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Abstract: A new (tetrazole-saccharin)nickel complex is shown to be a valuable catalyst for the hydrosilative
reduction of aldehydes under microwave radiation at low temperatures. With typical 1 mol% content of the
catalyst (microwave power range of 5-15 W) most reactions are complete within 30 min. The Ni(II)-catalyzed
reduction of aldehydes, with a useful scope, was established for the first time by using this catalyst, and is
competitive with the most effective transition-metal catalysts known for such transformation. The catalyst
reveals tolerance to different functional groups, is air and moisture stable, and is readily prepared in straight-
forward synthetic steps. Supported by experimental data and DFT calculations, a plausible reaction mecha-
nism involving the new catalytic system is outlined.
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Introduction

Cumulative environmental concerns have led chemists to develop cleaner and sustainable reactions for
chemical transformations. One of the essential questions in synthetic organic chemistry is to develop effec-
tive, selective and atom-economical reactions which can be performed under safe and mild conditions with
the aid of transition metal catalysts.

Specifically, the reduction of numerous organic compounds is an essential and pervasive reaction,
assuming equivalent relevance on a laboratory or industrial scale [1-3]. Sodium borohydride is one of the
most used and effective reducing agents for organic compounds, massively applied since its discovery [4, 5].
Because of its popularity, thousands of tons of sodium borohydride are produced and used every year. On the
other hand, hydrosilanes are equally versatile reducing agents for a diversity of organic functional groups,
in particular for aldehydes and ketones [6-13]. Analogous to the borohydrides, the Si—-H bond is polarized
towards hydrogen permitting silanes to act as mild sources of hydride. In addition, silanes are readily acces-
sible, as silicon is the second most abundant element in the earth’s crust.

Despite the fact that direct and transfer hydrogenation [1-3, 14-26] usually requires severe reaction condi-
tions such as high pressure and temperature and strong base as additive, hydrosilylation is classically performed
under more smooth conditions [27-31]. Besides, in catalytic hydrosilylation, both the reduction of carbonyl
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functionality and protection of the resulting alcohol in the form of silyl ethers, can be accomplished in a single
step with atom economy [1, 32]. Up till now, most of the hydrosilylation reactions reported have been catalyzed
by precious metals, such as gold [33-36], platinum [37, 38], silver [34, 39], iridium [40-42] and ruthenium [30,
43]. As an alternative to these metals, Cu [44—46], Fe [47, 48] and Ni [31, 49-52] have recently been applied in the
reduction of the carbonyl group by hydrosilylation, typically in presence of a base or PPh, [34, 53-55].

In spite of the important advantages in terms of environmental and cost benefits, as compared to borohy-
drides, the synthetic community has not yet developed a broadly applied, simple and cheap method, for the
reduction of aldehydes using silanes. The main reason for this relates to the silane reactivity which is hard to
adjust [56].

Nevertheless, in this regard, alkylsilanes are usually easy to handle [57, 58] while they require forceful
activation in the form of a Brgnsted acid [59], Lewis acid [60, 61], Lewis base [62] or transition metal [63-66]
in the reaction mixture. The catalytic processes using these additives differ, but their presence is essential
to increase the hydridic nature of the hydrosilane [67]. On the other hand, silanes bearing more electronega-
tive substituents (as halide or alkoxy) or multiple hydrides are more reactive, permitting the development of
excellent protocols, yet simultaneously making them difficult to manipulate [68-71].

