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RECEIVED DATE

Abstract: A series of platinum(ll) dihalide pyridine complexes bearing chiral C,-symmetric
N-heterocyclic carbene (NHC) ligands [Pt(NHC")(Py)(Hal),] was synthesized in a one pot
procedure and characterized by NMR spectroscopy and single crystal X-ray diffraction (SC-
XRD). The complexes were tested for the asymmetric cycloisomerization of enynol into
bicyclo[3.1.0]hexanone and feature an excellent catalytic activity at room temperature along

with a modest enantiomeric induction (up to 39%ee).
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Introduction

Platinum and carbenes are intimately linked sharing a long lasting history which
started in 1915 with the synthesis of the Chugaev’s salt: a platinum(ll) complex bearing two
acyclic diaminocarbenes.* Since, organoplatinum chemistry has always been used to highlight
the progresses made on synthetic carbene chemistry, ranging from pioneering works made
during the 60s-70’s up to the most recent publications. N-heterocyclic carbenes (NHCs), a
subclass of singlet carbenes also called persistent carbenes, have become extremely popular
since the mid 90’s to bind late transition metals complexes,? and it is no surprise to have
plenty of synthetic strategies reported to access NHC platinum complexes.®* Those include
the cyclization of platinum isocyanides,>® the addition of isolated carbenes or enetetramines
to platinum salts, the reaction of azolium carbene precursors with platinum salts in the
presence of bases, or the transmetalation from parent NHC silver(l) complexes.” With a NMR
active isotope (***Pt NMR; | = %, isotope abundance = 33.8 %), platinum derivatives and their
chemistry can be studied by NMR and **Pt NMR has been successfully applied for the
characterization of complexes or inorganic salts.® Platinum has a rich coordination chemistry
which covers oxidation states ranging from —II to +VI. With NHCs, the +II oxidation state is
mainly studied providing air and moisture stable complexes, with well-defined square planar
geometry around the metal, even though NHC platinum(0) and (1) complexes are also readly
accessible.®*® Since the discovery of the cisplatin drug, many new NHC platinum(Il)
complexes are steadily reported and tested for their cytotoxic activities toward cancer cells.*
However, only few platinum(Il) complexes bearing chiral NHC ligands have been reported in

the literature and without catalytic applications (Figure 1, top).

In term of homogeneous catalysis, platinum is often outshined by palladium which is
more efficient at promoting the well-known and widely applied C-C coupling reactions,
despite a surge of the palladium price (since 2016) which makes it currently twice more
expensive than platinum.'? Nevertheless, achiral NHC platinum(ll) complexes have proven

valuable soft Lewis acids able to catalyze the activation of multiple carbon—carbon bonds



toward electrophilic addition (e.g. cycloisomerization of enynes,™*** hydrosilylation,*>®

hydration of alkynes...).}"*® However, the more carbophilic gold(l) complexes often proved
to be more efficient in such reactions. For these reasons, the development of Pt(l1)-catalyzed
asymmetric transformations, notably cycloisomerization reactions, are scarce.®® To obtain
good enantiomeric excess with NHC platinum(Il) catalysts, an additional chiral ligand must
be added to the square planar complex such as chiral diphosphine,?%* Binepine or
Monophos?*?* developed by the Marinetti et coll. (Figure 1, bottom).
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Figure 1: List of reported chiral NHC platinum(1l) complexes to date.

Nevertheless, NHC ligands allow for fine-tuning the steric environment around the
metal center to create chiral pockets. Most chiral NHCs feature a stereogenic center placed on
the N,N-aryl/alkyl substituents or on the backbone of the heterocycle.”> Occasionally, axial
planar chirality is achieved using bulky N-biphenylene arms while planar chirality occurs in

the presence of ferrocenes® or heterocycles (e.g. morpholine) fused with triazolylidenes.?’

In this contribution, we report the straightforward synthesis and characterization of a
series of unprecedented chiral C,-symmetric NHC platinum(Il) pyridine dihalide complexes.

Their catalytic activity was evaluated in asymmetric cycloisomerization.

Results and discussion



Ligands and complexes synthesis. A series of ligands was selected so as to bring aryl or alkyl

groups of various sizes as close as possible to the platinum center to favor asymmetric
induction during the Pt-driven catalytic steps. Representing the simplest model, 2-arylated
alkyl amines were used to produce this series of N,N-disubstituted NHCs. The chiral
imidazolium  chloride  pro-ligands, 1,3-bis((S)-1-phenylethyl)-imidazolium  chloride
(L1°HCI),?® 1,3-bis((S)-1-phenylpropyl)-imidazolium chloride (L2*HCI),* 1,3-bis((S)-1-(2-
methoxyphenyl)ethyl)-imidazolium chloride (L3*HCI), 1,3-bis((R)-1-(naphthalen-1-yl)ethyl)-
imidazolium chloride (L4*HCI) and 1,3-bis((S)-1-(naphthalen-2-yl)ethyl)-imidazolium
chloride (L5*HCI),* were readily prepared as previously reported (Scheme 1).
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Scheme 1: Synthesis of the pro-ligands [Pt(NHC)(Py)(Cl),] (L1-5*HCI)

