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Late-Transition-Metal Complexes as Tunable Lewis Bases

Jiirgen Bauer, Holger Braunschweig,* Peter Brenner, Katharina Kraft,
Krzysztof Radacki, and Katrin Schwab'

Abstract: Syntheses of the first heteroleptic N-heterocyclic carbene (NHC)—phos-
phane platinum(0) complexes and formation of the corresponding Lewis acid-base

adducts with aluminum chloride is reported. The influence of N-heterocyclic car-
benes on tuning the Lewis basic properties of the metal complexes was judged
from spectroscopic, structural, and computational data. Conclusive experimental

Keywords: carbenes - density func-
tional calculations - Lewis acids -
Lewis bases - platinum

evidence for the enhanced Lewis basicity of NHC-containing complexes was pro-

vided by a transfer reaction.

Introduction

The concept of Lewis basicity is of major importance in or-
ganometallic synthesis and catalysis.!! Complexes of the
type [MXL;] (M=Rh, Ir; L=CO, PR;), brought about by
Vaskal® and Wilkinson et al.,” have long been recognized as
metal bases, as they constitute electron-rich, square-planar
d® species that react readily with electrophiles and also oxi-
datively add, for example, H,, R;SiH, or R,BH, thus render-
ing these complexes widely used catalysts.'” Subsequently,
Werner and others have developed the chemistry of Lewis
basic half-sandwich complexes, for example, of the type [(v’-
CsRML;].I"!

Besides their importance for homogeneous catalysis,
Lewis basic complexes have been employed for the synthesis
of di- and oligonuclear species that display dative bonds be-
tween various metal centers. Earlier work by Pomeroy et al.
reported on dinuclear species such as 1 (Scheme 1), which
display a dative bond between Os and a Group 6 metal.>4]

It should be noted that these and related dinuclear car-
bonyl species, for example, 2, display unsupported dative
bonds between two different d-block metals in the crystal.
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Scheme 1. Complexes 1-6, which display dative bonds of Lewis basic
transition-metal centers towards Lewis acidic d- and p-block metals.

However, variable temperature (VT) NMR spectroscopy re-
vealed the presence of bridging carbonyl ligands in solution,
thus supporting the dative metal-metal linkage.>'" Like-
wise, early examples of complexes with dative bonds be-
tween d- and p-block metals such as 3 generally display sup-
ported intermetal linkages.'”! Although reports on such
“metal-only” Lewis pairs remained sparse and rather curso-
ry for a long time, the field of heterodinuclear d-block/p-
block complexes with dative bonds in particular has devel-
oped rapidly over the past decade. In a seminal paper from
1999, Hill et al. reported on the first metal boratrane 4 that
displayed a dative Ru—B bond."® Subsequently, this synthet-
ic approach has been systematically applied by Hill, Parkin,
and others to the synthesis of a wide range of bora-
tranes.!"">’
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More recently, corresponding sila- and stannatranes have
been reported that comprise supported dative bonds be-
tween d- and p-block elements.**** Similarly, Bourissou
et al. have successfully employed bi- and tridentate phos-
phanes for the synthesis of supported metal-base adducts of
Group 13 elements,*"™) and we disclosed the pronounced
propensity of electron-rich metal fragments of the type [M-
(PR;)] M =Pd, Pt) to form dative bonds to metal-coordi-
nated boryl and borylene ligands.*?! The latter species
without exception display CO bridges between the metal
centers and thus again supported dative metal-element
bonds. Neutral Lewis pairs of the type [CpRh(PR;),(AIR'3)]
(R=R’=Me, Et; Cp=cyclopentadienyl) that feature unsup-
ported transition-metal-aluminum bonds were first de-
scribed by Mayer and Calabrese.” However, the only struc-
turally characterized complex, [CpRh(PMe;),(Al,Me,Cl,)]
(7), shows a significant zwitterionic contribution and was de-
scribed as a cationic complex [CpRh(PMe;),(AlMe,)]* with
a weakly associated [AlMe,Cl,]™ counterion.

Very recently, we initiated studies on unsupported “metal-
only” Lewis pairs and reported structurally characterized
heterobimetallic species with Pt—-M (M=Be, Al, Ga, Zr)
bonds and thus representative examples for d-block/s-, p-,
and d-block combinations.’*>" For these species that are
devoid of any intramolecular scaffold that supports the
dative bond, the propensity of the platinum center to act as
a Lewis base is apparently of vital importance. Hence, we
became interested in the question of how to vary, and pref-
erably increase, the electron-donating properties of com-
plexes of the type [PtL,].

N-Heterocyclic carbenes (NHCs) have been widely ap-
plied to the process of tuning the electronic properties of
transition-metal complexes. Thus NHC complexes have
proven to be versatile catalysts for many important transfor-
mations such as ruthenium-catalyzed olefin metathesis, pal-
ladium-catalyzed cross-couplings, and others.”*!!

Although Nolan et al. have performed systematic IR spec-
troscopic studies on the electronic effect that NHCs exert
on iridium carbonyls,®? to the best of our knowledge there
has been no investigation on the direct influence of NHCs
on the Lewis basic properties of the metal centers.

Herein we report on the synthesis and characterization of
three new Pt complexes of the general formula
[(NHC),_,Pt(PCy;),] (n=0, 1; Cy=cyclohexyl) including
the first heteroleptic NHC-phosphane-Pt” complexes, as
well as a novel homoleptic NHC-Pt’ complex. These new
species were investigated with respect to their reactivity to-
wards AICIl;. From these results and on the basis of structur-
al, spectroscopic, and computational data, the influence of
NHCs towards the degree of the Lewis basicity of Pt” com-
plexes was inferred.