The first example of hydrosilylation catalyzed by a N-heterocyclic carbene (NHC) complex was reported
by Herrmann in 1996 using a rhodium complex comprising a naphthyl-derived carbene ligand [72]. The syn-
thesis of NHC-metal complexes has contributed for an increase in catalyst performance in different topics,
particularly on transfer hydrogenation [73-76], oxidation [77-81], C-C cross coupling [82-87] and polymeriza-
tion reactions [88-93]. Since then, much effort has been devoted to the development of robust and efficient
catalysts mainly based on noble metal-NHC complexes for hydrosilylation of ketones, alkynes and alkenes
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Fig. 1: Selected prominent nickel catalysts for aldehyde hydrosilylation.
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In an effort to exploit Earth-abundant base metals [97-104], a series of NHC complexes of copper(I) [105—
106], manganese(I) [107], and iron [108-110] were recently developed for catalyzing the hydrosilylation of
carbonyl compounds. Ritleng and co-workers reported the first well-defined nickel(II) complexes bearing
an imidazolylidene ligand [111], which efficiently catalyze the hydrosilylation of aldehydes and ketones at
room temperature with a maximum turnover frequency of 2300 h™ at 0.5 mol% catalyst loading. Successive
investigations involved in particular carbene wingtip modifications afforded catalysts for the hydrosilylation
of nitroarenes [112], olefins [113] and imines [114].

Besides, very recently, already in the period in which this investigation was proceeding, Albrecht and co-
workers reported the synthesis of triazolylidene nickel complexes and their catalytic application in selective
aldehyde hydrosilylation [115]. Even more recently, Trovitch and co-workers published an article describing
the hydrosilylation of aldehydes, ketones and ester C—0 bonds using x*-diimine nickel catalysts [116]. Homo-
geneous nickel compounds are recognized for the mediation of alkene hydrosilylation [117-123]; nonethe-
less, their trend to catalyze carbonyl hydrosilylation remains understudied. Despite everything, some nickel
catalysts for aldehyde hydrosilylation have appeared in the last years showing remarkable results (see Fig. 1)
[124-126].

Herein, succeeding our more recent research covering catalytic applications of tetrazole-saccharin based
ligands and some of their related metal complexes [127-130], we report the discovery of a specific nickel(II)
tetrazole-saccharinate complex as an excellent homogeneous catalyst for the reduction of aldehydes via
hydrosilylation. Detailed density functional theory (DFT) calculations were also completed, supporting a
probable reaction mechanism involving the new catalytic system.

Results and discussion

Tetrazolyl-type compounds can coordinate through four nitrogen electron-donating atoms and may there-
fore act as multidentate ligands or as a bridging building block in supramolecular assemblies. Similarly,
the saccharinate anion (1,2-benzisothiazole-3-one 1,1-dioxide anion; deprotonated saccharin) interacts with
metal centers in different ways, generating relatively strong interactions in crystalline environments, mostly
through hydrogen bonding. As a polyfunctional ligand, it can be engaged in N, O(C=0) or O(SO,)-metal coor-
dination, and can also act as a bidentate amidato-like bridging agent [131-141].

In a previous work on copper- and cobalt-catalyzed alcohol oxidation reactions, the influence of a tetra-
zole-saccharin based ligand over the oxidation products was recognized [127]. The catalysts based on the
3-((2-methyl-2H-tetrazol-5-yl)amino)-benzisothiazole 1,1-dioxide (5) ligand were identified for efficient and
selective conversion of a variety of secondary alcohols into the corresponding ketones. Short reaction times,
absence of a solvent and usage of low power microwave irradiation are factors that contributed to the effec-
tiveness of the process. In addition, molecule 5 was successfully applied as an organocatalyst on anaerobic
oxidation reactions of benzyl alcohols [130].

On this basis, we started to investigate the feasibility of the synthesis of new nickel complexes based on
the tetrazole-saccharin ligand 5, with the purpose of their use as catalysts in reduction reactions. Compound
5 was prepared in three steps using a convergent synthetic strategy (Scheme 1) as previously stated by us
[127]. Succeeding, the synthesis of nickel complex 6 (Scheme 1) proceeded at room temperature by reaction
of ligand 5 with Ni(OAc), - 4H,0 salt. Complex 6 was isolated as a mononuclear compound comprising two
monoanionic bidentate N,N-(tetrazole-saccharin) ligands, one water and one DMSO molecule coordinated to
Ni(II) ion. The complex crystallizes in the monoclinic system with space group P2 /c and the central nickel
atom is hexacoordinated with a distorted octahedral N,0, coordination. Detailed structural data for complex
6 can be consulted in Table 1 and Tables S1-S2 in Electronic supplementary information (ESI).