The corresponding chiral Pt(l1l) complexes were conveniently obtained by mixing the
imidazolium chloride and platinum dichloride (lequiv.) in hot anhydrous pyridine in the
presence of potassium carbonate (10 equiv.). After 12 h, the reaction mixture was filtered over
a plug of Celite®, and further purified by column chromatography to afford the corresponding
complexes [Pt(NHC)(Py)(CI)2] (1-5), as yellow powder, with yields ranging from 20 to 74%
(Scheme 2). It is worth to mention that 1-5 are structurally close from the well-known PEPPSI

catalysts based on NHC palladium(11) pyridine complexes.3**
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Scheme 2: Synthesis of the complexes [Pt(NHC)(Py)(Cl)2] (1-6)

Using (L3*HPFs) instead of (LL3*HCI) failed to provide any NHC platinum complex,
while platinum(ll) dipyridine dichloride was formed.®® Nevertheless, the metalation of
L3*HPFs could be achieved via the addition of an excess of halide source such as

tetrabutylammonium chloride (1.1 equiv.).

This result strongly suggests that the synthesis of 1-5 requires the initial formation of
imidazolium (pyridine)trichloroplatinate intermediates (L1-5H{Pt(Py)(Cl)3}) (Eq. 1, Scheme
3), which is consistent with literature data.>**®> These intermediates then evolve toward the

targeted complexes 1-5 in the presence of potassium carbonate.

With 3,5-dichloropyridine instead of pyridine, the complex [Pt(L1)(“'Py)(Cl)] (6) was
also formed, although in moderate yield (45%), following the protocol used to synthesize 1.
However, the reaction failed employing pyridine-2-carboxylic acid. The complex
[Pt(L2)(Py)(I)2] (7) was obtained in high yield (89%) from L2<HCI in the presence of an
excess of sodium iodide using our standard conditions (Eq. 2, Scheme 3).
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Scheme 3: Possible pathway for the formation of [Pt(L1)('Py)(Cl),] (6) and synthesis of
[PY(L2)(Py)(D)a] (7)

The *H NMR spectra of 1-7 feature the characteristic absence of the azolium protons
from L1-5¢HCI located above 11 ppm. The ortho-protons from the coordinated pyridine
feature signals between 8.95 and 9.15 ppm, shifted downfield (from 0.40 to 0.70 ppm)
compared to free pyridine. The **C NMR spectra of 1-7 show carbene signals between 136.0
to 139.5 ppm, in good agreement with the values reported for achiral NHC platinum(ll)
complexes.***’ The presence of platinum carbene bond is also confirmed by ***Pt NMR for 7,
with a signal at -2906.3 ppm, in good agreement with the literature despite a challenging data
acquisition.®® All the so-produced platinum complexes are extremely stable under air and
moisture. They are obtained analytically pure (prior catalysis trials) after flash

chromatography over silica gel.

Despite many attempts, quality crystals suitable for single crystal X-ray diffraction
studies (SC-XRD) could only be grown for 6 and 7, by slow evaporation of saturated
dichloromethane solutions of complexes layered with n-heptane. These complexes crystallize
respectively in the orthorhombic and monoclinic systems with P2;2;2; and C2 Sohncke space
groups. The unit cell found for 7 features three independent molecules of complexes per
asymmetric unit. As expected, all platinum(ll) centers are in a square planar coordination
environment with the C-Pt-N angles between 175.0(2) and 177.65(17)°, and the C-Pt-
Halogen or N-Pt—Halogen angles are comprised between 88.44(18) and 92.43(18)°. The C—Pt
and N—Pt bond lengths are respectively between 1.971(4) - 1.985(6) A and 2.079(5) - 2.083(4)
A. These values are in the range of those found in other similar NHC and pyridine

platinum(11) complexes.***° (Figure 2)
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Figure 2: Ball and stick representation of [Pt(L1)(“'Py)(Cl)2] (6) and [Pt(L2)(Py)(I)2] (7).
Hydrogen atoms have been omitted for clarity.

Catalytic Properties. With these chiral platinum(Il) complexes in hand, we applied them to the

asymmetric cycloisomerization of 5-methyl-1-phenylhex-5-en-1-yn-3-ol (8) to form 1-
methyl-5-phenylbicyclo[3.1.0]hexan-3-one (9) (Scheme 4, bottom). Such bicyclic scaffold is
part of various terpenic natural products such as tabinol or myliol (Scheme 4, top).**** Thus,

it is extremely worth to enantioselectively build such bicyclic motif.
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Scheme 4: Selected examples of natural products exhibiting bicyclo[3.1.0]hexanone scaffolds

and targeted asymmetric cycloisomerization of the enynol 8.

