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Abstract

The synthesis and structural characterization séraes of novel platinum(0) complexes were
reported. A number of (NHC)Pt(dvtms) (dvtms = 1i@iyl-1,1,3,3-tetramethyldisiloxane)
complexes were investigated in catalytic additibBgPin, to terminal alkenes. The novel expanded
ring N-heterocyclic carbene complex (7-Dipp)Pt(dsjnshowed highest performance, turnover
numbers up to 3800 were achieved. The scope aktietion was illustrated by 20 examples with a

variety of alkyl, alkoxy, halogen, ester, ketone @cetal substituents.
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Highlights

* A series of fourteen Pt(0) complexes with expandieg-NHCs and 4,5-disubtituted
NHCs were prepared.

» Structures of the novel complexes were describedlid state.

* The catalytic activity of the (NHC)Pt(dvtms) compés was evaluated for the alkenes
1,2-diboration.



1. Introduction

Boronic acids and their derivatives proved to befulseagents for a wide range of reactions,
in particular, for the C-C, C-O and C-N bonds fotioa [1-5]. While aryl boronic acids and their
derivatives have been well studied in organic sgsif) aliphatic boronic acids derivatives have
received considerably less attention. Alkyl 1,2dbigsonates) are of particular interest due to their
feasibility toward synthesis of multi-functionaldzeompounds [6-16].

A number of catalysts have been proposed for tRediborylalkanes synthesis via 1,2-
diboration of alkenes. The most promising amongntlaee platinum-based catalytic systems, such as
PUTIO, [5], Pt(dba) [17, 18], Pt(COD), Pt(NBE}), [19], Pt(COD)C} [20] and Pi(dba}+taddol-
derived phosphonite ligands [21]. Transition me@nplexes of N-heterocyclic carbenes (Ag, Au,
Cu, Pd and Rh) are also shown to be active casaipstilkenes 1,2-diboration [22-31]. Despite
reported 1,2-diboration of alkenes catalyzed by QYPt(0) complexes [32], the influence of the
NHC-ligand structure on the complexes activity wwas shown.

We believe that expanded-ring (NHC)Pt(0) complexeay show enhanced -catalytic
performance in alkenes 1,2-diboration due to thquensteric and electronic properties of expanded-
ring NHCs. In the course of our ongoing studiestioa development of new NHC-based metal
complexes for the application in catalytic reacsiamder environmentally benign conditions [33-46],
herein, we report our findings on diboration ofmeral alkenes catalyzed by expanded-ring NHC

platinum(0) complexes.
2. Experimental

Materials and methods

All reactions were carried out using standard Sudhleechnique under argon atmosphere.
Tetrahydrofuran and toluene were distilled overigmdbenzophenone under argon. All alkenes and
Bis(pinacolato)diboron (Bin,) were purchased from Sigma-Aldrich. Chemicals solyents were
obtained from commercial sources and used withathér purification. NMR spectra were obtained
on a Bruker “Avance 600" (600 MHZH, 151 MHz *C). The chemical shifts are frequency
referenced relative to the residual undeuteratddesb peaks. Coupling constanisare given in
Hertz as positive values regardless of their redividual signs. The multiplicity of the signals is
indicated as “s”, “d”, “t” or “m” for singlet, dublet, triplet or multiplet, respectively. The
abbreviation “br” is given for broadened signals.

X-ray diffraction data were collected on a APEX DUO CCD diffractometer using
molybdenum radiatior\{MoKa) = 0.71072 Ap-scans]. The substantial redundancy in data allowed

empirical absorption correction to be applied vVBIWDABS by multiple measurements of equivalent



reflections. The structures were solved by direethods and refined by the full-matrix least-squares
technique againg¥ in the anisotropic-isotropic approximation. C-Hihygen atoms in all structures
were placed in calculated positions and refinedhiwitthe riding model. All calculations were
performed with the SHELXTL software package [47]ry€lal data and structure refinement
parameters for complexes ¥Pt(dvtms) g, CCDC 1573639), IPtPt(dvtms) gh, CCDC
1573640), IPTPt(dvtms) Bj, CCDC 1573637) and (7-Dipp)Pt(dvtms)d( CCDC 1573638) are
listed in supporting information (Table S1). Cry&tgraphic data for the structures reported in this
paper have been deposited to the Cambridge Cuygtapphic Data Centre. These data can be
obtained free of charge from The Cambridge Crysgaliphic Data via

www.ccdc.cam.ac.uk/data request/cif.