We began by investigating the influence of the solvent, reaction time, temperature and catalyst amount
on the hydrosilylation of benzaldehyde (7a) using PhSiH, as the silane reagent (Table 2). Likewise, in sequence
to other successful chemical protocols hitherto developed by us, microwave radiation was used as energy
source [127, 130]. During the optimization of the reaction conditions we were pleased to find that the benzyl
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Scheme 1: Synthetic approach used for the production of nickel(ll) complex 6.

Table 1: Crystal data and structure refinement details for complex 6.

Empirical formula C,oH,,N,,0,S;Ni
Molecular weight/g mol™ 681.38
Crystal system Monoclinic
Temperature/K 297(2)
Space group P2 /c

a/A 19.9384 (12)
b/A 8.9196 (5)
c/A 15.5131 (8)
a/° 90

B/ 100.244 (2)
/e 90

V(A 2714.9 (3)

Z 4
D..(gcm™) 1.667

u(Mo Ka)/mm-? 1.01

Rfls. collected/unique/observed
Rinl

Final R12, wR2" (1> 20)
Goodness-of-fit on P

44131/5005/4013
0.057

0.032,0.079

1.03
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Table 2: Solvent, reaction time, temperature and catalyst amount screening for the hydrosilylation of benzaldehyde with
PhSiH_2.

o) i) PhSiH3 (1 eq.), OH
Catalyst 6, MW
H X
7a i) NaOH (1 M) in MeOH | ) 8a

Entry Solvent t (min) T(°C) Catalyst amount Yield
(mol%) (%)®

1 DMF 60 80 1.0 89
2 30 80 1.0 85
3 30 80 1.5 91
4 15 80 1.0 78
5 THF 60 80 1.0 61
6 30 80 1.5 53
7 CH3CN 60 80 1.0 55
8 30 80 1.0 30
9 60 80 1.0 96
10 60 50 1.0 91
11 DCM 30 50 1.0 92
12 30 50 1.5 95
13 15 50 1.0 78
14 60 80 1.0 90¢
15 360 80 0.25 81
16 60 80 - 234
17 60 80 1.0 78
18 60 50 1.5 80
19 DCE 30 50 1.0 81
20 30 50 2.0 77
21 15 50 1.0 55
22 n-Hexane 60 80 1.0 54
23 30 80 1.0 51
24 EtOH 60 80 1.0 46
25 30 80 1.0 41

“Reaction conditions: aldehyde 7a (2.0 mmol), PhSiH, (2.0 mmol), solvent (1 mL) and 6, in a microwave reactor (5-15 W) at a
determined temperature. "Conversion into 8a determined by use of calibrated GC methods. “Reaction performed with 1.5 eq. of
PhSiH, (3.0 mmol). ‘Reaction performed in absence of catalyst.

alcohol (8a) generated by our method could be obtained in good yields for different solvents and tempera-
tures in a short period of time.

Even, although with lower yields, the hydrosilylation of aldehyde 7a catalyzed by complex 6 can be
implemented in EtOH, a protic polar solvent (Table 2, entries 24 and 25). Increasing the stoichiometry of the
silane did not provide any further beneficial effect in terms of reaction time or conversion (Table 2, entry 14).

Interestingly, 7a undergoes reduction to 8a with as little as 0.25 mol% (approx.) of complex 6, although
a longer reaction time is necessary (Table 2, entry 15). Nevertheless, in view of the operational easiness for
small-scale reactions, the use of 1.0 mol% of 6 was considered as an optimal catalyst amount. Besides, when
the reaction was done in the absence of catalyst 6, a 23 % yield was achieved in 1 h for the transformation of
benzaldehyde in DCM (Table 2, entry 16).

