly divides these
systems into two groups, including the clean metal surfaces with *
a R?=0.99 and the Lewis base-coupled metal surfaces with a
R?=0.94. The division indicates that the coupled Lewis bases alter
the H, activation pattern by clean metal surfaces, supporting
aforementioned FLP reactivity for the Lewis base-coupled Au
systems. Except for Cu/Me,C=0, all the Lewis base-coupled 7’
surfaces have smaller E+sthan their corresponding clean surfaces,

1

S)

1

a

Epg (kcal mol-')

a weak Lewis base. Me,C=NH and NHj are stronger Lewis bases,
Fig. 6 Relationship between the energies of the TSs (Ets) and the e their Lewis basic effects can surpass the loss of surface Lewis

a

o

a

which can be attributed to the catalytic effect of the coupled

2

S

Lewis bases. When coupled with Lewis bases, Au and Ag

surfaces behave similarly but with the former being superior to

the latter in reactivity. For both systems, the Ets and Epg increase
as the Lewis bases go from Me,C=NH to NH; to Me,C=0. This
trend is in line with the basicity of the Lewis bases and their
capability in stabilizing a protonic H in the TSs and prducts.
However, Cu surfac behaves differently. Cu/Me,C=NH and

2

a

Cu/NH; pairs have lower (13.2 and 3.8 kcal mol™, respectively)

Ers than clean Cu surface, but Cu/Me,C=0 has a higher (5.8 kcal
mol™) Erg than clean Cu surface. We rationalize the abnormality
of Cu surface as follow. In principle, similar to H, activation by 4  The computational results show promise of the hydrogenation
transition metal complexes, the driving force for H, activation by
clean metal surface originates from the synergic effect of
bifunctional reactivity (i.e. a metal surface also possesses both
Lewis acidic (accepting electrons) and basic (donating electrons)
effects). Among the three clean surfaces, Cu surface has a filled & benzylamine
d-band centered at -2.67 eV, higher than those of Ag at -4.30 eV
and Au at -3.56 eV®. Because the higher the filled d-band, the
easier the metal surface donates electrons (i.e. surface Lewis
basic effect), the Cu surface has a much lower Ets (11.8 kcal mol
w ) for H, activation than Ag surface (27.8 kcal mol™®) and Au
surface (27.2 kcal mol™). Thus, the surface Lewis basic effect
must play a much more significant role in H, cleavage by clean
Cu surface than by clean Ag and Au surfaces. Coupling a Lewis
base to a clean metal surface brings extra Lewis basic effect,
45 which benefits H, cleavage, but meantime it also disturbs the

3

S

3

&

o

manifests FLP

s hydrogenation.

basic effect, thus Cu/Me,C=NH and Cu/NH; systems have
reduced Ets. This holds true for all Lewis base-coupled Ag and
Au systems, because clean Ag and Au surfaces utilize less
surface Lewis basic effect, as indicated by their lower filled d-
bands (see above). On the other hand, because of the much
greater electronegativity of Au (2.43) than those of Cu (1.90) and
Ag (1.93), we reasoned that clean Au surface exerts more
significant surface Lewis acid effect, which is consistent with the
larger surface charge (-0.16e) in Au/NH;z compex than those (-
0.08e) in Ag/NH3 and Cu/NH3 complexes. Therefore, clean Au
surface is more Lewis acidic than the other two surfaces and
reactivity more significantly. Consistently,
couplings of Me,C=NH, NH3, and Me,C=0 to Au surface reduce
the Ets by 23.4, 19.6, and 6.6 kcal mol?, respectively, which are
larger than the 13.2, 3.8, and -5.8 kcal mol™ for Cu surface and
16.3, 10.9, and 5.0 kcal mol™ for Ag surfce.

Fig. 7 Geomtries of transiton states for H, activation by clean
Cu(111) and Cu(111)/Me,C=0.

strategy. To verify the computational results, the hydrogenation
reactions (eq. 1, 2, and 3) were carried out at the conditions of 2
MPa H, and 50 <C, using commercial gold powders without
supports as the catalyst. The hydrogenation of benzonitrile to
N-benzylideneamine.
benzylidenemethylamine (eq. 1) and benzonitrile (eq. 2) can be
hydrogenated to the corresponding amines with isolated yields of
38% and 25%, respectively. The products were isolated by
column chromatography and identified by NMR and mass spectra
(see details in Fig. S3). The control reactions without using gold
powder did not occur. Hydrogenation of acetone (eq. 3) under the
same condition gave no alcohol product, in agreement with the
predicted energetics which shows ketone hydrogenation is
kinetically much unfavorable (see Fig. 4) than imine/nitrile
The TEM measurements before and after

N-
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15

S

a

S

&

S

kol

reactions showed that gold particles have diameters longer than
50 nm (Fig. S4). The gold powder has a surface area of ca. 1.27
m? g* that is significantly less than that of nano-gold catalysts
(e.g. ca. 40-50 m? g* of commercial AUROlIite with the average
gold size of ca. 2-3 nm"). The TOFs for hydrogenations of N-
benzylidenemethylamine (eg. 1) and benzonitrile (eq. 2) were
estimated to be 0.0021 s and 0.0067 s, respectively.
Expectedly, the values are smaller than those for the
hydrogenations mediated by supported nano-gold catalysts (e.g.
0.045 st for acrolein hydrogenation catalyzed by Au/ZrO,
catalyst’). Considering the small surface area and that the
reactions involved solid, liquid, and gas three phases, the low
isolated yields of hydrogenation products are understandable.