The use of silver(l) salts proved mandatory to achieve a catalytic activity (Table 1,
entry 1). This suggests that at least one halide has to be removed first from the platinum
center to generate a vacant site which can react with 8 to form a m-alkynyl platinum
intermediate®. The pyridine ligand does not seem labile enough to do so. The role of the

silver salt was further studied using complex 1. At room temperature, in toluene, a

7



stoichiometric amount of AgNTf, or AgBF, relative to platinum complex (1, 5 mol %)
afforded compound 9 after 12 h with similar yields, 57 and 55% respectively (entries 2 and 3).
Despite an interesting catalytic activity compared to other reported platinum catalysts,** ees
were extremely low (less than 5%). Increasing the amount of AgNTf; or AgBF, to 10 mol %
was beneficial, providing 9 with higher yields (60 and 70% respectively), after only 4 h
(entries 4 and 5). Ees slightly increased up to 18 and 22%. However, reproducibility issue was
observed with AgNTf, leading to unexplained variations of ees from 15 to 22 %. With
AgSbFg and AgOTT at the same loading (10 mol %), no noticeable amelioration could be
achieved in term of efficacy (entries 6 and 7). Compound 9 was obtained with 70 and 57 %

yields, but ee significantly dropped with the use of AgSbFs (entry 6 vs 7).

Overall, the presence of anions accepting hydrogen bonds (BF;, OTf) seems to
enhance the asymmetric induction observed.* It is worth noticing that the low to modest ees
observed might be related to the formation of transient bridged diplatinum complexes with
different geometries and catalytic activities, in equilibrium with the monomeric

monochloroplatinum complex (Scheme 5).*
Table 1: Summary of the silver(l) salt effect on catalysis.

OH

O
1 (5 mol %)
/<\ Silver salt (x mol %)
Me Ph Toluene, rt Me Ph

8 9

entry AgX (mol%) t(h) vyield®of9 (%) ee” (%)

1 - 24 0 -

2 AgNTf, (5) 12 55 1

3 AgBF, (5) 12 57 5

4 AgNTR, (10) 4 60 15-22°
5 AgBF4(10) 4 70 18

6 AgSbFs (10) 4 57 3

7 AgOTf(10) 4 70 16



2Yields calculated by integration of the *H NMR spectrum of the crude product relative to an
internal reference (dimethyl terephtalate). "Enantiomeric excess (ee) were determined by GC
(see supporting information). ‘Unreproducible results.
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Scheme 5: Formation of cationic bridged diplatinum complexes upon activation with silver

The influence of the NHC and pyridine ligand structure/nature was also
studied/evaluated compared to 1, (Table 2). At room temperature, in toluene, with 10 mol% of
AgBF,4, complex 2 with a more sterically hindered benzylic position afforded 9 in lower yield
(59 % after 9 h vs 70% for 1), while ee was slightly improved to 22 % (entry 2 vs 1).
Complexes 4 or 5 with large aryl groups, respectively 2- or 1-naphtyl, provided 9 with similar
or slightly lower yields (66 or 61 % vs 70%) after 6 h, but with similar or improved ees (39 or
15 %), (entries 4 and 5). The better enantioselectivity observed for 4 might come from the
favored formation of a m-platinum complex with the pre-oriented 2-naphtyl group which
triggered a constrained environment around the platinum center forcing a selective approach
and/or orientation of the starting enynol. Compared to 1, the presence of ortho-
methoxybenzyl groups appeared detrimental, as complex 3 produced 9 with only 48 % yield
and 20 % ee, after 9 h (entry 3).

Complex 6, similar to 1 but with a meta-dichloropyridine ligand, provided 9 with good
yield in a rapid reaction (1.5 vs 4 h) but almost without enantioselectivity (2 % ee; entry 6 vs
1). The electro-deficient dichloropyridine used to increase the Lewis acidity of the platinum
center led to a complete loss of enantioselectivity, even though the complex 6 was more
active. In contrast, the nature of the trans-halide ligands had a marginal impact on the catalyst
activity, and the diiodide complex 7 provided 9 with 52 % yield and 22 % ee, after 9 h (entry
7).



Table 2: The summary of ligand effect on catalysis.

OH (0]

Platinum
Me Ph  AgBF, (10mol %) Me Ph
8 Toluene, rt 9
entry catalyst t(h) yield® of 9 (%) ee® (%)
1 1(S,S) 4 70 18
2 2(S,9) 9 59 22
3 3(RR) 9 48 -20
4 4(S,9) 6 66 39
5 5(S.9) 6 61 15
6 6 (S.9) 15 60 2
7 7(S.S) 9 52 22

2Yields calculated by integration of the *H NMR spectrum of the crude product relative to an
internal reference (dimethyl terephtalate). "Enantiomeric excess (ee) were determined by GC
(see supporting information).