Thereby, based on the best results from the screening completed for delineation of optimal reaction con-
ditions, a specific protocol was adopted for a series of aldehydes (Table 3). Typical experimental conditions
used for the reduction of aldehydes via hydrosilylation comprised the use of one equivalent of PhSiH, and
1mol% of the nickel catalyst (6) in a dichloromethane solution. The established reaction temperatures for the
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Table 3: Scope of the microwave-assisted hydrosilylation of aldehydes catalyzed by nickel complex 6.

o) i) PhSiH3 (1 eq.), OH
I Catalyst6 (1 mol %), DCM, MW ]
7 H i) NaOH (1 M) in MeOH R 8
Entry Aldehyde t (min) T(°0) Yield (%)® TOF (h-?)¢
1 O 60 50 85 89
2 H 60 80 94 94
3 30 50 83 184
4 7a 15 50 70 312
54 960¢ Reflux 91 6
6 ) 30 50 79 158
7 H 60 50 85 85
8 60 80 75 75
cl 7b
9 @) 30 50 64 128
10 H 60 50 67 67
11 90 80 71 47
O,N 7c
12 (0} 30 50 95 190
13 H 15 50 85 340
14 10 80 91 546
Me 7d
15 0] 60 50 67 67
16 S 30 50 61 122
Br H
17 \ 30 80 71 142
7e
18 (0] 60 50 61 61
19 30 50 52 104
= H
20 C/)k 30 80 64 128
O 7f
21 (0] H 60 50 78 78
22 79 30 50 67 134
23 N\ 30 80 92 184
N
H
24 Oy H 60 50 85 85
25 7h 30 50 76 152
26 OO 30 80 92 184
27 H._O 90 50 64 43
28 7i 60 50 53 53
29 = ‘ 30 80 70 140
30 (0] 60 50 94 94
31 H)LH 30 50 87 174
32 7i 30 80 97 194

“Reaction conditions: aldehyde 7 (2.0 mmol), PhSiH, (2.0 mmol), dichloromethane (1 mL) and 6 (1 mol%) in a microwave reactor
(5-15 W) at a determined temperature. "Isolated yields. TOF=TON - h-%, “Reaction mixture heated in an oil bath.
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sort of aldehydes considered varied from 50 to 80 °C corresponding to low-power microwave radiation (5-15
W). Besides, we should note that the reactions proceeded in a sealed tube into a microwave reactor and the
pressure in course of the process varied in the range of 1-10 bar.

Under our chosen conditions (Table 3), 6 proved effective in enabling the high-yielding and selective
reduction of various aldehydes to the corresponding primary alcohols. The para-substituted benzaldehyde
analogues 7b-d featured reduction in good to excellent yields for different times of reaction (Table 3, entries
6-14). For these three aldehydes, the electronic nature of the substituent group in the para position does not
seem to be effectively striking for the reactivity shown. Nevertheless, we can infer that the presence of the
electron-donating methyl group in the para position on aldehyde 7d may have some effect in the formation
of the silyl ether intermediary on the origin of the alcohol 8a, since somewhat higher yields were attained in
the case of such substrate (Table 3, entry 12).

Attending to the reaction yields, even though a slight decrease is noticeable, the reactivity of heterocyclic
aldehydes 7e-g (Table 3, entries 15-23) is quite similar to the benzaldehyde derivatives 7b-d. Similarly, the
reduction of aldehydes comprising extended © systems, such as naphthalene (7h) or pyrene (7i), proceeded
successfully (Table 3, entries 24-29). Lastly, it was found the production of methanol by reduction of formal-
dehyde in almost quantitative yields (Table 3, entries 30-32).

Mechanistic studies

The knowledge of some electronic and structural properties of the nickel complex 6, acquired by crystallo-
graphic data, allowed us to conjecture a reaction mechanism for the reduction of aldehydes via hydrosilyla-
tion promoted by such a metal compound. Complex 6 owns a metal oxidation state of +2, definitely the most
common one for such a kind of nickel structures. The highest oxidation state of +4 is relatively infrequent
in nickel intermediates [142], suggesting that the hydrosilylation possibly should not proceed by oxidative
addition pathways, i.e. through formation of intermediate species based on the insertion of the aldehyde C=0
bond, both at a Ni-H bond (Chalk-Harrod mechanism type) and at a Ni-Si bond (modified Chalk-Harrod
mechanism type) [143, 144].

