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A readily accessible route to obtain solid-supported nitrogen acyclic carbene (SNAC) complexes of gold
was designed using flow chemistry, and an analogous homogeneous gold complex was synthesized for
comparison. Both were screened for counter ions in order to perform the Hashmi phenol synthesis. A
recyclability study was performed on the SNAC complex, which showed the high stability of this catalyst,

with no observed leaching or gold nanoparticle formation. XPS analysis was employed to confirm the
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presence of gold and its oxidation state.
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1. Introduction

Homogeneous gold catalysis has experienced a real “gold rush”
in the past two decades, with early scattered reports of alkyne acti-
vation and simple nucleophilic additions emanating from Utimoto
[1a] and Teles [1b] as well as entirely new reactivity patterns from
the Hashmi group [2]. One key limitation of homogeneous cataly-
sis, however, is the separation of the (metal) catalyst for purifica-
tion of the product, or even its recovery for reuse. It is therefore
of high interest to be able to conduct erstwhile homogeneously
catalyzed reactions with a heterogeneous catalyst. One notable
attempt was performed using nanogold particulates; however,
the catalyst’s recyclability remained limited [3]. One approach to
maintain the advantages of a normally homogeneous, ligated
metal catalyst is its immobilization onto a solid support. This
was attempted for phosphine bound gold(I) [4] as well as with car-
bene ligated gold [5]. Gold C-scorpionate complexes were also suc-
cessfully anchored on carbon materials [6]. One key limitation of
these methods of immobilization is that the ligating groups must
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be pre-synthesized at the start of the reaction sequence, before
being mounted onto the solid support. It is our aim to provide a
simple and modular route to access solid-supported nitrogen acyc-
lic carbene (SNAC) gold complexes [7] as such, in this work, the use
of (aminomethyl)polystyrene beads was employed as precursor to
a SNAC-gold complex.

2. Experimental
2.1. Homogeneous catalyst synthesis

2.1.1. ((Benzylamino)((2,6-dimethylphenyl)amino )methylene )gold(I)
chloride (3)

chloride

H H
N\TN Dimethylphenylisonitrilegold(I)
Au
|

Cl
(70.6 mg, 0.2 mmol) was dissolved in CH,Cl, (2 ml) and benzy-
lamine (21.4 mg, 0.2 mmol) was added. The obtained mixture
was stirred at room temperature (R.T.) for 2 days. Volatiles were
removed and the residue was purified by column chromatography
(petroleum ether/CH,Cl, 1:1) giving the product as colourless solid
(94 mg, quantitative yield). R (petroleum ether/CH,Cl, 1:1)=0.1.
TH NMR (400 MHz, CD,Cl,) 6 =7.67 (s, 1H), 7.37-7.27 (m, 5H),
7.23 (dd, J=8.6, 6.4 Hz, 1H), 7.16 (d, J= 7.5 Hz, 2H), 6.25 (s, 1H),
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4.89 (d, ] = 6.2 Hz, 2H), 2.24 (s, 6H). '3C NMR (101 MHz, CD,Cl,)
5=191.87 (s), 137.41 (s), 136.75 (s), 132.77 (s), 130.17 (d),
129.90 (d), 129.42 (d), 128.71 (d), 127.99 (d), 54.40 (t), 18.56 (q).
FTIR (ATR) cm~': 3028, 2918, 1550, 1496, 1346, 1309, 1204,
1030, 775, 739, 704. HRMS (EI") caled. For C;gH;7AuCIN,:
469.0746; found: 469.0752.

2.2. Heterogeneous catalyst synthesis

2.1.2. Polystyrene supported ((benzylamino)((2,6-dimethylphenyl)
amino )methylene)gold(I) chloride (5)

H H
OV”\V(” Dimethylphenylisonitrilegold(I) chloride
Au
|

Cl
(430 mg, 1.19 mmol) was dissolved in CH,Cl, (50 ml) in a two-

necked flask protected from the light. The aminoresin (amino-
methyl)polystyrene beads (790 mg, maximum 1.19 mmol NH,,
70-90 mesh, 1-1.5 mmol NH, loading, purchased from Sigma-
Aldrich, article number 515620) was loaded into a steel HPLC col-
umn (diameter 16 mm, length 30 mm, the dry resin occupied
about half of the volume of the column) and then a small amount
of CH,Cl, was added to let the resin swell. The column was closed
and connected to an HPLC pump. Then CH,Cl, was pumped at a
rate of 4 ml/min for 10 min. Then the solution of the isonitrile gold
complex was pumped for 24 h at 4 ml/min flow rate in the looped
system.

For the monitoring of the reaction, samples of the isonitrile gold
complex solution were withdrawn every few hours and analyzed
by 'H NMR. From the consumption of the isonitrile gold complex,
the degree of functionalization of NH, group on the resin could be
estimated.

