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ABSTRACT: The saturated trihydride IrH3{κ
3-P,O,P-[xant(PiPr2)2]} (1; xant(PiPr2)2 = 9,9-dimethyl-4,5-

bis(diisopropylphosphino)xanthene) coordinates the Si-H bond of triethylsilane, 1,1,1,3,5,5,5-heptamethyltrisiloxane, and triphen-
ylsilane to give the σ-complexes IrH3(η

2-H-SiR3){κ
2-cis-P,P-[xant(PiPr2)2]}, which evolve to the dihydride-silyl derivatives 

IrH2(SiR3){κ
3-P,O,P-[xant(PiPr2)2]} (SiR3 = SiEt3 (2), SiMe(OSiMe3)2 (3), SiPh3 (4)) by means of the oxidative addition of the coor-

dinated bond and the subsequent reductive elimination of H2. Complexes 2-4 activate a C-H bond of symmetrically and asymmetri-
cally substituted arenes to form silylated arenes and to regenerate 1. This sequence of reactions defines a cycle for the catalytic 
direct C-H silylation of arenes. Stoichiometric isotopic experiments and the kinetic analysis of the transformations demonstrate that 
the C-H bond rupture is the rate determining step of the catalysis. As consequence, the selectivity of the silylation of substituted 
arenes is generally governed by ligand-substrate steric interactions. 

INTRODUCTION 

Transition metal-mediated cross-coupling reactions involv-
ing elemental steps of σ-bond activation in both substrates 
(Scheme 1) are challenging from a conceptual point of view. 
The reason is the need of sequencing the split of the σ-bonds 
in the metal coordination sphere, which requires an adequate 
difference between the activation energies of the bond rupture 
reactions. Thus, the success of the cross-coupling demands the 
control of the sequencing process, for which it is necessary to 
know and to govern such parameters. The latter is achieved by 
having a deep knowledge of what is happening just before the 
σ-bond cleavage step. It is generally assumed that the first step 
for a σ-bond activation reaction is the coordination of the σ-
bond to the metal center of an unsaturated compound. The 
interaction involves σ-donation from the σ-orbital of the bond 
to empty orbitals of the metal and back bonding from the 
metal to the σ* orbital of the bond.1 

 

Scheme 1. General Scheme for Cross-Coupling Reactions 
Involving Two σ-Bond Activations 

 

The intermolecular C-H silylation of arenes without the use 
of directing groups is a particular type of this class of cross-
coupling reactions of great interest. The silylated products are 
useful precursors to commercial polymers and copolymers and 
can be also used as intermediates for organic synthesis. The 
reactions are environmentally friendlier than the classical 
procedures of synthesis of arylsilanes, minimizing waste for-
mation, and offer the possibility of reaching alternative regi-
oselectivities.2 The catalysis involves the activation of the Si-
H bond of the silane3 and a C-H bond of the arene,4 before the 
coupling of the substrates. Although transition metal-silyl 
derivatives are a prominent group of compounds, comparable 
in relevance to the aryl derivatives, there is significantly less 
information on silane Si-H bond splitting than on the arene C-
H bond activation. Two features distinguish silicon from car-
bon and hydrogen, its higher electropositive character and the 
hypervalent ability. As a consequence, a greater variety of 
interactions M-HSi than M-HC has been proposed, while a 
consensus as to how to distinguish between them has not yet 
been reached.3b,5 Much effort has been centered in the stabili-
zation and characterization of these interactions, whereas the 
H-Si cleavage process has received less attention. Often, M-
HSi compounds are treated as still pictures of a situation more 
than as transitory species on the way to the Si-H activation.6 

Catalysts for the arene C-H silylation include complexes of 
ruthenium,7 rhodium,8 iridium,9 nickel,10 platinum,11 and some 
rare-earth.12 Knowledge on the identity of species by which 
the catalysts functionalize the C-H bond is scarce. Recently, it 
has been proposed that the iridium systems generated from 
[Ir(µ-OMe)(η4-COD)]2 (COD = 1,5-cyclooctadiene) and phe-
nanthroline ligands work through only one cycle involving 
both dihydride-silyl and hydride-disilyl complexes (Scheme 
2). In a sequential manner the former activates the Si-H bond 



 

of the silane, whereas the second adds a C-H bond of the arene 
to subsequently promote the silyl-aryl coupling.9n  

 

Scheme 2. Dihydride-Silyl and Hydride-Disilyl Mediated 
Silylation of Arenes 

 
The ligands used for stabilizing C-H silylation catalysts are 

usually monodentate and bidentate. Pincer ligands are having 
a tremendous impact in current catalysis because of their abil-
ity for stabilizing uncommon species, which open novel ap-
proaches.13 However, they have been scarcely used for sup-
porting these catalysts. As far as we know, only one catalyst 
bearing a ligand of this class has been previously employed. In 
2007, Tilley and co-workers reported that complex Ir(κ3-
NSiN)H(OTf)(COE) (NSiN = bis(8-quinolyl)methylsilyl, OTf 
= triflate, COE = cyclooctene) is active for arylsilane redistri-
bution and for the dehydrogenative silylation of arenes.14 