Conclusion

A series of chiral NHC platinum(ll) dihalide pyridine complexes were synthesized
from parent imidazolium salts in the presence of platinum dichloride, pyridine and potassium
carbonate, under air condition, using a straightforward one-pot procedure. The yields range
from 20 to 79%, being highly dependent from the NHC and pyridine ligand architectures.
Upon activation with silver(l) tetrafluoroborate, the complexes were evaluated as catalysts in
homogeneous asymmetric cycloisomerization of 5-methyl-1-phenylhex-5-en-1-yn-3-ol. They
displayed an interesting catalytic activity at room temperature with yields of formed
bicyclohexanone ranging from 48 to 70% after 1.5 to 9 h even though the enantiomeric

excesses were rather low ranging from 2 to 39%.

These results proved thus promising considering the simplicity and the straightforward
access to the chiral complexes. Work is currently in progress to further tune the various
effects (hindrance, n-stacking, etc) the NHC ligands can provide, but also to incorporate a

chelating function with hemilabile behavior to create a narrower chiral pocket.
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Experimental Section

General considerations

Proton (*H NMR), carbon (**C NMR) and platinum (***Pt NMR) nuclear magnetic
resonance spectra were recorded on the following instruments: Bruker AVANCE | — 300
MHz spectrometer, Bruker AVANCE Il — 400 MHz spectrometer, and Bruker AVANCE | —
500 MHz spectrometer, respectively. The chemical shifts are given in parts per million (ppm).
Data are presented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet,
g = quartet, quint = quintet, sept. = septet, m = multiplet, b = broad), coupling constants
(J/Hz) and integration. Assignments were determined either based on unambiguous chemical
shifts or coupling patterns, or COSY, HSQC, HMBC, NOESY or INADEQUATE
experiments were sometimes needed to fully interpret spectra for related compounds. The
residual solvent proton (*H) or carbon (*3C) resonances were used as references values. For *H
NMR: CDCl; = 7.26 ppm, CD,Cl, = 5.32 ppm. For “C{*H} NMR: CDCl; = 77.1 ppm,
CD,Cl, = 53.8. The signal of K,PtClg in D,O was used as reference for ***Pt NMR. IR and IR
spectra were recorded neat in the region 4000 - 400 cm™ on a Brucker FTIR ALPHA
Spectrometer. Wavelengths of maximum absorbance are quoted in wave numbers (cm™).
Elemental analyses were performed by the “Service de Microanalyses”, Université de
Strasbourg. For the X-ray diffraction studies, the intensity data were collected at 173(2) K on
a Bruker KAPPA APEX Il DUO diffractometer. Crystallographic and experimental details for
all the structures are summarized in the Supporting Information (See ESI - page S15). The
structures were solved by direct methods (SHELXT) and refined by full-matrix least-squares
procedures (based on F2, SHELXL-2014) with anisotropic thermal parameters for all the non-
hydrogen atoms.** The hydrogen atoms were introduced into geometrically calculated
positions (SHELXL-2014 procedures) and refined riding on the corresponding parent atoms.
Analytical TLC was carried out on silica gel 60 F254 plates with visualization by ultraviolet
light, vanillin, anisaldehyde or KMnO,. Chromatography was carried out using silica gel 60
(40-63 um). Reagents and solvents were purified using standard methods. Enantiomeric
excess were determined by Gas Chromatography (CG) using HP 6850 Series GC System
device and LIPODEX®-E, 25 m x 0.25 mm ID (Macherey-Nagel) chiral column. It was
programmed with the following sequence: flow = 5.5 mL.min™, 70°C hold 5 min, ramp
9°C/min to 120°C, hold 13 min, ramp 40°C/min to 140°C, hold 1 min. (See ESI - page S11)

Anhydrous reactions were carried out in flame-dried glassware and under an argon
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atmosphere. Anhydrous CH,Cl,, THF, and MeOH were dried by passing through activated
alumina under a positive pressure of argon using GlassTechnology GTS100 devices. All other
chemicals were used as received, including the starting chiral amines and the platinum

dichloride salts bought from Aldrich Company.

Synthesis of the platinum complexes

The chiral imidazolium salts L1-5¢HCI used as pro-ligands were synthesized from the
corresponding chiral amines following previously described procedures. (For more details,
see S2 in the ESI). The syntheses were set under an atmosphere of argon, using anhydrous

pyridine.

General Procedure

5 A N/ﬁN\/A" In anhydrous pyridine, 1.05 equiv. of chiral
Ar N/:\NC' Ar PtC, L % Imidazolium chloride salt L1-5HCI, 1 equiv.
Y®§/ i KoCO3, pyridine e
R R 100°C ovemight N of platinum dichloride salt and 10 equiv. of
R = methyl or ethyl NS ‘

K,COg3 were stirred overnight at 100°C. Then,
the excess of pyridine was removed under reduced pressure. Under air atmosphere, the
remaining solids were dissolved in CH,CI, prior filtration through a plug of Celite. The
resulting solution was concentrated to afford a solid which was further purified by flash
chromatography (SiO,, CH,Cl,/heptane) to yield the desired NHC platinum(Il) dichloride

complexes analytically pure.
(1,3-Bis((S)-1-phenylethyl)imidazol-2-ylidene) platinum(ll) pyridine dichloride (1)