Besides, the presence of labile ligands, such as water and DMSO, in the sterically hindered complex
6, supports a potential ligand pseudo-substitution on the molecule. Herein, the term pseudo-substitution
is used to distinguish it from the classical ligand substitution. The former covalent bond among the metal
centre and the ligand is really cleaved and the free coordination position is used in the formation of a non-
covalent interaction between the metal centre and the silane substrate (Si—H activation), without any change
in the primary nickel oxidation state.

Sustained by DFT results (discussed in more detail below) a mechanistic proposal for the reduction
of aldehydes promoted by 6 was assembled and is depicted in Scheme 2 (formaldehyde appears as model
substrate).

Bearing in mind that mechanisms of the type Chalk-Harrod or modified Chalk-Harrod should involve
the formation of Ni(IV) species, quite unstable, these were discarded, considering to study a concerted-type
outer sphere mechanism.

(i) Initial ligand elimination

The first step of the catalytic cycle should involve the elimination of a ligand, presumably water and DMSO,
from the sterically hindered nickel complex (6). In this context, thermodynamics parameters of potential pos-
sibilities for ligand elimination were calculated (see Table S4, entries 1-9).

Although the unsaturated complexes 6’ (water elimination), 6” (DMSO elimination) and 6"
(water + DMSO elimination), were found to be less stable than the saturated one (6) (Table S3, entries 1,
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Scheme 2: Proposed mechanism for aldehyde reduction catalyzed by nickel complex 6.

4-6), water elimination is the only spontaneous process (AG < 0) (see Table S4, entries 1, 4 and 7). Besides,
the DMSO elimination is thermodynamically non-favourable, being much less favourable than the analo-
gous process with water (Table S4, entries 4—6 and 1-3, respectively). The conjugated elimination of water
and DMSO in the same step is the less favourable among all, being the product 6" the less stable one as well
(Table S4, entry 7).

The possibility of the first step ligand elimination from 6 to a second coordination sphere was also con-
sidered for all the discussed processes, not being favourable in any case (Table S4, entries 2, 5 and 9).

(ii) Phenylsilane activation

After the elimination of one ligand, the presence of a free coordination place in 6 leads to phenylsilane activa-
tion. Despite the results obtained in the first step of the catalytic cycle, the establishment of a non-covalent
interaction between the phenylsilane and the nickel, with consequent activation of a Si-H bond, was theo-
retically studied for all the plausible pathways. That comprehends the water and/or DMSO elimination (Table
S4, entries 10-19).

Specifically, a ligand pseudo-substitution from 6 to result either in the complex with the ligand in the
2" sphere of coordination or in its elimination, as well as the reaction starting from 6 without ligand or with
it at the 2" sphere of coordination, were considered. It was verified that the processes involving the water
pseudo-substitution are thermodynamically more favourable, comparing with those with DMSO (Table S4,
entries 10-19). In fact, the stability of the intermediates in this second step follows the trend observed in the
first step, where the more stables structures keep the DMSO bonded to the metal centre.
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(iii) Aldehyde activation

The Si—H bond activation by nickel promotes subsequent activation of C=0 bond of the formaldehyde to form
the intermediate 10 (Scheme 2). From this point, and taking into account the tendency observed in the previ-
ous steps, calculations were performed only for intermediates starting from the water substitution and/or
elimination in the first step. For instance, the reaction of 12 (see optimized structure at ESI) with phenylsilane
is unfavourable from both a thermodynamic and a kinetic point-of-view (Table S4, entry 14). It was observed
that there are no significant differences between the reaction with the water present or absent in the 2" coor-
dination sphere. Thus, the presence of water molecule in the 2" coordination sphere does not facilitate the
aldehyde activation, and its role is expressed at previous and later stages of the reaction.

(iv) Silyl ether formation

The interaction of C=0 and Si—H bonds passes by the creation of a 4-member ring transition state (TS1,
Scheme 2) with consequent formation of the corresponding silyl ether. At this stage, the interaction of phe-
nylsilane with the metal centre is broken and the catalyst 6 is regenerated. The genesis of TS1 structure was
found to be the limiting step of the overall reaction with a calculated activation barrier of 23.4 kcal - mol™
(Scheme 3).