2.3. Catalysis experiments

2.3.1. Homogeneous catalyst screening

A stock solution of compound 3 (0.23 mg, 50 pmol in 0.25 ml)
was placed in a 4 ml screw-cap vial, to which a stock solution of
AgNTf, (0.21 mg, 50 umol in 0.25 ml) was added. The obtained
mixture was sonicated at R.T. for 5 min. Then, a stock solution of
the substrate (0.5 ml, 0.1 mmol), containing hexamethylbenzene
as internal standard was added and the obtained mixture was son-
icated for 1 h and either worked up or left to stand for a further
23 h. The reaction was worked up by removing the solvent in
vacuo, taking up the solid in CD,Cl, and measuring 'H NMR to
determine the conversion, as compared to the internal standard.

NH
g 2 4 Cl-Au—=N

2 1

2.3.2. Heterogeneous catalyst screening

SNAC-AuCl (16 mg for 5% gold loading, 25 mg for 8% gold load-
ing) was dispersed in 0.5 ml of CH,Cl; in a 4 ml screw-cap vial and
silver salt (2 eq. with regard to gold) was added. The obtained mix-
ture was sonicated at R.T. for 5 min. Then, a stock solution of the
substrate (0.5 ml, 0.1 mmol), containing hexamethylbenzene as
internal standard was added and the obtained mixture was soni-
cated for maximum of 1 h and left to stand for the remainder of
the indicated reaction time (see Section 3.2.). The progress of the
reaction was monitored by TLC. After reaction was complete, the
resin was filtered of and the filtrate was analyzed by '"H NMR to
determine the conversion. The resin was washed with CH,Cl,,
transferred into a vial and used in the next run, exactly as
described above. The repeated activation with silver salt was nec-
essary after each run.

3. Results and discussion
3.1. Catalyst synthesis

In order to evaluate the possibility of carrying out the NAC syn-
thesis with a solid-supported amine, the synthesis of the corre-
sponding unsupported NAC 3 was first performed (Scheme 1).
The isonitrile gold complex 1 was chosen based on recent experi-
ences with the synthesis of HAAC complexes: [8] it possesses suf-
ficient sterical bulk to allow it to be a stable catalyst, but not as
bulky as to interfere with reaction rates. The benzylamine 2 was
chosen to mimic the commercially available polystyrene-bound
benzylic amines 4. The reaction took 2 days; then, the starting
isonitrile gold complex 1 was fully consumed. Purification by col-
umn chromatography gave the desired NAC gold complex 3 in
quantitative yield.

Inspired by this success, the SNAC synthesis was attempted
through different routes (Scheme 2). The aminopolystyrene resin
4 (1-1.5 mmol/g amine loading, 70-90 mesh) was dispersed in a
0.1 M solution of complex 1 in CH,Cl, and stirred for 2 days at
room temperature. After 2 days of stirring, the reaction mixture
had been reduced to a fine slurry, which defied filtration. There-
fore, an alternative to magnetic stirring was sought.

Inspired by our recent foray in flow chemistry [9], a looped flow
system was used to circumvent the problem of product isolation
(see Fig. 1): resin 4 was loaded into an empty HPLC column and
washed extensively with CH,Cl,, in order to swell it and to fill
the column. Then, a solution of the isonitrile gold complex 1 in
CH,Cl, (1eq. with regard to amino-groups on the resin) was
pumped through at the flow rate of 4 ml/min for 24 h. The system

H H
—_ ©\/NVN

0.2 M in CH,Cl,

w -

quant. yield

Scheme 1. Synthesis of NAC complex, analogous to planned supported NAC.

N cl-au=N

4 1

H H
_ > No—N.
0.1M in CH,Cl,

R.T. Alu
5 a

Scheme 2. SNAC complex synthesis.
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Fig. 1. Experimental setup for SNAC synthesis.

was looped to optimize the use of the gold complex. The procedure
was finished by pumping CH,Cl, through to wash all the residues
of unsupported gold from the HPLC system. The column was emp-
tied and the resin was dried in vacuo. Unreacted 1 was collected
and based on an internal standard, its consumption was used to
estimate the degree of gold loading onto the resin [10]. From the
disappearance of the starting isonitrile gold complex complex 1
in 'TH NMR spectrum, the degree of functionalization of the
amino-groups on the resin was estimated. The progress of the reac-
tion is shown in Fig. 2 and as can be seen, after 24 h: 26% of 1 was
consumed.

In order to confirm the presence of gold in resin 5 as well as the
oxidation state of the gold atoms, XPS measurements were per-
formed. Fig. 3 shows the Au 4f peaks of SNAC 5, and they consist
of two peaks: Au 4fs); and Au 4f;),, whose binding energies are
characteristic of the Au* oxidation state (the expected locations
of peaks corresponding to Au® and Au®* are indicated for compar-
ative purposes).

For an overall isonitrile gold complex consumption of 26%, the
XPS showed 47% of surface nitrogen functionalization. This per-
centage decreased to 38% after ball-milling, indicating that propor-
tionally more gold was bound to the polymer surface than within
(see the Supporting Information for calculations). It is noteworthy
that the presence of gold nanoparticles was not observed, even
after five catalytic runs. As can be seen in Fig. 3, carbene N1s peaks
correspond to those observed in a recently reported metal carbene
complex (circa 400 eV) [12].