All products were characterized using NMR, IR spmsitopy and HRMS and details are

given in the supporting information.
Synthesis of azolium and cyclic amidinum salts

Imidazolium salt ICy-HBEF was synthesized via direct condensation of glyoxal
paraformaldehyde, appropriate amine and 48% aquéB&s in toluene solution. Imidazolium salts
IPr-HCI and IMes-HCI were obtained via cyclizat@hN,N'-diarylethylenediimine under action of
the paraformaldehyde and chlorotrimethylsilane thyle acetate solution [48]. The analogous
corresponding bisimines cyclization under actiothef paraformaldehyde solution in 4M HCl in 1,4-
dioxane gave salts ¥ HBF, and IMe&"®. HBF, [49]. Halogenated imidazolium salts fPHCI and
IPr®".HCI were obtained by treatment of free NHC with,gX=Cl or Br) [50-52]. Imidazolinium
salts SIPr-HClI and SIMes-HCl were prepared by zgtbn of correspondingN,N'-
diarylethylenediammonium dichlorides with trietloythoformate. Highly hindered imidazolium salts
IPr*-HCI and IPPM®. HCI were obtained according to literature proaeduy48, 53, 54]. Precursors
of the expanded-ring NHC were synthesized via sahree alkylation ofN,N-diarylformamidines

with 1,3-dibromopropane or 1,4-dibromobutane [54, 5
General procedurefor preparation of (NHC)Pt(dvtms)

A 10 ml Schlenk flask equipped with a magnetic séir was charged with 1.2 mmol (1.2 eq.)
of corresponding azolium (or amidinium) salt and@wated to 0.1-0.2 mmHg. The Schlenk flask
was heated at 100 °C/0.1 mmHg for 1h. The flask fillagl with argon and allowed to cool to room
temperature followed by addition of 6 ml of dry THFhe reaction mixture was stirred for 5 min and
1.2 ml of a 1M NaHMDS in THF was added (2.4 ml (@Dipp)Pt(dvtms)). The reaction mixture
was allowed to stir for 1 h at room temperature Aiidmmol of P{{dvtms} in dvtms was added. The
light yellow solution was stirred overnight, anaethit was transferred to a 100 ml round-bottomed

flask with dichloromethane and evaporated to drgn@he solids were triturated with 20 ml of



dichloromethane and filtered through a 1 cm padilafa gel eluting with 3x20 ml of Cil,. The
filtrate was evaporated to dryness; the solids watgrated with 3x1 ml oh-pentane to give a pure

complex as white microcrystalline solid.
General procedurefor alkenediboration.

A screw cap vial equipped with magnetic stir baswharged with freshly distilled alkene (1
mmol) and BPin, (1.1 mmol) followed by 4 ml of heptane. (7-Dipp)Rt{ms) (4 mg) was added and
the reaction mixture was allowed to stir at roomnperature for 20 h. The reaction mixture was
evaporated to dryness. The residue was purifigccolumn chromatography (EtOAc/hexanes as

eluent).
3. Results and discussion

A series ofN-heterocyclic carbene platinum(0) complexes (NHE@MWmMs) was synthesized
for investigation diboration reaction of alkenesgint®esis of imidazolium salts was performed
according to previously reported techniques (segplementary information) [48, 49, 53-56].
Platinum(0) complexes were obtained by direct atgdon of Karstedt's catalyst Rivtms) with

free carbenes in THF solution (Scheme 1) [57].
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Scheme 1. Synthesis of N-heterocyclic carbene platinum(0) plaxes

Previously reported complexes bearing five-membeiagl NHCs CyPt(dvtms) Ra, 88%),
IPrPt(dvtms) 2b, 47%), SIPrPt(dvtms)2€, 50%), SIMesPt(dvtms)2d, 87%) [58], IPrPt(dvtms)
(2e, 64%), IPPM'Pt(dvtms) Bf, 70%) [59],as well as expanded six- and seven-membered ring
NHCs 6-MesPt(dvtms)4q, 42%), (6-Dipp)Pt(dvtms)4b, 61%), and (7-Mes)Pt(dvtimsiq, 51%)
[60] were prepared (structures of ligands are showrscheme 2). We also performed synthesis of
five new platihum NHC complexes: MPt(dvtms) Rg, 88%), IPF'Pt(dvtms) gh, 63%),
IMes“®Pt(dvtms) Bi, 93%), IPF'Pt(dvtms) 8j, 53%), (7-Dipp)Pt(dvtms)d, 59%).
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Scheme 2. Structures of NHC ligands.