Results and Discussion

Synthesis of NHC-containing Pt" complexes: The new com-
plexes [(ItBu)Pt(PCys)] (8; IrBu=N,N'-bis(tert-butyl)imid-
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azol-2-ylidene), [(SIMes)Pt(PCy;)] (9; SIMes=N,N'-bis-
(mesityl)imidazolylidine), and [(SIMes),Pt] (10) were syn-
thesized by ligand-exchange reactions in hexane. Since
NHCs are considered to be better o donors, and thus stron-
ger ligands than PCy;,%%! [Pt(PCy;),] (11) was chosen as
the starting material (Scheme 2).

PCy, NHC
| hexane |

Pt — = Pt NHC = I{Bu,

| +NHC | SIMes
PCys -PCy, PCy3/NHC

1 8-10

Scheme 2. Synthesis of the complexes [(ItBu)Pt(PCy;)] (8), [(SIMes)Pt-
(PCys3)] (9), and [(SIMes),Pt] (10) by ligand exchange from the precursor
[Pt(PCy;),] (11).

The heteroleptic complexes 8 and 9 are obtained directly
by stirring 11 with stoichiometric amounts of the corre-
sponding NHC (IrBu and SIMes, respectively) for 2-3.5h at
room temperature. The progress of the reaction can be
monitored by *'P{'H} NMR spectroscopy as well by the
deepening of the color from its bright original state to a
dark yellow solution. The homoleptic NHC complex 10 is
synthesized by adding the NHC in a twofold excess to 11
and stirring the solution at 80°C for 18 h, whereby the color
changes from bright yellow to deep orange. All three com-
plexes are isolated by crystallization from hexane at —30°C
in good yields between 67 and 88%. The introduction of
NHCs into the ligand sphere of the platinum center results
in a decrease of the *'P,)”Pt NMR spectroscopic coupling
constants (8: J=3986 Hz; 9: J=3640 Hz) compared to the
value of J=4164 Hz found in 11.¥

These spectroscopic parameters provide evidence for
somewhat weakened Pt—P bonds on account of the en-
hanced trans influence of the NHC ligand. Additionally, the
3P{'H} NMR spectroscopic resonances are slightly shifted to
higher field, that is 6 =59.7 (8) and 58.4 ppm (9), respective-
ly, versus 6 =62.3 ppm reported for 11. Resonances of the
carbenic carbon atoms in the “C{'H} NMR spectra are lo-
cated in the region between =200 and 220 ppm, and are
therefore in the expected range for late-transition-metal
NHC complexes. These parameters suggest preliminary evi-
dence for the increased electron density at the platinum
center imposed by the introduction of NHCs. Additionally,
the Pt{'"H} NMR spectroscopic resonances all indicate, rel-
ative to the resonance of 11 (6 =—6501 ppm), a large down-
field shift (6=-6156 (8), —6151 (9), —5462 ppm (10);
Table 1).

Single crystals of the new compounds 8, 9, and 10
(Figure 1) suitable for X-ray analysis were obtained by stan-
dard procedures described in the Experimental Section. All
complexes display the expected overall linear geometry
around the platinum center and crystallize in the space
group P1 (8, 9) and P2,/n (10), respectively. As a common
feature, the P-Pt-C1 and C1-Pt-C2 angles (177.2(1) (8),
172.4(1) (9), 173.9(1)° (10)) are considerably wider than the
P1-Pt-P2 angle of 160.5(2)° in 11, thus indicating a some-
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Table 1. NMR spectroscopic parameters of compounds 8-11.

Compound Stplal L(ppt)l Bl 195plal
1 62.3 4164 - —6501
8 59.7 3986 201.2 —6156
9 58.4 3640 216.9 —6151
10 - - 215.9 —5462

[a] 0 in ppm. [b] '/ coupling constant in Hz. Data for 11 from ref. [65].

10

Figure 1. Molecular structures of 8, 9, and 10. Relevant bond lengths [A]
and angles [°]: 8: Pt—C1 2.027(3), Pt—P 2.211(1), C1-Pt-P 177.2(1); 9: Pt—
C1 1.991(2), Pt—P 2.228(1), C1-Pt-P 172.4(1); 10: Pt—C1 1.959(2), Pt—C2
1.974(2), C1-Pt-C2 173.9(1) Ellipsoids are drawn at the 50 % probability
level. Ellipsoids of the ligands, solvent molecules, and hydrogen atoms
are omitted for clarity.

what smaller deviation from linearity (Table 2). Despite all
aforementioned NMR spectroscopic evidence for a pro-
nounced trans influence of the NHC ligands in solution, the
P—Pt distances in 8 and 9 are rather unobtrusive and do not
differ much from those in 11. It should be noted, though,

Table 2. Structural parameters of compounds 8-11.

Compound C—pill PPt L-Pt-LM
1 2.231(4)
- 2.231(4) 1605(2)
8 2.027(3) 2.211(1) 177.2(1)
9 1.991(2) 2.228(1) 172.4(1)
10 1.959(2)
1.974(2) - 173.9(1)
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that a similar finding can be drawn from the comparison of
the few structural data that are available for corresponding
palladium complexes. Thus, the Pd—P separation in the cor-
responding [Pd(PCys;),] complex (12), which also shows a
P1-metal-P2 angle of 158°, was found to be 2.26 A166]

The corresponding heteroleptic NHC complex [(IPr)Pd-
(PCy;)] (13) displays a C1-Pd-P angle of 170.88(2)° and a
Pd—P distance of 2.2212(3) A"l and thus a corresponding
trend in structural data.