9,9-Dimethyl-4,5-bis(diisopropylphosphino)xanthene 
(xant(PiPr2)2) is an ether-diphosphine which has demonstrated 
to have a higher capacity than other POP-diphosphines to act 
as pincer.15 However, its flexibility along with the hemilabile 
character of the ether function allows it to adapt to the re-
quirements of the participating intermediates of the catalytic 
cycles.16 As proof-of-concept, species bearing the diphosphine 
coordinated in κ3-mer,17 κ3-fac,18 κ2-cis,19 and κ2-trans20 fash-
ions have been isolated, whereas notable catalysts of platinum 
group metals stabilized by this ligand have proved to be effi-
cient for a wide range of reactions. For the elements of iron 
triad, it should be mentioned the ruthenium complex RuH(η2-
H2BH2){κ

3-P,O,P-[xant(PiPr2)2]}, which is an efficient catalyst 
precursor for the hydrogen transfer from 2-propanol to ke-
tones, the α-alkylations of phenylacetonitrile and acetophe-
none with alcohols, and the regio- and stereoselective head-to-
head (Z)-dimerization of terminal alkynes,21 whereas the os-
mium-tetrahydride OsH4{κ

3-P,O,P-[xant(PiPr2)2]} also cata-
lyzes the latter22 and the hydroxo-osmium(IV) derivative 
OsH3(OH){κ3-P,O,P-[xant(PiPr2)2]} dehydrogenates formic 
acid to H2 and CO2.

23 Reactions catalyzed by rhodium com-
plexes include: dehydropolymerization of H3B·NMeH2,

24 
dehydrogenation of ammonia borane25 and alkanes,26 monoal-
coholysis of diphenylsilane,27 borylation of arenes,28 decya-
native borylation of nitriles,29 borylation of alkynes,30 dehalo-
genation of chloroalkanes, and homocoupling of benzyl chlo-
ride.31 Recently, we have observed that the iridium-trihydride 
IrH3{κ

3-P,O,P-[xant(PiPr2)2]} catalyzes the direct borylation of 
arenes with the help of dihydride-boryl and hydride-diboryl 
derivatives. The three compounds are involved in two catalytic 
cycles, which have the dihydride-boryl complex as common 
intermediate because of its ability to activate both B-H and C-
H bonds (Scheme 3).32 

Scheme 3. Mechanism for the Borylation of Arenes cata-
lyzed by the trihydride IrH3{κ

3-P,O,P-[xant(PiPr2)2]} 
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The diagonal relationship between the elements of rows 2 and 
3 is well known, being particularly marked for boron and 
silicon.33 With that in mind, we reasoned that complex 
IrH3{κ

3-P,O,P-[xant(PiPr2)2]} should be also an efficient cata-
lysts for the silylation of arenes. Thus, in order to build a cata-
lytic cycle for the arene C-H silylation, related to those shown 
to Scheme 3, we decided to study the activation of the Si-H 
bond of silanes promoted by this trihydride and the C-H bond 
activation of arenes promoted by the resulting silyl products, 
paying particular attention to the kinetics of the processes and 
to the reaction intermediates. This paper demonstrates that the 
iridium-promoted arene C-H silylation can also take place 
through trihydride and  dihydride-silyl complexes without the 
help of hydride-disilyl species. 

RESULTS AND DISCUSSION 

Si-H Bond Activation. As expected for the diagonal relation-
ship between boron and silicon, trihydride complex IrH3{κ

3-
P,O,P-[xant(PiPr2)2]} (1) activates the Si-H bond of silanes 
such as triethylsilane, 1,1,1,3,5,5,5-heptamethyltrisiloxane, 
and triphenylsilane (Scheme 4). Treatment of toluene solutions 
of 1 with 1.0 equiv of the silanes, at room temperature, for 18 
h leads to the corresponding dihydride-silyl derivatives 
IrH2(SiR3){κ

3-P,O,P-[xant(PiPr2)2]} (SiR3 = SiEt3 (2), 
SiMe(OSiMe3)2 (3), SiPh3 (4)) and molecular hydrogen. Com-
plexes 2-4 were isolated as white solids in 49-55% yield. 