Prepared according to General Procedure from the imidazolium salt

N’TNQ L1<HCI (84 mg, 0.269 mmol) and PtCl, (67.8 mg, 0.255 mmol). Purified
cuf;:—u : by chromatography (SiO,, 50 to 100% CH,Cl,/heptane). 1 was obtained

/\N | as a pale yellow solid (125.3 mg, 0.202 mmol, 79%). R; = 0.58
iﬁ@?ﬁé‘é?ﬁ;? (CH,CL,). [a]p® = - 189.6° (c = 0.94, CH,CL,). IR (neat): 451, 525, 592,
647, 734, 760, 790, 919, 963, 1011, 1027, 1055, 1070, 1115, 1155, 1180,

1210, 1240, 1269, 1287, 1331, 1377, 1427, 1449, 1485, 1497, 1563, 1606, 1967, 2932, 2976,
3030 cm™. *H NMR (500 MHz, CDCls) & 1.95 (d, J = 7.1 Hz, 6 Hcwy), 6.55 (S, 2 Hyp), 7.12
(@, J=71Hz,2Hcy), 7.31 (tt, I = 1.2, 7.6 Hz, 2 Hnpyr), 7.35—7.42 (M, 6 Hpy), 7.60 (d, J =
7.7Hz, 4 Hpy), 7.81 (tt, J = 1.7, 7.6 Hz, 1 Hppy), 9.11 (dt, J = 1.6, 5.1 Hz, 2 Hopyr). *C{*H}
NMR (126 MHz, CDCls) & 20.4 (2 Cchi), 58.5 (2 Cche), 118.4 (2 Cim), 125.0 (2 Crnpyr), 127.8
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(4 Car), 128.2 (2 Car), 128.8 (4 Cayr), 138.1 (Cp-pyr), 139.0 (Cc-py), 139.9 (2 Car), 151.6 (2 Co.
oyr)- Elemental analysis: calcd for CasHsCIoNsPt: 6.76 N%, 46.38 %C, 4.05 H%. Found:
6.78 N%, 46.14 %C, 4.06 H%. .

(1,3-Bis((S)-1-phenylpropyl)imidazol-2-ylidene) platinum(ll) pyridine dichloride (2)

L2eHCI (150 mg, 0.440 mmol) and PtCl, (111 mg, 0.417 mmol).
Purified by chromatography (SiO,, 50 to 100% CH,Cl,/heptane). 2 was
\ obtained as a pale yellow solid (133.7 mg, 0.206 mmol, 49%0). R = 0.58
ngjggzgt (CH.Cly). [@]o®® = - 179.9° (c = 1.01, CH,CL,). IR (neat): 452, 521, 647,
691, 724, 760, 806, 846, 915, 930, 1030, 1050, 1070, 1121, 1156, 1177, 1202, 1261, 1354,
1380, 1425, 1449, 1485, 1495, 1565, 1606, 1965, 2037, 2148, 2225, 2875, 2931, 2964, 3030
cm™. *H NMR (500 MHz, CDCls) & 1.06 (t, J = 7.4 Hz, 6 Hcyy), 2.24 — 2.46 (M, 4 Hep),
6.65 (s, 2 Him), 6.78 (dd, J = 6.4, 9.2 Hz, 2 Hcn), 7.31 (dd, J = 6.4, 8.3 Hz, 2 Hp.pyr), 7.39 (td,
J=54,75Hz, 6 Ha), 7.64 (d, J = 7.6 Hz, 4 Hpay), 7.81 (tt, J = 1.7, 7.7 Hz, 1 Hppyr), 9.07 —
9.12 (M, 2 Hopy). *C{*H} NMR (126 MHz, CDCl3) § 11.5 (2 Ccs), 27.6 (2 Cch), 64.6 (2
CcH), 118.2, (2 Cim) 125.0 (2 Cinpyr), 128.2 (2 Car), 128.5 (4 Ca), 128.9 (4 Cay), 138.0 (C,.
oyr), 138.4 (2 Cpr), 1389 (Ccpr), 151.7(2 Copyr). Elemental analysis: calcd for
Ca6H29CIN3Pt: 6.47 N%, 48.08 %C, 4.50 H%. Found: 6.18 N%, 48.64 %C, 4.68 H%.

% Prepared according to General Procedure from the imidazolium salt
Cl— Pt CI ~

(1,3-Bis((R)-1-(2-methoxyphenyl)ethyl)imidazol-2-ylidene) platinum(ll) pyridine
dichloride (3)

q ~ Prepared according to General Procedure from the imidazolium salt
L3 HCI (160 mg, 0.43 mmol) and PtCl, (110 mg, 0.41 mmol).