Synthesis of Lewis acid-base adducts: The T-shaped Lewis
acid-base adducts [(ItBu)(Cy;P)Pt(AICL)] (8'), [(SIMes)-
(CysP)Pt(AICLy)] (9'), and [(SIMes),Pt(AICL;)] (10) are ob-
tained by stirring the precursors 8, 9, and 10 in benzene at
ambient temperature with equimolar amounts of AlCl,
(Scheme 3).

NHC NHC

| benzene
Pt ———> Pt—AICl; NHC=IBu,

| +AlCl, | SIMes
PCy4/NHC PCy4/NHC

8-10 8'-10'

Scheme 3. Syntheses of the complexes [(I/Bu)(Cy;P)Pt(AICL)] (8),
[(SIMes)(Cy,;P)Pt(AICL)] (%), and [(SIMes),Pt(AICL)] (10").

The constitution of the alane complexes in solution is in-
dicated by multinuclear NMR spectroscopic data, in particu-
lar by *'P{'"H} NMR spectroscopy. The corresponding reso-
nances of the heteroleptic adducts 8 (6=39.1 ppm) and ¥
(0=45.5 ppm; Table 3) show a significant high-field shift in
comparison to those of the precursors 8 (6=59.7 ppm) and
9 (=584 ppm). A similar, albeit somewhat less notable
trend was found for 11 (6 =62.3 ppm) and its corresponding
alane adduct [(Cy;P),Pt(AICl;)] (11, 6=53.5 ppm). Like-
wise the *'P,'”Pt NMR coupling constants are significantly
reduced to J=2915 (8) and 2875 Hz (9) relative to those of
the starting materials 8 (/J=3986 Hz) and 9 (/=3640 Hz).
This is again in good agreement with the observed decrease
in the coupling constant to J=3032 Hz (11') upon alane
adduct formation of 11 (J=4164 Hz). These *'P{'H} NMR
spectroscopic data provide some evidence for a decreased
platinum—phosphorus interaction in the alane adducts with
respect to the platinum complex precursors, presumably
brought about by electron donation through the d,. orbital'®®!
to the Lewis acid, and more importantly, by the increased
coordination number of the platinum centers. A similar sit-
uation can be found for the "C{'"H} NMR spectroscopic res-

Table 3. NMR spectroscopic parameters of compounds 8'-11".

Compound plal (PP 13kl
1 535 3032 _

& 39.1 2915 1887
9 45.5 2875 213.7
1 - - 2112

[a] Distance [A]. [b] Angle [°]. Data for 11 from ref. [65].
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onances of the carbenic carbon atoms. Here, upon adduct
formation the corresponding resonances shift slightly to
higher field from 6=216.9 (9) and 215.9 ppm (10) to 0=
213.7 (9) and 211.2 ppm (10’). A more significant effect was
observed for the adduct 8 (0=188.7 ppm) in comparison to
its precursor 8 (60 =201.2 ppm).

Due to the large quadrupolar momentum of aluminum,®’
it is not possible to apply 'Pt{'H} NMR spectroscopy to
compare the resonances of the Pt’ complexes with their cor-
responding Lewis acid-base adducts (Table 3)

Single crystals of the alane complexes 8, 9, and 10
(Figure 2) suitable for X-ray analysis were obtained by stan-
dard procedures as described in the Experimental Section.
The complexes crystallize in the space group P2,/n (8),
Pna2, (), and P2,/c (10'), respectively, and, as a common
feature, exhibit a T-shaped coordination geometry of the
platinum center, as already observed for the neutral com-
pound [(CysP),Pt(AICL;)] (1) and the cationic Pt" com-
plex [(CysP),Pt(BBr,)|[BAr,] 14 (Ar'=3,5-(CF;),CsH;)."”

10°

Figure 2. Molecular structures of 8, 9, and 10’. Relevant bond lengths
[A] and angles [°]: 8" Pt—C1 2.040(4), Pt—P 2.295(2), Pt—Al 2.398(2), Al—
Cl1 2.167(2), Al-CI2 2.170(2), AI—CI3 2.170(2), C-Pt-P 163.9(2), C-Pt-Al
94.6(2), P-Pt-Al 101.6(1), ClI1-Al-CI2 105.1(1), CI1-Al-CI3 106.1(1), CI2-
Al-CI3 106.0(1), CI3-Al-Pt 110.1(1); 9" Pt—C 1.991(9), Pt—P 2.301(2),
Pt—Al 2.384(2), AI-Cl1 2.147(2), Al-CI2 2.157(2), Al-CI3 2.172(2), C-Pt-
P 168.3(5), C-Pt-Al 88.5(5), P-Pt-Al 103.1(1), Cl1-Al-CI2 107.7(1), Cl1-
Al-CI3 106.6(1), CI2-Al-CI3 102.5(1), Cl1-Al-Pt 112.4(1); 10" Pt—C
2.021(2), Pt—C' 2.037(2), Pt—Al 2.370(1), AI-CI1 2.142(1), AICI2
2.165(1), AI-CI3 2.158(1), C-Pt-C' 174.6(1), C-Pt-Al 90.9(1), C-Pt-Al
94.5(1), Cl1-Al-CI2 106.0(1), Cl1-Al-CI3 108.3(1), CI2-Al-CI3 103.4(1),
Cl1-Al-Pt 110.5(1). Ellipsoids are drawn at the 50 % probability level. El-
lipsoids of the ligands and hydrogen atoms are omitted for clarity.
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The Pt—P and Pt—C bond lengths are elongated due to the
increased coordination number of platinum (Table 4). For
example, the P—Pt distance found in 8 (2.295(2) A) is rela-

Table 4. Structural parameters of compounds 8'-11".