Earlier, formation of air stable free carbenesCIlRind IPF" upon halogenation of a free
carbene with tetrahalomethane has been reporte84pb0ntroduction of halogen atoms (chlorine
and bromine) at 4- and 5-positions of NHC leadsamplex specific changes in the donor capability
and steric properties of the carbene with respedtPt. Therefore, we decided to study the effect of
halogen atoms in NHCs on the catalytic propertigdatinum complexes.

IPr“'Pt(dvtms) gh) and IPP'Pt(dvtms) 2j) complexes were obtained similarly to techniques
described previously (Scheme 3 and 4) [61kitu generated free carbenes were treated with (&X
= Cl or Br) to obtain 4,5-dihalocarbenes. In cabtPd"', solution of chlorinated carbene was treated

with HCI solution in 1,4-dioxane to isolate f®HCI. Then, platinum(0) complex was obtained



according to the above-mentioned technique usimuso bis(trimethylsilyl)Jamide and Karstedt's
catalyst Pidvtms} (Scheme 3).
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Scheme 3. Synthesis of the IBIPt(dvtms) 2h) complex.

In case of IPY, formation of a mixture of mono-, di-, and tri-bmoderivatives IP¥*.HCI
takes place (see Supporting Information). Therefthre technique was modified (Scheme 3): to the
solution of a free carbene IPr, solution of 2.4 efjCBr; in THF was added dropwise and the
mixture was stirred for 2 h. Then, Karstedt's gatialPt(dvtms) was added. The idea was to obtain a
platinum complex that would differ from IBf (bromoiminium salt) by polarity. Mono-
bromoderivative would be converted into target adibide with small excess of CBand long-term
aging of the reaction mixture.
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Scheme 4. Synthesis of the IBIPt(dvtms) Bj) complex.

All the obtained (NHC)Pt(dvtms) complexes are wipmwvders stable in air. They were
characterized byH and **C NMR spectroscopy. In°C NMR spectra, signals of ylidene carbon
atoms appear in the region 179-212 ppm evidentiegplatinum complex formation. Formation of
the complexes was also indicated by the disappearaf the amidinium protons itH NMR.

Splitting of the SiMe group signal into two distinct signals at —0.5 &8 ppm, respectively, was



observed [58]. The obtained complexes were alsoacterized by elemental analysis and IR
spectrometry.

We were unable to obtain signals correspondinditierye carbon atoms H{C NMR spectra
of the complexes (7-Mes)Pt(dvtmg)c) and (7-Dipp)Pt(dvtms)4f) in CDCk. However, it became
possible when CDGlwas substituted with 1,2-dichlorobenzeaieat 70°C. Signals of ¢ic atoms
appeared at 230.80 ppm for (7-Mes)Pt(dvtrds),(and 235.95 ppm for (7-Dipp)Pt(dvtmgdj. We
have also obtainetH-*C HMBC spectra of these compounds. Notably, cogplintween ylidene
carbon and*Pt was observedJp.c = 705 @c) and 716 4d) Hz).

Previously not reported complexes fBRt(dvtms) 2g), IPIF'Pt(dvtms) 2h), IPE'Pt(dvtms)
(2)), and (7-Dipp)Pt(dvtms)y¢l) were characterized by X-ray crystallography (fFegl). Crystals for
X-ray crystallography were obtained by slow evaporafrom CHCl—pentane, 1:5. Structures of
the complexes are presented in the figures beldwe. Main geometric parameters of the complexes

are presented in Table 1.

Ccl28)

IPP"Pt(dvtms) 2j) (7-Dipp)Pt(dvtms) 4d)



Figure 1. General view of IPf°Pt(dvtms) 2g), IP'Pt(dvtms) gh), IP'Pt(dvtms) 8j), and (7-
Dipp)Pt(dvtms) 4d) in representation of atoms by thermal ellips¢us50%).

Table 1. Main geometric parameters of the Pt(0) NHC compexe

No. Complex R(Guc-Pt), A N-Cyue—N  Ref.