(v) Silyl ether hydrolysis

This step corresponds to the formation of the desired product (alcohol) from silyl ether, that s, in fact, the product
of the catalytic cycle. The silyl ether hydrolysis (using NaOH as base) does not belong to the catalytic cycle itself,
once it occurs after the ether isolation. However, this step was also studied in order to enable an energetic com-
parison of all the reaction pathways (catalyzed or not). At this stage, the solvent used in both experimental and
theoretical studies is water, where the base (OH") attacks the silicon nucleus to liberate PhH_SiO- and produce
methanol. The calculated overall reaction activation barrier for the silyl ether hydrolysis is 11.9 kcal - mol ™ (Table
S4, entry 28) and occurs via TS3 transition state formation (see optimized structure at ESI).

(vi) Uncatalyzed reaction

In order to compare the catalyzed hydrosilylation with the correspondent uncatalyzed reaction, several calcu-
lations were performed in absence of catalyst. Generically, the uncatalyzed process follows a similar behav-
iour of the catalyzed one, with formation of a 4-member ring transition state (TS2, see Scheme 3) comprising
the phenylsilane and the aldehyde. The genesis of TS2 (the rate limiting step for the uncatalyzed reaction)
has an activation barrier of 41.6 kcal - mol™ (Table S4, entry 31). This value is substantially higher than that
for the catalysed reaction (23.4 kcal - mol™ Scheme 3, formation of TS1), demonstrating the pronounced effect
of our Ni(II) catalyst. In fact, experimentally, the hydrosilylation of formaldehyde in the absence of the nickel
catalyst proceeded in very low yield (see Table 2, entry 16).

Conclusions

The novel (tetrazole-saccharin)nickel complex (6) discovered in this study is shown to be an efficient catalyst
for the hydrosilative reduction of aldehydes using microwave radiation under smooth experimental condi-
tions. This catalyst is easily synthetized, air and moisture stable and shows a visible functional group toler-
ance. These characteristics further demonstrate the potential of the present nickel complex as catalyst, being
competitive with analogous systems containing precious metals, provided the base metal is placed in a suit-
able ligand environment.
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hydrosilylation.

Experimental section

Materials and methods

Unless indicated otherwise, solvents and starting materials were obtained from Aldrich. All chemicals used
were of reagent grade without further purification before use. Column chromatography was performed using
silica gel 60 MN and aluminium-backed silica gel Merck 60 F254 plates were used for analytical thin layer
chromatography (TLC). Melting points were recorded and are uncorrected. 'H and C NMR spectra were
recorded at room temperature on a Bruker Avance II 300 (UltraShield™ Magnet) spectrometer operating
at 300 MHz (*H) and 75 MHz (*C). The chemical shifts are reported in ppm using TMS as internal standard.
Carbon, hydrogen and nitrogen elemental analyses were carried out by the Microanalytical Service of the
Instituto Superior Técnico — University of Lisbon. FT-IR spectra (4000-400 cm™) were recorded on a VERTEX
70 (Bruker) spectrometer using KBr pellets. Mass spectra were obtained on a VG 7070E mass spectrometer
by electron ionization (EI) at 70 eV. Chromatographic analyses were performed in a Fisons Instruments GC
8000 series gas chromatograph with a DB-624 (J&W) capillary column (DB-WAX, column length: 30 m; inter-
nal diameter: 0.32 mm), FID detector and the Jasco-Borwin v.1.50 software; GC conditions: Tmiemon:240 °C,
T. . =140 °C (1 min) raised 10 °C min to 220 °C (1 min), carrier gas: He.

initial

X-ray measurements

X-ray quality single crystals of complex 6 were immersed in cryo-oil, mounted in Nylon loops and measured
at a temperature of 296-297 K. Intensity data were collected using a Bruker AXS-KAPPA APEX II PHOTON
100 diffractometer with graphite monochromated Mo-Ko (A=0.71073) radiation. Data were collected using
omega scans of 0.5° per frame and full sphere of data were obtained. Cell parameters were retrieved using