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Compound ~ C—Ptl P-Pt APt L-Pt-LI
1 2.299(1)
- 2313(1) 2.386(1)  162.1(1)
8 2.040(4)  2295(2) 2.398(2)  163.9(2)
9 1.991(9)  2301(2) 2.384(2)  168.3(5)
10’ 2.021(2)
2.03702) - 2.370(1)  174.6(1)

[a] Distance [A]. [b] Angle [°]. Data for 11’ from ref. [65].

tive to 8 (2.211(1) A), increased by 3.8%. This is in good
agreement with the increase found in the known species 11
and 11’ (3.0 and 3.5%, respectively). Likewise, the alumi-
num atoms in all new adducts display the expected slightly
distorted tetrahedral geometry already found for 11’, and
the Pt—Al separations deviate only 0.1-0.7 % from the one
reported for 11’ (Table 4). Interestingly, complex 10" reveals
an almost coplanar mutual orientation of the two SIMes
groups, whereas the ligands in the starting material 10 show
an orthogonal arrangement.

Some of the aforementioned spectroscopic and structural
data seem to suggest a somewhat enhanced electron density
and thus Lewis basicity of the platinum centers in 8-10
brought about by the introduction of ligands with a strong
trans influence, that is the NHCs.

Density functional theory (DFT) calculations: To provide
further information about the influence of NHCs on the
Lewis basicity of the title compounds towards AlCl;, DFT
calculations were carried out (Scheme 4)."!

N_ _Nepg N_ Nepg
PR, R T R R T R
Fl’l Fl’t Pt
PR PR /L .
3 3 R\N N’R
\—=/
1511 16/8 1718

Scheme 4. Models used for the DFT calculations: 15-17: R=R’'=Me; 11,
8,18: R=Cy, R'=Bu.

The optimized structures of [Pt(PMes),] (15), [(IMe)Pt-
(PMes)] (16), and [(IMe),Pt] (17) were calculated to deter-
mine the influence of the steric hindrance in the investigated
systems. These compounds serve as simplified models for
the complexes [Pt(PCy;),] (11), [(ItBu)Pt(PCy;)] (8), and
[(IBu),Pt] (18).

In addition, the corresponding alane adducts of both orig-
inal and simplified compounds were optimized using the
same methods ([(Me;P),Pt(AlICL)] (15), [(IMe)(Me;P)Pt-
(AICL)] (16'), [(IMe),Pt(AICL)] (17), ([(CysP),Pt(AICL)]

Chem. Eur. J. 2010, 16, 11985 -11992


www.chemeurj.org

Late-Transition-Metal Complexes

(11"), [(IrBu)(Cy;P)Pt(AICL)] (8'), and [(I/Bu),Pt(AlCL;)]
(18"), respectively).

The computed geometries show similar structural parame-
ters to those derived from the experiments. However, the
calculated distances are slightly overestimated (by approxi-
mately 1.2-3.5%). The C—Pt distances are longer by 3.4 (8)
and 2.5pm (8), and the P—Pt distances by 7.7 (8) and
7.3 pm (8').

The SCF energies of all optimized compounds were used
to determine the bonding dissociation enthalpies (BDEs)
for the alane adducts. As expected, the strength of the Pt—
Al bond increases as the phosphane ligands are consecutive-
ly replaced by NHCs.

Therefore, the BDE increases along the series 1§
(=162 kImol™") <16’ (—188 kImol™") <17 (—204 kImol™).
Interestingly, this trend is different for the unsimplified com-
pounds: 18 (—121kJmol™)<1l" (—141kJmol™")<§
(—157 kImol™") (Table 5). Nonetheless, even the smallest
calculated platinum alane interaction surpasses those deter-
mined for transition-metal alane adducts of the type [CpRh-
(PR;),(AIR’;)] (R=R'=Me, Et) (75kJmol™) by about
45 kImol .’

Table 5. Selected calculated geometrical and electronic parameters of
[L,Pt(AICL)].

11 8 18 15 16’ 17
Pt—Al [A] 2.458 2.455 2.477 2.467 2.451 2.441
WBI® (Pt—Al) 0.52 0.55 0.57 0.51 0.54 0.57
WBI® (Pt—L1) 0.50 0.51 0.53 0.52 0.53 0.54
WBI® (Pt—1.2) 0.50 0.51 0.50 0.51 0.53 0.54
natural charge

Pt -031 -022 -013 —-034 —026 —0.17
Al 1.32 1.29 1.28 1.31 1.30 1.29
BDE [kimol™'] —141  —157 —121  —-162 —188  —204
AE,.," (PL,) 39.8 43.8 78.9 15.6 8.4 132
AE,," (AICL) 985 1014 1133 84.3 86.0 92.5
AE, [ (Pt—Al)  —279.5 3022 -3132 -261.8 -2823 —309.5
1 8 18 15 16 17

WBI® (Pt—L1) 0.59 0.63 0.62 0.61 0.64 0.65
WBI® (Pt—L2) 0.59 0.58 0.62 0.61 0.62 0.65
natural charge

Pt -048 -040 -032 -053 047 —040

[a] Wiberg bond index. [b] Preparation energy in kJmol~". [c] Interaction
energy in kJmol™ (L1, L2=PR;, NHC).