Cljj ° Purified by chromatography (SiO;, 50% CH,Cl,/heptane to 10%
CzeHzgzlstozpt Et,O/CH,Cl,). 3 was obtained as a pale yellow solid (56.9 mg, 0.084
MW: 681.521 mmol, 20%). R; = 0.33 (CH.Cl,). [a]p®® = + 133.6° (c = 0.23,

CH,Cl,). IR (neat): 454, 470, 516, 576, 632, 691, 752, 816, 855, 937, 961, 1026, 1048, 1070,
1114, 1130, 1165, 1183, 1208, 1244, 1288, 1329, 1377, 1424, 1449, 1460, 1492, 1586, 1601,
1743, 1892, 1973, 2005, 2054, 2132, 2182, 2205, 2334, 2835, 2928, 3561, 3672, 3870, 3903
cm™. 'H NMR (500 MHz, CDCls) & 1.95 (d, J = 7.1 Hz, 6 Hcps), 3.85 (S, 6 Hoch), 6.84 (S, 2
Him), 6.90 (brd, J = 8.1 Hz, 2 Ha), 6.97 (brt, J = 7.4 Hz, 2 Hp,), 7.01 (0, J = 7.1 Hz, 2 Hcp),
7.30 (td, J = 1.7, 7.6 Hz, 2 Hypyr), 7.33 — 7.38 (M, 2 Hp,), 7.48 (dd, J = 1.7, 7.6 Hz, 2 Ha)),
7.77 (tt, 3 = 1.7, 7.6 Hz, 1 Hypyr), 9.03 (dt, J = 1.6, 5.2 Hz, 2 Hopy). “C{*H} NMR (126
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MHz, CDCl3) 6 20.9 (2 Cchs), 55.5 (2 Cochs), 55.6 (2 Ccn), 111.3 (2 Car), 118.1 (2 Cim),
120.4 (2 Cropyr), 124.8 (2 Car), 128.9 (2 Car), 129.1 (2 Ca), 129.4 (2 Car), 137.7 (Cppy),
139.1 (Cc.py), 151.7 (2 Co-pyr), 157.8 (Cc.py). Elemental analysis: calcd for CasH29CloN3O4Pt:
6.17 N%, 45.82 %C, 4.29 H%. Found: 5.93 N%, 45.63 %C, 4.39 H%.

(1,3-Bis((S)-1-(naphthalen-1-yl)ethyl)imidazol-2-ylidene) platinum(ll) pyridine
dichloride (4)

O Q Prepared according to General Procedure from the imidazolium
=\
O N‘YN / Q salt L4sHCI (108.4 mg, 0.263 mmol) and PtCl, (66.5 mg, 0.25

Cl—Pt-Cl B

N mmol). Purified by chromatography (SiO,, 75% CH,Cl,/heptane).
! 4 was obtained as a pale yellow solid (109.5 mg, 0.152 mmol,
C32H9CIoNgPt 20
MW: 721.589 61%) R =0.65 (CH2C|2) [(X]D =-135.4° (C =0.25, CH2C|2) IR

(neat): 416, 434, 471, 507, 524, 559, 648, 690, 736, 760, 805, 851, 868, 956, 999, 1027,
1049, 1070, 1106, 1184, 1214, 1237, 1268, 1313, 1328, 1378, 1419, 1449, 1485, 1510, 1565,
1606, 1819, 1994, 2005, 2073, 2194, 2229, 2922, 3043 cm™. *H NMR (500 MHz, CDCls) &
2.20 (d, J = 6.9 Hz, 6 Hcps), 6.36 (s, 2 Hyp), 7.35 (ddd, J = 1.5, 5.0, 7.6 Hz, 2 Hypy), 7.42 (q,
J = 6.9 Hz, 2Hch), 7.51 (ddd, J = 2.2, 4.6, 10.1 Hz, 4 Ha,), 7.61 (ddd, J = 1.5, 6.9, 8.5 Hz, 2
Har), 7.66 (d, J = 7.2 Hz, 2 Ha), 7.78 (i, J = 1.6, 7.6 Hz, 1 H sy, 7.87 (dd, J = 4.3, 8.1 Hz, 4
Har), 8.90 — 8.98 (M, 4 Haropyr). *C{"H} NMR (126 MHz, CDCl3) & 21.8 (2 Cchs), 55.9 (2
Cch), 118.3 (2 Cip), 124.8 (2 Cipyr), 124.9 (2 Cay), 125.1 (2 Ca), 125.4 (2 Cay), 126.2 (2
Car), 127.3 (2 Car), 128.5 (2 Cay), 129.5 (2 Car), 131.7 (2 Cay), 133.9 (2 Ca/), 135.8 (2 Ca),
137.9 (Cp-pyr), 139.5 (Ccopr), 151.7 (2 Copyr). Elemental analysis: calcd for CspHooClN3Pt:
5.82 N%, 53.26 %C, 4.05 H%. Found: 5.69 N%, 52.95 %C, 4.25 H%.