1 ICyPt(dvtms) 2a) 2.026 103.8° [58]

2 IPrPt(dvtms) Zb) 2.068 103.9° [58]

3 SIPrPt(dvtms)2c) 2.053 107.0° [58]

4 IPMePt(dvtms) 2g) 2.051 103.3° this work
5 IPr Pt(dvtms) Re) 2.054 104.1° [59]

6  IProMpt(dvtms) gf) 2.048 103.9° [59]

7 IP'Pt(dvtms) 2h) 2.042 104.2°  this work
8 IPE'Pt(dvtms) 2j) 2.052 103.9° this work
9 (6-Mes)Pt(dvtms)4a) 2.066 116.0° [60]
10  (7-Mes)Pt(dvtms)g) 2.070 117.1° [60]
11 (7-Dipp)Pt(dvtms)4d) 2.071 117.7° this work

The N-Gc—N angle in the NHC ligand increases when transigrfrom five- to seven-
membered cyclic salts. Values of the parameterpfatinum(0) complexes with five-membered
carbenes are practically the same independentlthefpresence of substituents. The table also
evidences that Pt bond lengths in platinum(0) complexes with fivex-, and seven-membered
carbenes are close to each other and lie withinathge of 2.042—2.071 A.

Our preliminary studies showed that (NHC)Pt(dvtmb)s(pinacolato)diboron, starting
substances and products are stable towards as, dlcatalytic reactions were performed under
ambient atmosphere. Aliphatic solvents, such asimexheptane and cyclohexane are among the
most favorable solvents for industrial applicatiathge to their properties such as cost, stability,
toxicity, corrosivity, and environmental hazard [4%, 62, 63]. In this regard, heptane was chosen a
reaction solvent. The reactions were performedribyausing 1 mol% of platinum catalyst loading,
styrene as substrate and heptane as solvent (Zable

Table 2. Diboration of styrene catalyzed by (NHC)Pt(dvtms).



(NHC)Pt(dvtms)
X - 1 mol% BPin
+ 2PN Bpin
heptane P
room temp. air, 20h

No. Complex Yield, %

1 ICyPt(dvtms) Ra) 34

3 IPrPt(dvtms) Zb) 0

4 SIPrPt(dvtms)Zc) 38

5 SIMesPt(dvtms)2d) traces
6 IPMePt(dvtms) 2g) 43

7 IPr*Pt(dvtms) Re) 0

8 IPr<°Mept(dvtms) £f) 0

9 IPF'Pt(dvtms) 2h) 75
10 IMes"Pt(dvtms) 2i) 0
11 IPP'Pt(dvtms) gj) 72
12 (6-Mes)Pt(dvtms)@a) 83
13 (6-Dipp)Pt(dvtms) (4b) >09
14 (7-Mes)Pt(dvtmsyE) 63
15 (7-Dipp)Pt(dvtms) (4d) >99

Reagents and conditions: styrene (1 equiviB (1.1 equiv.), catalyst (1 mol%). Yields by NMR

spectroscopy with BHT as Internal Standard.

Catalyst screening showed that structure of NH@Astrongly affects yield of diboration
product. Catalytic activity of corresponding platm(0) complexes seems to related with several
factors, such as electronic and steric effects HCNcarbene ligand. Our experiments have shown
that catalytic activity increases primarily due to exgpian of carbene cycle in ordeBIPrPt(dvtms)
(2c) < (6-Dipp)Pt(dvtms)(4b) < (7-Dipp)Pt(dvtms)(4d). We suppose that observed increase in
activity related with N—Gc—N angle expansion and increase of ligand stellic @able 1). Among
the expanded ring complexes the highest actiwiee found for six- and seven- membered ligands
decorated with bulky 2,6-diisopropylphenyl-subsiits (7-Dipp)Pt(dvtms) 4p) and (6-
Dipp)Pt(dvtms) 4d). In comparison with them complexes (6-Mes)Pt(d&)tnda) and (7-
Mes)Pt(dvtms)4c) with less-bulky mesityl- substituents demonstratedreased activity. The same
trend was observed for SIPrPt(dvtni®3) andSIMesPt(dvtms}2d) couple (Table 2).

Five-membered imidazol-2-ylidene complexes wereegaly less active in diboration of
styrene. Whereas the IMes and backbone-substitiles"® complexes were inactive, IPr-based
complexes showed moderate to good activity; catabdtivity increased in order: Flf) << CHg
(29) < Br (2)) =ClI (2h). Such effect may be attributed to the increasé\,, for IPr-ligands bearing
substituents at C4 and C5 atoms of imidazole 8], [larger steric bulk on NHC ligand resulted in
higher activity. Interestingly, further increaseMfiC steric bulk in complexe2e and2f resulted in

the loss of catalytic activity.