This unexpected deviation in the case of the sterically en-
cumbered 18’ can be rationalized by higher preparation en-
ergies for both reaction partners when compared with the
sterically less crowded complexes 11" and 8'. The bulky IrBu
ligand causes stronger distortion of the AlCl; moiety in 18,
which leads to higher AE,,, for the alane (about 10 kJ mol ™
higher than in the case of 11’ and 8’). Even more essential
for the observed trend in BDEs is the AE,, of the T-
shaped metal fragments. As mentioned above, the two NHC
ligands in homoleptic complexes such as 18 are mutually or-
thogonal, whereas the alane adducts reveal a more eclipsed
arrangement. Thus, rotation of the NHCs about the C1-Pt-

Chem. Eur. J. 2010, 16, 11985-11992
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C2 axis significantly contributes to AE,., in 18, and accord-
ingly this rotational barrier was calculated to be 36 kJmol .
In the case of the simplified complex 17, the NHC rotational
barrier amounts only to 5 kJmol™'. The significant differen-
ces in AE,,, are therefore held responsible for the observed
deviation from the expected trend for the unsimplified com-
plexes compared to the simplified model species.

The degree of orbital interactions has been estimated
using the natural bond orbital (NBO) method.”>™ De-
crease in the natural charge of the platinum centers is ob-
served as NHC ligands are gradually introduced (—0.31 (11)
to —0.13 (8) and —0.34 (15) to —0.17 (17), respectively),
thereby providing evidence for the superior m-acceptor
properties of NHCs compared to phosphanes.”””! Evidence
for the strengthening of the Pt—Al interaction through
ligand substitution is also provided by an increased Pt—Al
Wiberg bond index (WBI) as NHC ligands are added (0.52
(11, 0.55 (8'), 0.57 (18'), 0.51 (15), 0.54 (16'), 0.57 (17")).

Additionally, the WBIs between the donor ligands and
the platinum center in the alane adducts are lowered by
0.07-0.12 in comparison to the starting complexes (Table 5),
which is in accordance with their crystallographically ob-
served and computationally determined elongated bond
lengths.

As expected, the natural charges of the platinum centers
in the adducts are slightly more positive by approximately
0.20 e, and accordingly those of the aluminum atoms are
more negative by the same amount relative to those of the
starting materials PtL, and AICl;. Therefore, although the
T-shaped structures of the alane adducts reveal similarities
with the cationic complex [(Cy;P),Pt(BBr,)|[BAr"] (14), the
calculations suggest a practically neutral platinum center.

Transfer of the Lewis acid AICl;: Based on the aforemen-
tioned computations, in particular the high BDE for the
dative Pt—Al bond and the favorably low AE,., the new
heteroleptic complex 8 appears to exhibit an enhanced pro-
pensity to act as Lewis base towards AlCl; in comparison to
the homoleptic species.

To provide conclusive experimental evidence for this as-
sumption, a transfer experiment was carried out. To this
end, [(Cy;P),Pt(AlCL;)] (11') was dissolved in benzene at
ambient temperature and treated with an equimolar amount
of [(ItBu)Pt(PCys;)] (8) (Scheme 5).

PCy; |tBu benzene, 1tBu PCy;
| rt, 15 min | \
Plt—>A|C|3 + Fit _— Plt—>A|C|3 + P‘t
PCy, PCy; PCy; PCy;
1"’ 8 8' 1

Scheme 5. Transfer of the AICl; fragment from [(Cy;P),Pt(AlCLy)] (11')
to [(ItBu)Pt(PCy;)] (8).

Monitoring the reaction mixture by multinuclear NMR
spectroscopy indeed revealed complete transfer of the Lewis
acid AICl; from 11’ to 8 with formation of the adduct
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[(IfBu)(Cy;P)Pt(AICL;)] (8) (vide supra). *'P{'H} NMR
spectra of the reaction mixture revealed a gradual decrease
of the signals at 0=53.5 (11') and 59.7 ppm (8), respectively,
which are associated with the starting materials, with con-
comitant increase of the product signals at 6 =62.3 (11) and
39.1 ppm (8'). The transfer was complete after 15 min at am-
bient temperature and proceeded without formation of solu-
ble side or degradation products as judged by multinuclear
NMR spectroscopy.

Additionally, the transfer reaction of the homoleptic
NHC—Pt adduct 10’ towards the stronger Lewis base 8 was
carried out. In comparison with the above-mentioned trans-
fer experiment, this reaction requires higher temperatures
(80°C in comparison to room temperature) and extended
reaction times (about 70% conversion after 60 h, as deter-
mined by NMR spectroscopy). Additionally, due to the
harsher reaction conditions, degradation products are
formed. In particular, after heating for more than 60 h, the
formation of the degradation products increases significant-
ly. However, the results clearly indicate that the heteroleptic
adduct 8’ is favored over the homoleptic adducts 10" and 11'.