Complex 3 was characterized by X-ray diffraction analysis. 
The structure, which has two molecules chemically equivalent 
but crystallographically independent in the asymmetric unit 
(Figure 1 shows one of them), reveals a disposition trans for 
the hydride ligands (H(01)-Ir(1)-H(02) = 173(7) and 169(7)). 
The coordination polyhedron around the iridium center can be 
rationalized as a distorted octahedron with the ether-
diphosphine coordinated in a mer fashion (P(1)-Ir(1)-P(2) = 
156.82(15)º and 161.33(14)º, P(1)-Ir(1)-O(3) = 82.0(3)º and 
81.1(3)º, and P(2)-Ir(1)-O(3) = 81.5(3)º and 81.3(3)º) and the 
silyl group located trans to the diphosphine oxygen atom 
(Si(1)-Ir(1)-O(3) = 170.4(3)º and 172.8(3)º). The Ir(1)-Si(1) 
bond lengths of 2.262(4) Å and 2.271(4) Å compare well with 
those reported for other iridium(III)-silyl complexes.34 The 1H, 
31P{1H} and 29Si{1H} NMR spectra of 2-4, in benzene-d6, at 
room temperature are consistent with the structure shown in 
Figure 1. In the 1H NMR spectra, the most noticeable feature 
is the resonance corresponding to the equivalent hydrides, 
which appears as a triplet (2JH-P = 17 Hz) between -5.2 and -
6.2 ppm. The 31P{1H} NMR spectra show a singlet between 44 
and 54 ppm, in agreement with equivalent PiPr2 moieties. The 



 

Scheme 4. Reactions of 1 with Silanes 

 
 

29Si{1H} NMR spectra contain an Ir-Si resonance, which is 
observed as a triplet (2JSi-P = 10 Hz) between -9 and -59 ppm. 

 

 

Figure 1. Molecular diagram of complex 3 (ellipsoids shown at 
50% probability). All hydrogen atoms (except the hydrides) are 
omitted for clarity. Selected bond distances (Å) and angles (deg): 
Ir(1)-P(1) = 2.252(4), 2.245(4), Ir(1)-P(2) = 2.263(4), 2.262(4), 
Ir(1)-O(3) = 2.339(9), 2.324(9),  Ir(1)-Si(1) = 2.262(4), 2.271(4); 
P(1)-Ir(1)-P(2) = 156.83(15), 161.33(14), P(1)-Ir(1)-O(3) = 
82.0(3), 81.1(3), P(2)-Ir(1)-O(3) = 81.5(3), 81.4(3), P(1)-Ir(1)-
Si(1) = 98.91(15), 98.00(15), P(2)-Ir(1)-Si(1) = 100.05(15), 
100.18(16), H(01)-Ir(1)-H(02) = 173(7), 169(7), Si(1)-Ir(1)-O(3) 
= 170.4(3), 172.8(3). 

The monitoring of the activations by 1H and 31P{1H} NMR 
spectroscopy in toluene-d8 reveals that the reactions are quan-
titative and take place via the intermediates ASiR3 shown in 
Scheme 4. At room temperature, characteristic features of 
these transitory species are a broad hydride resonance centered 
between -11.2 and -12.2 ppm in the 1H NMR spectra and a 
broad signal centered between -1 and -5 ppm in the 31P{1H} 
NMR spectra. The half-live of these intermediates depends 
upon the substituents attached to the silicon atom, increasing 
in the sequence SiPh3 < SiMe(OSiMe3)2 < SiEt3. The half-live 
of intermediate ASiEt3 is long enough to allow its spectroscopic 
study at 183 K. Figure 2 collects the most informative NMR 
spectra at this temperature. The 31P{1H} NMR spectrum (a) 
shows two doublets (2JP-P = 18 Hz) at 8.7 (a1) and -5.9 (a2) 
ppm and a broad singlet at -12.8 (b1) ppm. The COSY 31P-31P 
spectrum (b) confirms that the doublets correspond to the 
same molecule (A), which bears a κ2-P,P-cis-diphosphine with 
inequivalent PiPr2 groups, whereas the broad singlet represents 
other κ2-P,P-cis-diphosphine species with chemically equiva-