Next, we evaluated activities of (7-Dipp)Pt(dvtn{dp) and (6-Dipp)Pt(dvtms)4d) under
low loadings (Table 3). To our delight, decreasing catalyst loading from 1 to 01i0l% did not
significantly affect the yields of the desired puotfor both catalysts. However, when the catalyst
loading was further decreased to 0.628%, much lower product yield (67%) was obtainethW6-
Dipp)Pt(dvtms)(4b), whereas 0.025 mol% of (7-Dipp)Pt(dvtmg)d) afforded product in near-
guantitative yield (TON = 3800). Thus, these candsgwere selected as the standard conditions for

the substrate screening.

Table 3. Detailed comparison &b and4d activity

catalyst
AN o o x mol% BPin
+ ;
2rinz heptane Bpin
r.t., air, 20h
No. Catalyst Ioagi?]?}rﬁ:)l% Yield, %
1 >99
0.5 >99
1 (7-Dipp)Pt(dvtms)4d) 0.1 98
0.025 95
0.005 20.5
1 >99
2 (6-Dipp)Pt(dvtms)4b) o> o
0.025 67

Reagents and conditions: styrene (1 equiwRiB (1.1 equiv.), catalyst (x mol%).
Next, we evaluated performance of cataldtin diboration of terminal alkenes (Table 4).
The elaborated catalyst allowed diboration of stgebearing alkyl- and alkoxy- substituents and
gave productsb-e in near quantitative yields. Halogen-substitutégremes were also suitable

substrates, produckt-g were obtained with 98-99% vyields.



Table 4. (NHC)Platinum(0)-catalyzed diboration of termintdenes

0 BPin
\ +  ByPin, 4d 0.5 mol% -
heptane pin
r.t., air, 20h 5a-t
BPin BPin BPin
©):8Pin /©/[8Pin BPin
5a, 98% 5b, 95% 5¢c, 98%
BPin BPin BPin
i BPi
BPin in /©/[8Pin
. M
t-BuO eO cl
5d, 97% 5e, 92% 5¢, 98%
BPin .
Cl BPin BPin
BPi
" BPin ©i[|3pin
Br
5g, 99% 5h, 98% 51, 95%
BPin i
@\/EBPin @\/[Bpm
. BPin BPin
BPin O OTHP
5j, 86% 5k, 82% 51, 90%
BPin BPin BPin

©/o\)vspii©iod\/8mn o._h_ BPin
Br Cl

5m, 99% 5n, 97% 50, 97%
o0  BPin BPin . .
BPin BPin O BPin
0 oA BPin
5p, 92% 5q, 87% 51, 95%
BPin BPin
A~ _A~_BPin BPin
5s, 89% 5t, 92%

Reagents and conditions: alkene 1 equiyRiB 1.1 equiv., catalyst 0.5 % moal, r.t., 20h.

Ortho-substituents on the styrene core were also teleéraroduct$h and5i were isolated in

yields of 95 and 98%, respectively. Diboration flaenzene, 1-allylnaphtalene and THP-protected



2-allylphenol gave product (86%),5k (82%) andbl (90%), respectively. Allyloxybenzenes were
diborated in 97-99% yields (Table3m-o).

Addition of B,Pin, to alkenes, bearing ester, ketone and acetal gnaepe efficient, products
were obtained in 87-95% vyields (Table5#;r). Simple aliphatic alkenes were tested under i@act
conditions; 1-hexene gave product in 89% vyield, mwhe 1-vinylcyclohexene was diborated in 92%

yield (Table 45s and5t respectively).
Conclusions

In conclusion, a series of fourteen (NHC)Pt(dvte@nplexes was prepared. Five complexes
were reported for the first time: MPt(dvtms) 2g), IPF'Pt(dvtms) gh), IPE'Pt(dvtms) Bj),
IMes“®Pt(dvtms) i), (7-Dipp)Pt(dvtms)4d); four of which @g, 2h, 2j, and4d) were characterized
structurally in the solid state using XRD.

Catalytic activities of complexes in diboration wrminal alkenes were evaluated. High
catalytic activity of novel expanded-ring seven-nbem@d NHC complex (7-Dipp)Pt(dvtmsid)
was found. Scope and limitations of elaboratedigsttavere examined on 20 examples. Combination
of usingnon-toxic and recoverable alkane solvents, amhlgentitions and low loading of catalyst
leading to near-quantitative yields of correspogdproducts seems to us as highly effective and
atom-economical method of obtaining valuable 1[#dilalkanes.
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Highlights

e A saies of fourteen Pt(0) complexes with expanded-ring NHCs and 4,5-
disubtituted NHCs were prepared.

» Structures of the novel complexes were described in solid state.

* The catalytic activity of the (NHC)Pt(dvtms) complexes was evaluated for the
alkenes 1,2-diboration.
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