0.89 Au powder
2MPa H,

H H
Ph—C—NCH; yield: 38% (1)
50C 24h H

Ph—C==NCH,
H

0.8g Au powder “ H

2MPa H
Ph—C=N e Ph—C—N
50C 24h H H

L——Ph_ﬁzﬂ —f

0.8g Au powder

(CHy)oC=0 —2MPath s¢e (CH4),CHOH

50C 24h

yield: 25%  (2)

no reaction  (3)

While we attribute the observed catalytic activity of Au surface
(i.e. eq. 1 and eq. 2) to the FLP reactivity, we also considered the
possibility that the catalytic activity may be due to H, acivation
by the low-coordinated steps, corners, and defects that may exist
in gold powder. While it is difficult to exclude the possibility
experimentally, we exclude the possibility to be a major factor by
following reasons. If the steps, corners, and defects on gold
surface were indeed majorly responsible for the observed
hydrogenations (eq. 1 and 2 reactions), the hydrogenation would
follow the mechanism: molecular hydrogen is first activated by
these low-coordinated steps, corners, and defects, and the
activated hydrogen atoms then transfer to the unsaturated bonds
(i.e. C=N in eq. 1 or C=N in eq. 2) of substrates. In this
mechanism, the H, activation should also take place in ketone
hydrogenation (i.e. eq. 3). Therefore, eq. 3 reaction should
proceed, which is in disagreement with the experimental
observation that eq. 3 reaction did not occur. In contrast, the FLP-
based mechanism can rationalize the experimental observation

very well. Because ketone is less Lewis basic than imine or nitrile,

the ketone in eq. 3 cannot form effective FLP to activate H,, thus
no hydrogenation product can be observed in eq. 3. On the basis
of the above reasoning, we conclude that the low-coordinated
steps, corners, and defects in gold powder are not the major cause
for our observed hydrogenation. In addition, we also reason that
Au nanoparticles do not contribute to the observed hydrogenation
although they can catalyze various kinds of reactions.®2%%"2
Because Au nanoparticles can easily aggregate, they should be
always prepared meticulously and must be supported by supports
(such as titania and ceria)”™ or protected by organic ligands
(such as —PPh, and thiolate —SR groups)™>’® to avoid
aggregation/deactivation. In our study, we just used commercial
Au powder without any processing and no supports or protected
ligands. Thus it is highly unlikely that there existed appreciable
s0 Au nanoparticles in Au powder to play a major role to promote

@

@

a

S

@

15}

observed hydrogenations.

To form an effective normal FLP, the Lewis acid and base
components should be bulky enough to avoid forming stable
Lewis acid/base adducts. This requirement limits applications of
FLPs for hydrogenations of small imines (e.g. the NH- or NCH,-
type imines) directly. The use of gold surface as the Lewis acid to
construct FLP can circumvent the problem, because stable Lewis
acid-base adduct can be avoided intrinsically by the repulsion
between nitrogen lone pair and the filled d-band electrons of gold.
Note that the smallest NH; even cannot be adsorbed on the Au
surface tightly (see above). Nitriles may be too small to construct
normal FLPs due to the highly exposed nitrogen atom, but
benzonitrile can be hydrogenated on the Au surface directly. In
the imine hydrogenation catalyzed by conventional transition
metal catalysts, the formation of Werner-type complexes between
imines/or amine products and metal centers make hydrogenations
of small imine challenging, because such complexes could
deactivate the catalysts. On the gold surface, the small imine (e.g.
eq. 1) can be hydrogenated without side reactions. On the other
hand, the N-H bond in NH-type imines or amine products may
undergo oxidation to break the N-H bond, resulting in side
products or catalyst deactivation. As indicated by the energetics
shown in Fig. S5, the N-H bond, as well as O-H bond, cannot
undergo such oxidations. The activation barriers for N-H bonds
of Me,C=NH and Me,CHNH, and O-H bond of Me,CHOH on
Au(111) surface were calculated to be as high as 43.9, 51.8 and
436 kcal mol™, respectively, which are in agreement with
previous experimental®®> and theoretical® "’ studies.

Conclusions

In summary, the computational study, aided by experimental
study, shows that Au(111) surface can serve as a Lewis acid to
couple with imine/nitrile to activate H, and further to realize
hydrogenation. The Lewis base-coupled Au FLPs utilize the
synergetic catalytic effects of Lewis acids and bases to achieve
high reactivity toward H,, but distinguish from the normal FLPs
in the four aspects: a) Instead of using bulky substituents or
molecular skeletons to prevent the formation of stable Lewis
acid/base adducts by normal FLPs, the Lewis base-coupled Au
FLPs avoid tight adsorption by using the repulsion between N
lone pair and the filled d-band electrons of gold surface; b) except
for the Lewis basic effect of ammonia/imine/nitrile, the Au d,?
state also donates electron to H, c*-antibonding orbital, but the
net effect of Au surface plays a role as a Lewis acid; c) instead of
using localized Lewis acid site in normal FLPs, it uses the
partially filled s- and p-band to accept the electrons from the H,
bonding o orbital; d) among Cu, Ag, and Au surfaces, Au
surfaces exhibit such reactivity most significantly, because Au is
much more electronegative than Cu and Ag. Because of these
characteristics, the approach could be applicable to realize the
hydrogenation of small NH- or NCHs-type imines and nitriles
directly, extending the applications of FLP principle to
hydrogenate small imine and nitrile.
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