(1,3-Bis((S)-2-(naphthalen-1-yl)ethyl)imidazol-2-ylidene) platinum(ll) pyridine
dichloride (5)

.O‘i ”go Prepared according to General Procedure from the imidazolium
Ni.N
Y 7

salt L5*HCI (113 mg, 0.274 mmol) and PtCl, (69.3 mg, 0.26

C"PN"C' ) mmol). Purified by chromatography (SiO,, 60 to 75%
/\ | CH,Cl,/heptane). 5 was obtained as a pale yellow solid (79.2 mg,
i 0.110 mmol, 42%). Rt = 0.65 (CH,Cl). [a]p® = - 231.5° (c =

0.1, CH.Cly). IR (neat): 420, 475, 521, 587, 619, 647, 690, 713, 742, 753, 821, 860, 895, 967,
1018, 1033, 1069, 1127, 1191, 1214, 1242, 1271, 1314, 1330, 1379, 1426, 1449, 1485, 1507,
1562, 1605, 1633, 1730, 1917, 2130, 2218, 2924, 2975, 3050 cm™. 'H NMR (500 MHz,
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CDCl3) § 2.09 (d, J = 7.0 Hz, 6 Hepa), 6.52 (S, 2 Him), 7.29 (g, J = 6.9 Hz, 2 Hew), 7.38 — 7.44
(M, 2 Hinpyr), 7.46 — 7.55 (M, 4 Ha,), 7.77 (dd, J = 1.8, 8.7 Hz, 2 Hay), 7.79 — 7.87 (M, 5 Har+p-
oyr), 7.87 —7.92 (M, 2 Hay), 8.04 (brs, 2 Hay), 9.15 (dt, J = 1.6, 5.2 Hz, 2 Hopyr). *C{"H} NMR
(126 MHz, CDCls) § 20.3 (2 Ccps), 58.7 (2 Cchz), 118.5 (2 Cim), 125.0 (2 Crnpyr), 125.9 (2
Car), 126.4 (2 Car), 126.5 (2 Car), 126.7 (2 Cp;), 127.8 (2 Car), 128.4 (2 Car), 128.8 (2 Ca),
133.2 (2 Ca), 133.2 (2 Ca), 137.4 (2 Ca), 138.1 (Cppyr), 139.2 (Ccpr), 151.7 (2 Copyr).
195ptf!H} NMR (107 MHz, CDCls) § -2906.3. Elemental analysis: calcd for Cs,HogCloN3Pt:
5.82 N%, 53.26 %C, 4.05 H%. Found: 5.71 N%, 53.29 %C, 4.20 H%.

(1,3-Bis((S)-1-phenylethyl)imidazol-2-ylidene) platinum(ll) 3,5-dichloropyridine
dichloride (6)

J@ Prepared according to General Procedure from the imidazolium salt
/—\
L1eHCI (103 mg, 0.33 mmol), PtCl, (80.0 mg, 0.30 mmol) and 3,5-

Cl— Pt cl -

N dichloropyridine (1.4 g, 9.5 mmol). Reaction run at 100°C in toluene (c
oSN, = 02 M). Purified by chromatography (SiO; 50 to 100%
e CH,Cly/heptane). 6 was obtained as a pale yellow solid (94.0 mg, 0.136

mmol, 45%). Rs = 0.78 (CH.CL,). [a]o® = - 89° (c = 0.7, CH2Cl,). IR (neat): 449, 496, 518,
539, 590, 632, 678, 714, 745, 760, 779, 788, 825, 852, 872, 918, 961, 1012, 1029, 1057, 1104,
1122, 1166, 1184, 1218, 1273, 1299, 1335, 1378, 1388, 1421, 1433, 1455, 1497, 1556, 1604,
1699, 1963, 2052, 2187, 2940, 2984, 3068, 3117, 3154 cm™. *H NMR (500 MHz, CDCls) &
1.94 (d, J = 7.0 Hz, 6 Hchs), 6.56 (S, 2 Him), 7.03 (9, J = 7.1 Hz, 2 Hcy), 7.29 — 7.36 (M, 2
Har), 7.37 — 7.44 (M, 4 H »;), 7.58 (dd, J = 1.8, 7.3 Hz, 4 Hpy), 7.86 (t, J = 2.1 Hz, 1 Hupy),
9.11 (d, J = 2.0 Hz, 2 Hopy). *C{*H} NMR (126 MHz, CDCl5) § 20.4 (2 Cchs), 58.7 (2
Ccry), 118.6 (2 Cim), 127.8 (4 Car), 128.3 (2 Cay), 128.9 (4 Car), 133.3(Crmpyr), 136.0 (Cc-py),
137.9 (Cp-pyr), 139.7 (2 Car), 148.8 (2 Co-pyr). Elemental analysis: calcd for Cp4H23CliN3Pt:
6.09 N%, 41.76 %C, 3.36 H%. Found: 5.82 N%, 41.94 %C, 3.52 H%.