100% 0o

3.2. Catalytic activity

In order to evaluate the applicability of the obtained SNAC com-
plex as catalysts, the gold catalyzed transformation of 6 into phe-
nol 7 was chosen as test reaction [2,13]. Firstly, catalyst
activation by different silver and sodium salts was attempted
(Fig. 4). For comparison, catalytic experiments with homogenous
complex 3 and the mixture of 3 with the starting amino-
polystyrene resin 4 were performed. As can be seen, after 1 h the
homogenous catalyst 3 performed comparably to the correspond-
ing supported SNAC complex 5, but an inferior performance of 5
after 25 h was observed. It is noteworthy, that when the untreated
support is added to the 3, the catalytic activity of the gold complex
decreases significantly. Although the catalyst with PFg delivered
the highest conversion, the yield was highest for NTf; and other
counter ions led to significantly less active catalysts.

Having found a suitable counter ion, the reusability of the SNAC
catalyst 5 was studied. A catalyst loading of 8% was chosen in order
to set a “full conversion” benchmark. As can be seen in Fig. 5, the
first two runs were fast and comparable catalytic activity was
observed. A drop in reaction rate was observed in runs 3 and 4.
However, with an extended reaction time for run 4, a high yield
of phenol could once again be achieved. In run 5 the reaction time
was extended to 24 h and a quantitative yield was observed. The
recovered catalyst was treated with another portion of AgNTf,
after each run, and without that treatment no catalytic activity
was observed, which we assign to chloride-poisoning of the cata-

80%
60%
40%
20%
0%
0 5 10

Recovered 1

15 20 25

Time, hours

Fig. 2. The monitoring of disappearance of 1 in SNAC synthesis.
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Fig. 3. Au 4f XPS spectra of samples of heterogenized catalyst 5, a. activated catalyst SNAC-Au-NTf, after 5 catalytic runs, b. unactivated catalyst SNAC-Au-Cl (top left) with
the scale of sample b amplified (top right), and the remeasured samples after milling (bottom, left). Peak positions marked according to values of the literature [11].
Superimposed N 1s XPS spectra of the support, activated and unactivated catalyst 5 (bottom, right).
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Fig. 4. Conversions and yields of phenol in the Hashmi phenol synthesis catalyzed by 5 and 3. All the reactions performed at 5% loading of the catalyst. The loading of amino-
resin 4 is calculated to match the ratio of amino-group/NAC complexes in catalyst 5. Conversions and yields are determined from 'H NMR using hexamethylbenzene as
internal standard. a: 3/AgNTf,; b: 3/4/AgNTf,; c: 5/AgNTf,; d:5/AgPFs; e:5/AgSbFg; f:5/AgOTf; g:5/Ag0Ts; h:5/NaBArF.

lyst during the work-up (washing with standard-grade dichloro-
methane). Since the support showed negative impact on the activ-
ity of 3 (Fig. 4b), the addition of HPFg to the catalyst 5 was probed
as means of enhancing its activity by lowering the nucleophilicity
of the amine groups. However, it did not influence the outcome of
the reaction. As part of the catalyst recycling, the reaction mixture
was filtered to isolate the catalyst. The filtrate was neither catalyt-

ically active alone nor in the presence of AgNTf,, and this indicates
that negligible amounts of gold were leached from the support.
In order to probe the effect of a possible non-homogenous gold
distribution over the resin during the catalyst synthesis, six sam-
ples from different parts of the column were taken (labelled a to
f, from the front to the back of the column). As Fig. 6 shows, the
conversions of five of the samples (a-c and e-f) were broadly com-
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Fig. 5. Reusability study of SNAC complex 5 in the gold-catalyzed phenol synthesis. Averaged yields are reported. For the detailed breakdown and reaction conditions see

Fig. 6.

run1,30 run2,30 run3, 45
min min min

run4, 1h run4,17h run5, 24h

Fig. 6. Catalytic activity and reusability of six samples of 5 in phenol synthesis. 8%
of the SNACAuCI were dispersed in 0.5 ml of CH,Cl, and 16% of AgNTf, were added.
The mixture was sonicated for 5 min, then the stock solution of the substrate was
added and the obtained mixture was sonicated for maximum 1 h. Yields are
determined from integration of '"H NMR using hexamethylbenzene as internal
standard.

parable, with the exception of sample d, which gave lower conver-
sion in all runs. Nonetheless, in the last run, with an extended reac-
tion time, all the samples catalyzed a quantitative phenol
formation. The similar results obtained for the six catalyst samples
indicate a relatively similar distribution of the gold adsorption over
the whole column.

4. Conclusion

In conclusion, a method for the synthesis of solid-supported
nitrogen acyclic carbene gold complexes was developed and both
NMR and XPS were employed to confirm the uptake of gold onto
the resin. In order to preserve the structural integrity of the poly-
mer beads, flow chemistry was employed during the catalyst for-
mation step. Furthermore, the catalyst’s activity was tested by
applying it to the catalytic phenol synthesis. A recyclability study
showed, that the solid-supported catalyst could be reused five
times with little change in overall yield, provided that it was reac-
tivated between iterations and that the reaction times were
extended.
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