DE GRUYTER L. M. T. Frija et al.: Well-defined nickel(ll) tetrazole-saccharinate complex =—— 161

Bruker SMART [145] software and refined using Bruker SAINT [146] on all the observed reflections. Absorption
corrections were applied using SADABS [124]. Structures were solved by direct methods by using SIR-97 [147]
and refined with SHELXL-2014 [148]. Calculations were performed using the WinGX-Version 2014.01 [149]. The
hydrogen atoms attached to carbon atoms were inserted at geometrically calculated positions and included
in the refinement using the riding-model approximation; Uiso(H) were defined as 1.2 Ueq of the parent carbon
atoms for phenyl residues and 1.5 Ueq of the parent carbon atoms for the methyl groups. The hydrogen atoms
of water molecules were located from the final difference Fourier map and the isotropic thermal parameters
were set at 1.5 times the average thermal parameters of the belonging oxygen atoms. Least square refinements
with anisotropic thermal motion parameters for all the non-hydrogen atoms and isotropic for the remaining
atoms were employed.

Synthesis of tetrazole-saccharin 5 and precursor compounds 2a and 4
2-Methyl-(2H)-tetrazole-5-amine (2a)

The molecules, 2-methyl-(2H)-tetrazole-5-amine (2a), 3-Chloro-1,2-benzisothiazole-1,1-dioxide (saccharyl
chloride, 4) and 3-((2-methyl-2H-tetrazol-5-yl)amino)benzisothiazole 1,1-dioxide (5) were synthesised follow-
ing previously reported protocols [127, 150].

Synthesis of the nickel(ll) complex 6

To a 10 mL methanol/dimethyl sulfoxide (DMSO) solution (1:1) of 2-methyltetrazole-saccharinate 5 (100 mg;
0.4 mmol) was added Ni(OAc), - 4H,0 (100 mg; 0.4 mmol) and the reaction mixture was stirred for 1 h at room
temperature until complete dissolution of the solids. The resulting greenish solution was kept in open air at
room temperature for crystallization. After 11 days, single blue-green crystals suitable for X-ray diffraction
were isolated [130 mg; 48 % yield (95 % yield based on ligand 5)]. Elemental analysis (%): C, 35.15, H, 3.24,
N, 24.58 (found); C, 35.26, H, 3.25, N, 24.67 (calculated for C, H_ NiN_0.S.). IR (KBr; cm™): 3404 v(OH), 2919

207722 127673

v(C-H), 1607, 1578, 1497, 1374 8(CH,), 1279 v(C-N), 1159, 1013 v(S=0), 958 v(S=0Q), 799, 645, 558, 437.

Typical procedure for the hydrosilylation catalysis under MW irradiation

Experiments were conducted with 2.0 mmol of substrate, 2.2 mmol of PhSiH., 1 mol% of catalyst 6 and 1 mL
of solvent, using a focused Anton Paar Monowave 300 microwave reactor in 10 mL glass vessels with 10 mm
internal diameter, sealed with rubber membranes in a stirred mode with simultaneous cooling (IR tempera-
ture detector). A targeted temperature together with a maximum microwave power was set. The targeted
temperature was reached within a few minutes. During the course of the reaction, the microwave power (5-15
W) as well as the pressure (1-10 bar) varied. Once the reaction was complete, the reaction vessel was cooled
down to room temperature and then the cap was carefully opened to slowly release the pressure. After, 5 mL
of a NaOH solution (1 M in MeOH) were added to the mixture, which remained under stirring at room tem-
perature for 16 h (overnight). The organic layer was extracted with Et,0 (3x10 mL), dried over MgSO » filtered
through a short Celite plug, and concentrated under reduced pressure. The isolated crude residue, without
any further purification, was analyzed by 'H-NMR.

For the particular case of the formaldehyde, after microwave reaction, the reaction solvent (dichlo-
romethane) was primarily removed under reduced pressure. After, 0.5 mL of aqueous NaOH (1 M) were added
to the mixture, which persisted under stirring at room temperature for 24 h. The methanol (reaction product)
was separated from the water by distillation (Vigreux).