(1,3-Bis((S)-1-phenylpropyl)imidazol-2-ylidene)(pyridine)platinum(l1) pyridine diiodide
(1)

L2eHCI (102.7 mg, 0.3mmol), PtCl, (73 mg, 0.274 mmol) and Nal (450
= Pt l ~ mg, 3 mmol). Purified by chromatography (SiO,, 50% CH,Cl,/heptane).
7 was obtained as a yellow solid (203 mg, 0.244 mmol, 89%). R = 0.83

% Prepared according to General Procedure from the imidazolium salt

\

MW: 832.432
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(CH.CLy). [a]o®® = - 178.0° (c = 0.1, CH,Cl,). IR (neat): 415, 454, 520, 605, 630, 647, 710,
723, 758, 805, 846, 914, 928, 973, 1029, 1050, 1069, 1121, 1050, 1069, 1121, 1155, 1176,
1200, 1261, 1323, 1352, 1379, 1423, 1149, 1484, 1495, 1566, 1605, 1722, 1910, 1955, 2149,
2342, 2874, 2931, 2964, 3030, 3060, 3135 cm™. *H NMR (500 MHz, CDCl3) & 1.03 (t, J =
7.4 Hz, 6 Hcws), 2.15 — 2.29 (M, 2 Hep), 2.50 — 2.62 (M, 2 Hepy), 6.56 (dd, J = 4.7, 10.6 Hz, 2
Hcn), 6.70 (s, 2 Him), 7.30 — 7.37 (M, 4 Hpyrear), 7.37 — 7.44 (M, 4 Hay), 7.65 - 7.71 (m, 4
Har), 7.73 (tt, = 1.6, 7.7 Hz, 1 Hppyr), 9.09 (dt, J = 1.6, 5.1 Hz, 2 Ho pyr). *C{*H} NMR (126
MHz, CDCl3) & 11.5 (2 Cchs), 27.3 (2 Ccrr), 64.8 (2 Ccn), 118.5 (2 Cim), 125.1 (2 Cropyr),
128.3 (2 Car), 128.8 (4 Car), 129.0 (4 Cay), 135.1 (Cc.pr), 137.5(Cppyr), 138.1 (2 Cay), 154.0 (2
Co-pyr). Elemental analysis: calcd for CasHagloN3Pt: 5.05 N%, 37.51 %C, 3.51 H%. Found:
5.11 N%, 37.58 %C, 3.64 H%.

Enantioselective cycloisomerization

The model substrate 5-methyl-1-phenylhex-5-en-1-yn-3-ol (8) was synthetized following a
described procedure (For more details, see S2 in the ESI). The catalytic tests were set under

anhydrous conditions.
General Procedure

In toluene, 5 mol% of NHC platinum(1l) complex
o R o ihx R o 1-7 (c = 0.2 M, relative to the ynol 8) and 5 to 10

/é\ A-7) ||3y 5 mol % /@\ mol% of silver(l) salts were stirred for 15 min.
Me PP AgBFi(10mol%)  Me Ph Then, lequiv. of 5-methyl-1-phenylhex-5-en-1-

8 Toluene, rt 9

Ar. Ar

Nso N—

yn-3-ol (8) in toluene (c = 0.2 M) was added
along with 0.1 to 0.25 equiv. of dimethyl terephthalate, used as internal reference, to monitor
the reaction by *H NMR upon full conversion. Once achieved, under air conditions, the
toluene was removed under reduced pressure and the crude residue dissolved in CH,CI, and
filtered over au small plug of silica. In order to determine the enantiomeric excess, the crude
1-methyl-5-phenylbicyclo[3.1.0]hexan-3-one (9) was dissolvent in CH,Cl, (~1 mg/mL) and
analyzed by GC (See Table 2). The retention times of the dimethyl terephthalate was equal to
22.2 min. The retention times for both cis-1-methyl-5-phenylbicyclo[3.1.0]hexan-3-one

enantiomers were equal to 19.6 min and 20.5 min.

1-Methyl-5-phenylbicyclo[3.1.0]hexan-3-one (9): *H NMR (300 MHz, CDCl3) & 0.63 (brd,
J=5.8Hz, 1 H), 1.06 (s, 3 H), 1.24 (dt, J = 2.3, 5.1 Hz, 1 H), 2.48 (brd, J = 18.9 Hz, 1 H),
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2.63 (brd, J=19.0 Hz, 1H), 2.69 (dgq, J = 1.9, 19.0 Hz, 1 H), 2.85 -2.99 (m, 1 H), 7.24 — 7.43
(m, 5 H).

Associated content

Supporting information

The NMR spectra of 1-7, the chromatograms associated with the catalytic trials and the
crystal data of 6, 7 are available. The crystallographic information files (CIF) have been
deposited with the CCDC, 12 Union Road, Cambridge, CB2 1EZ, U.K., and can be obtained
on request free of charge, by quoting the publication citation and deposition numbers
1955627, 1955628. This material is also available free of charge via the Internet at

http://pubs.acs.org.
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