Conclusion

The first heteroleptic NHC-phosphane complexes and a
new homoleptic NHC complex of Pt’ were prepared and
fully characterized in solution and in the solid state, together
with their corresponding AICI; adducts. The description of
the bonding mode in these adducts based on experimental
and computational data fulfills criteria previously defined by
Hill et al."™ and Parkin et al.’® for metal borane adducts.
Both the experimental and the computational data are con-
sistent with a dative bond between aluminum and platinum.

The influence of NHCs on the Lewis basicity of the plati-
num centers was assessed on the basis of spectroscopic and
structural data as well as DFT calculations. In particular, the
latter gave evidence for a correlation between the number
(and type) of NHC ligands and the strength of the dative
Pt—Al interaction as judged by the corresponding BDE.
Conclusive experimental evidence for the prediction that
NHCs enhance the Lewis basicity of Pt’ centers was brought
about by a transfer reaction between [(Cy;P),Pt(AICl;)]
(11’) and the presumed stronger base [(I1Bu)Pt(PCy;)] (8),
which led to quantitative formation of [(IrBu)(Cy;P)Pt-
(AICL)] (8).

Experimental Section

General considerations: All manipulations were performed either under
an atmosphere of dry argon or in vacuo using standard Schlenk line and
glovebox techniques. Solvents were purified by distillation under dry
argon from sodium and stored under argon over molecular sieves. NMR
spectra were acquired using Bruker AMX 400 (‘H: 400.1 MHz, “C{'H}:
100.6 MHz, *'P{'H}: 162.0 MHz) or Bruker Avance 500 ('H: 500.1 MHz,
BC{'H}: 1258 MHz, “N: 50.7MHz, *'P{'H}: 202.5MHz, '*Pt{'H}:
106.9 MHz) NMR spectrometers. '"H and *C NMR spectra were refer-
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enced to external TMS through the residual protons of the solvent (‘H)
or the solvent itself (**C). >N NMR spectra were referenced to external
nitromethane, *'P NMR spectra were referenced to external H;PO,
(85%), and Pt NMR spectra were referenced to Na,[PtCl] in D,O.

Synthesis of [(I/Bu)Pt(PCy;)] (8): In a 50 mL Schlenk flask, [Pt(PCys;),]
(11) (300 mg, 0.40 mmol) and IrBu (80.0 mg, 0.44 mmol) were dissolved
in hexane (10 mL) and stirred for 2 h at room temperature. After cooling
the solution to —30°C for 24 h, the solvent was decanted and the residue
dried in vacuo to yield 8 as a bright yellow solid (230 mg, 0.35 mmol,
88%). Crystals suitable for X-ray diffraction were grown from a solution
in hexane at —30°C. 'HNMR (400.1 MHz, C,D¢): 0=6.56 (s, 2H;
NCHCHN), 2.44-235 (m, 6H; Cy), 2.09 (s, 18H; C(CH;);), 1.99-
1.25 ppm (m, 27H; Cy); “C{'H} NMR (100.6 MHz, C,D): 6=201.2 (d,
2J(C,P)=121 Hz; NCN), 113.9 (d, *J(C,P)=4 Hz; NCHCHN), 583 (s;
C(CH,)5), 362 (d, J(CP)=24Hz; Cy), 32.1 (s; C(CH;);), 31.8 (d,
3J(C,P)=3Hz, Cy), 282 (d, J(C,P)=10Hz; Cy), 27.4ppm (s; Cy);
“NNMR (50.7 MHz, C,Dg): 6=-170 ppm; *'P{'H} NMR (162.0 MHz,
C¢Dg): 6=59.7ppm ('J(P,Pt)=3986 Hz); '“Pt{'"H} NMR (106.9 MHz,
C¢Dg): 0=—6156 ppm ('J(Pt,P)=3965 Hz); elemental analysis calcd (%)
for CyHs;N,PPt: C 53.11, H 8.15, N 4.27; found: C 53.50, H 8.23, N 4.45.
Synthesis of [(SIMes)Pt(PCy;)] (9): [Pt(PCy;),] (11) (200 mg, 0.26 mmol)
and SIMes (89.0 mg, 0.26 mmol) were dissolved in hexane (10 mL) in a
50 mL Schlenk flask and stirred for 3.5h at room temperature. After
cooling the solution to —30°C for 30 h, the solvent was decanted and the
residue dried in vacuo to yield 9 as a dark yellow solid (140 mg,
0.18 mmol, 69%). Crystals suitable for X-ray diffraction were grown
from a solution in hexane at —30°C. '"HNMR (500.1 MHz, C,Dy): 6=
6.87 (s, 4H; H(ar.)), 3.12 (s, 4H; NCH,CH,N), 2.52 (s, 12H; 0-CH;), 2.21
(s, 6H; p-CH;), 1.94-1.13 ppm (m, 33H; Cy); “C{'"H} NMR (125.7 MHz,
C¢Dg): 6=216.9 (d, 2J(C,P)=115 Hz; NCN), 137.3 (s; C(ar.)), 135.2 (s;
C(ar.)), 134.9 (s; C(ar.)), 126.9 (s; C(ar.)), 48.5 (s; NCH,CH,N), 34.2 (d;
'J(C,P)=23 Hz; Cy), 30.6 (d, *J(CP)=3Hz; Cy), 26.5 (d, J(C,P)=
11 Hz; Cy), 25.7 (s; Cy), 19.8 (s; p-CH3), 17.5 ppm (s; 0-CH;); "N NMR
(50.7 MHz, C¢Dg): 6=—252 ppm; *'P{'"H} NMR (202.5 MHz, C;Dy): 6=
58.4 ppm (J(PPt)=3640 Hz); '"Pt{'H} NMR (106.9 MHz, C,D): 0=
—6151 ppm ('J(Pt,P)=3634 Hz); elemental analysis caled (%) for
C3HsoN,PPt: C 59.90, H 7.61, N 3.58; found: C 59.62, H 7.61, N 3.82.
Synthesis of [(SIMes),Pt] (10): In a 50 mL Schlenk flask, [Pt(PCy;),] (11)
(200 mg, 0.26 mmol) and SIMes (160 mg, 0.53 mmol, 2 equiv) were dis-
solved in hexane (15 mL) and stirred for 18 h at 80°C. After cooling the
solution to —30°C for 48 h, the solvent was decanted and the residue
dried in vacuo to yield 10 as an orange-yellow solid (140 mg, 0.17 mmol,
67 % ). Crystals suitable for X-ray diffraction were grown by means of dif-
fusion of hexane to a benzene solution at room temperature. '"H NMR
(500.1 MHz, C¢Dy): 0=6.85 (s, 8H; H (ar.)), 2.90 (s, 8H; NCH,CH,N),
234 (s, 12H; p-CH;), 2.14ppm (s, 24H; o-CH;); "“C{'H}NMR
(125.7 MHz, C¢Dy): 6=215.9 (s; NCN), 139.0 (s; C(ar.)), 136.6 (s; C(ar.)),
135.3 (s; C(ar.)), 128.8 (s; C(ar.)), 49.7 (s; NCH,CH,N), 21.3 (s; p-CHs),
18.7ppm (s; 0-CH3); "NNMR (30.4 MHz, C¢Dg): 6=-254 ppm;
pt{'H} NMR (106.9 MHz, C¢Dg): 0=—5462 ppm; elemental analysis
caled (%) for C;sHs,N,Pt: C 62.43, H 6.49, N 6.93; found: C 6228, H
6.49, N 7.55.