All of the isolated alcohols under this procedure are known compounds. Structural data for the isolated
selected products are included in Electronic supplementary information (ESI).
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Typical procedure for the hydrosilylation catalysis via conventional heating

To an oven-dried round-bottom flask (25 mL) equipped with a stirring bar were added DCM (5 mL) and PhSiH,
(0.33 mL; 0.290 g; 2.68 mmol). The solution was stirred for 5 min. to allow complete homogenization of the
silane, after which benzaldehyde (0.250 mL; 0.259 g; 2.44 mmol) and catalyst 6 (16.6 mg; 2.44 x 102 mmol)
were added. The reaction occurred under stirring at room temperature and was monitored periodically by
analysing an aliquot by TLC [hexane: diethyl ether (3:2)]. Once the reaction was complete, indicated by the
disappearance of the benzaldehyde, the mixture was treated with 5 mL of a NaOH solution (1 M in MeOH)
continued under stirring for 16 h. The solvent was removed under vacuum and the corresponding alcohol
was extracted into Et,0 (3x10 mL). This solution was dried over MgSO » filtered through Celite and concen-
trated under reduced pressure to afford the corresponding alcohol (0.24 g; 91 % yield) without any further
purification.

Computational details

The full geometry optimization of all structures and transition states (TS) was carried out at the DFT/HF
hybrid level of theory using hybrid meta-GGA density functional M06-2X [151] with the help of the Gauss-
ian-09 [152] program package. It was shown [153, 154] that the M06-2X functional demonstrates very good
performance towards the main group thermochemistry, reasonably treating the weak dispersion forces. The
quasi-relativistic Stuttgart-Dresden [155] pseudopotential MDF10 and the appropriate contracted basis set
[156-158] were employed for the Ni atom. The Pople basis set 6-31G(d) was applied for all other atoms (C, H, N,
0, Si and Si) [159-163] The geometries of all reported reactants, intermediates, transition states and products
were optimized without symmetry constraints, including the solvent effect correction using the SMD model
[164] with dichloromethane (e=4.7113) or water (e =78.3553), followed by analytical frequency calculations
to confirm that a minimum or a transition state had been reached. The nature of the species connected by a
given transition state structure was checked by IRC. Restricted approximations for the structures with closed
electron shells have been employed.

Exhaustive conformational searches were performed for all intermediates and the Hessian matrix was
calculated analytically for the optimized structures in order to map out the lowest energy profile and prove
the location of correct minima (no imaginary frequencies) or saddle points (only one imaginary frequency)
and to estimate the thermodynamic parameters, the latter being calculated at 298 K at the ideal gas condi-
tions. The nature of all transition states was investigated by the analysis of vectors associated with the imagi-
nary frequency and by the calculations of the intrinsic reaction coordinates (IRC) to ensure transitions states
connected the illustrated ground states, using the Gonzalez-Schlegel method [165].

Single point calculations with the 6-311G(d) basis set were then performed for the equilibrium geometries
found. The enthalpies and Gibbs free energies in solution (H_ and G ) were estimated using the expressions
H=E+H-E, and G _=H_-TeS, where E, and H, are the gas-phase total energy and enthalpy. The relative
energies discussed in the text are Gibbs free energies in solution if not stated otherwise. Relative Gibbs free
energies (AG) and enthalpies (AH) are presented in kcal - mol . Cartesian coordinates and total energies of all
reported structures are included in ESI.

Electronic supplementary information

Table S1, with the selected bond distances and angles in the complex 6; Table S2, with the hydrogen-bond
geometry for complex 6; The infrared spectrum of complex 6; Structural NMR data for the isolated com-
pounds; Table S3, with the total energies (E), enthalpies (H) and Gibbs free energies (G), for the calculated
structures; Table S4, with the calculated thermodynamic parameters for the studied reactions; DFT-optimized
geometries in XYZ file format, using the M06-2X functional for all the studied structures.
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CCDC number 1899338 for complex 6 (Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif).
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