Synthesis of [(IrBu)(Cy;P)Pt(AICL;)] (8): In a J. Young NMR tube, 8
(15.0 mg, 23.0 pmol) and AICl; (5.0 mg, 48.0 umol) were dissolved in
C¢Ds (0.6 mL). After 1d at room temperature, a yellow precipitate ap-
peared. Recrystallization yielded 8 (8.1 mg, 10.3 umol, 68%). Crystals
suitable for X-ray diffraction were grown by means of diffusion of
hexane to a benzene solution at room temperature. 'H NMR
(500.1 MHz, CiDy): 6=6.59 (s, 2H; NCHCHN), 2.40-2.28 (m, 3H; Cy),
2.10-2.04 (m, 6H; Cy), 1.82 (s, 18H; C(CH;);), 1.80-1.72 (m, 12H; Cy),
1.64-1.56 (m, 6H; Cy), 1.35-1.23ppm (m, 6H; Cy); “C{'H} NMR
(125.7 MHz, C¢Dg): 6=188.7 (d, J(C,P)=109 Hz; NCN), 117.9 (s;
NCHCHN), 59.5 (s; C(CHs);), 34.6 (d, 'J(C,P)=26 Hz; Cy), 32.8 (s;
C(CHs;)5), 30.9 (s; Cy), 27.7 (d, %J(C,P)=10 Hz; Cy), 26.4 ppm (s; Cy);
'P{'"H} NMR (202.5 MHz, C,Dg): 6=39.1 ppm ('J(P,Pt)=2915 Hz); ele-
mental analysis caled (%) for C,0H5;AICI;N,PPt: C 44.14, H 6.77, N 3.55;
found: C 43.31, H 6.64, N 4.19.
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Synthesis of [(SIMes)(Cy;P)Pt(AICL;)] (9'): In a J. Young NMR tube, 9
(10.0 mg, 13.0 pmol) and AICl; (1.7 mg, 13.0 umol) were dissolved in
C¢Ds (0.6 mL). After 1d at room temperature, yellow crystals were
formed. Recrystallization yielded 9’ (7.4 mg, 8.1 umol, 62%). Crystals
suitable for X-ray diffraction were grown from a solution in toluene at
—30°C. '"HNMR (500.1 MHz, C¢Dg): 6=6.90 (s, 2H; H(ar.)), 6.67 (s,
2H; H(ar.)), 3.46-3.43 (m, 2H; NCH,CH,N), 2.96-2.92 (m, 2H;
NCH,CH,N), 2.75 (s, 6H; CH;), 2.30 (s, 6H; CH;), 2.14 (s, 6H; CH,),
1.82-1.14 ppm (m, 33H; Cy); "C{'"H} NMR (125.7 MHz, C,Dy): 6=213.7
(d, 2J(C,P)=104 Hz; NCN), 138.5 (s; C(ar.)), 137.8 (s; C(ar.)), 136.3 (s;
C(ar.)), 134.5 (s; C(ar.)), 131.0 (s; C(ar.)), 128.7 (s; C(ar.)), 51.6 (s;
NCH,CH,N), 51.6 (s; NCH,CH,N), 35.1 (d, 'J(C,P) =26 Hz; Cy), 30.9 (s;
Cy), 27.7 (d, 2J(C,P)=11 Hz; Cy), 23.0 (s; Cy), 20.9 (s; p-CH;), 20.6 (s; o-
CH;), 20.5ppm (s; 0-CH;); *'P{'H}NMR (202.5MHz, CiDg): 6=
455ppm ('J(PPt)=2875Hz); elemental analysis caled (%) for
C3Hs5AICL;N,PPt: C 51.18, H 6.50, N 3.06; found: C 50.76, H 6.43, N
3.08.

Synthesis of [(SIMes),Pt(AIClL;)] (10’): In a J. Young NMR tube, 10
(10.0 mg, 12.4 pmol) and AICl; (1.7 mg, 12.4 umol) were dissolved in
C¢Dg (0.6 mL). After 3 d at room temperature, an orange precipitate ap-
peared. Recrystallization yielded 10’ (6.8 mg, 7.2 mmol, 58 %). Crystals
suitable for X-ray diffraction were grown from a solution in hexane at
—30°C. '"HNMR (500.1 MHz, C(D;): 6=6.67 (s, 8H; H(ar.)), 2.98 (s,
8H; NCH,CH,N), 2.33 (s, 24H; 0-CHj), 226 ppm (s, 12H; p-CH,);
BC{'H}NMR (1257 MHz, CgDg): 6=2112 (s; NCN), 137.2 (s;
C(ar.)), 136.6 (s; C(ar.)), 135.9 (s; C(ar.)), 128.3 (s; C(ar.)), 51.8 (s;
NCH,CH,N), 21.4 (s; p-CHj3), 20.7 ppm (s; o-CHj;); elemental analysis
caled (%) for C,,Hs, AICLN,Pt: C 53.59, H 5.57, N 5.95; found: C 53.58,
H 5.60, N 5.65.

Crystal structure determination: The crystal data of 10 and 8 were col-
lected using a Bruker X8 APEX diffractometer with multilayer mirror
monochromated Moy, radiation, and those of 8, 9, 9, and 10’ were col-
lected using a Bruker SMART APEX with graphite-monochromated
Mok, radiation. Both diffractometers were equipped with CCD area de-
tectors. The structures were solved using direct methods, refined with the
SHELX software package” and expanded using Fourier techniques. All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
assigned to idealized positions and were included in structure-factors cal-
culations.

Crystal data for 8: C,0Hs;N,PPt; M, =655.79; colorless block; 0.29 x0.22 x
0.08 mm’; triclinic; space group PI; a=9.3236(10), b=9.7329(14), c=
18.5412) A;  a=93719(2), A=93301(2), y=1184350(10)°; V=
1468.9(3) A%; Z=2; poua=1483gem>; u=4.849 mm™'; F(000)=668;
T=174(2) K; R,;=0.0299, wR>=0.0667, 7332 independent reflections
(260 <56.84°) and 304 parameters.

Crystal data for 9: C;HyN,PPt-CH,,; M,=868.11; yellow block; 0.17 x
0.29 x 0.43 mm’; triclinic; space group P1; a=12.728(3), b=13.091(3), c=
154193) A;  a=111.647(3), p=96.942(3), y=108.799(3)°; V=
21751(8) A%, Z=2; pua=1.325 gem™; x=3.293 mm™'; F(000)=900;
T=174(2) K; R,=0.0286, wR>=0.0683, 10833 independent reflections
(260 <5670°) and 470 parameters.

Crystal data for 10: C,,H;,N,Pt; M,=807.97; yellow block; 0.09 x0.12 x
0.23 mm*; monoclinic; space group P2,/n; a=17.0311(14), b=10.3805(9),
c=21.5737(17) A; @=90.00, £=99.008(2), y=90.00°; V=3767.0(5) A*;
Z=4; Peea=1.425gem™; u=3.758 mm™'; F(000)=1640; T=100(2) K;
R,=0.0193, wR?>=0.0413, 7400 independent reflections (20 < 52.22°) and
436 parameters.

Crystal data for 8 C,Hs;AICLN,PPt; M,=791.14; yellow plate; 0.07 x
0.22x0.26 mm®; monoclinic; space group P2,/n; a=10.035(6), b=
17.851(11), c=18.867(12) A; «=90.00, f=98.678(9), y=90.00°; V=
3341(4) A’; Z=4; pouea=1.573 gem>; u=4.535 mm'; F(000)=1600; T=
100(2) K; R;=0.0365, wR>=0.0819, 7949 independent reflections (26 <
56.5°) and 340 parameters.

Crystal data for 9: C;H;AICI;N,PPt; M,=915.27; yellow plate; 0.35x
0.29%0.08 mm®; orthorhombic; space group Pna2,; a=20.422(4), b=
17.716(4), c=11.445(2) A; V=4140.9(15) A3, Z=4; peyea=1.468 gem™;
#=3.670 mm™'; F(000)=1856; T=173(2) K; R,=0.0375, wR*=0.0831,
10028 independent reflections (20 <56.68°) and 446 parameters.
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Crystal data for 10": C,,Hs,AICI;N,Pt; M,=941.30; yellow block; 0.37 x
0.40x0.56 mm®; monoclinic; space group P2,/c; a=13.476(4), b=
13.688(4), c=22.146(6) A; a=90.00, B=94.185(4), y=90.00°; V=
4074(2) A%; Z=4; poa=1.535 gem™>; u=3.697 mm™'; F(000) =1896; T=
172(2) K; R,;=0.0226, wR>=0.0482, 10270 independent reflections (26 <
57.06°) and 472 parameters.

CCDC-770521 (8), -770647 (9), 770648 (10), -770649 (8'), 770650 (9'), and
-770651 (10’) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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