lent PiPr2 moieties (B) The molar ratio between them is ap-
proximately 2:1. The HMBC 31P-1H spectrum (c) reveals 
hydride resonances for A at -9.7 (a1), -11.2 (a2), -12.6 (a3), and 
-14.4 (a4) ppm, whereas those of B appear at -9.7 (b1), -10.0 
(b2), and -14.2 (b3+b4) ppm. According to an A:B molar ratio 
of 2:1, the 1H{31P} spectrum in the high field region (Figure 
S19) displays an a1+b1:b2:a2:a3:b3+b4:a4 intensity ratio of 
3:1:2:2:2:2. Furthermore, on the basis of this spectrum and the 
1H one, a trans disposition of the hydrides corresponding to 
resonances a3 and a4 and the PiPr2 groups of A (2JH-P = 104 and 
113 Hz, respectively), and between the hydrides assigned to 
signal b3+b4 and the PiPr2 moieties of B, can be deduced. The 
signal b3+b4 is the AA’ part of an AA’XX’ spin system with 
2JA-X = 2JA’-X’ = 116 Hz. The decoupling of the 31P nucleus 
brings to light hidden 29Si satellites on the signal a2. At the 
first glance, the 1JH-Si value of 43 Hz suggests some degree of 
Si-H interaction and the formation of a “symmetric oxidative 
addition product”.35 The Si-H interaction in A and the value of 
the 1JH-Si is also supported by the HMQC 29Si-1H spectrum (d), 
which contains the cross-spot between the resonance a2 and 
the Ir-Si resonance, which is observed at 2.8 ppm in the 
29Si{1H} NMR spectrum. This bidimensional spectrum also is 
consistent with Si-H interaction in B, showing a cross-spot 
between Ir-Si and b1 resonances, although the value of 1JH-Si 
cannot be measured in this case. All these spectroscopic fea-
tures together suggest that ASiEt3 exists in solution as a mixture 
of two species, A and B, which have structures resembling to 
that calculated by Schley and co-workers for the compound 
IrH4(SiEt3)(PPh3)2;

36 i. e., an octahedron formed by the di-
phosphine κ2-cis-P,P coordinated, three hydrides fac-disposed, 
and the Si-H bond situated trans to a hydride. Optimization of 
this structure by DFT calculations (see Supporting Infor-
mation) shows the silicon atom in position anti with regard to 
the oxygen of the diphosphine. Keeping this disposition there 
are several rotamers involving the alkyl substituents of the 
diphosphine and silane. The isopropyl substituents of the PiPr2 
groups can be disposed in positions eclipsed or alternating, 
which gives rise to structures bearing equivalent or inequiva-
lent PiPr2 groups, in agreement with the spectroscopic observa-
tions. The disposition of the isopropyl groups slightly modifies 
the position of the silicon atom, which changes the P-Ir-Si 
angles. 

The criterion of the value of 1JH-Si is ambiguous to establish 
the nature of the Si-H interaction. So, we decided to prepare a 
monodeuterated ASiEt3 species, by reaction of 1 with Et3SiD, 
after reasoning that the rupture of the Si-D bond should give  



 

 

Figure 2. (a) 31P{1H} NMR spectrum (202.46 MHz, C7D8, 183 K); (b) 31P-31P COSY spectrum (202.46 MHz, C7D8, 183 K); (c) HMBC 
31P{1H}-1H NMR spectrum (202.46/500.13 MHz, C7D8, 183 K); and (d) HMQC 29Si-1H NMR spectrum (99.36/500.13 MHz, C7D8, 183 K; 
* denotes excess of HSiEt3) of ASiEt3. 

 

 rise to deuterium distribution between all hydride positions, 
since at room temperature the six signals observed at 183 K 
coalesce to give only one, while if the Si-D bond was main-
tained only the intensities of resonances b1 and a2 should be 
modified. The high field region of the 1H and 2H NMR spectra 
of the monodeuterated ASiEt3 intermediate at 183 K (Figure 3) 
clearly support the second possibility; i.e., ASiR3 are species on 
the way to the rupture of the Si-H bond. 

 

Figure 3. High field region of the 1H NMR spectra at 183 K of 
ASiEt3 (500 MHz, toluene-d8) (a), and ASiEt3-d (b), and of the 2H 
NMR spectrum (76.77 MHz, toluene) of ASiEt3-d (c). 

Having clarified the nature of the ASiR3 intermediates, we 
subsequently analyzed the deuterium present in the final prod-

uct from the reaction of 1 with DSiEt3, finding about 12% of 
deuterium in the hydride positions (Figure S20). It is a 75:25 
mixture of isotopomers 2 and 2-d1 (Scheme 5). The presence 
of 2 in the mixture indicates that the creation of a coordination 
vacancy in 1 by reductive elimination of molecular hydrogen 
does not occur, in spite of its saturated character. Such reduc-
tive elimination takes place after the Si-D rupture. Further-
more, the lower percentage of 2-d1 in the mixture is consistent 
with a rapid reductive elimination, which is only governed by 
the H-D bond energy. The rate determining step of the overall 
Si-H bond activation process is the Si-H bond rupture. Ac-
cording to this a significant slowdown of the reaction is also 
observed by changing HSiEt3 by DSiEt3. 

 

Scheme 5. Reaction of 1 with DSiEt3. 
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The isotope labeling experiments previously mentioned only 

provide a qualitative picture of the Si-H bond activation pro-
moted by 1. In order to gain quantitative insight of the process, 
the kinetic study of the reaction sequence shown in Scheme 4 
was carried out. 1,1,1,3,5,5,5-Heptamethyltrisiloxane was 
selected as model of silane because the half-life of the 
ASiMe(OSiMe3)2 species is intermediate between those of ASiPh3 

 



 

Table 1. Rate Constants for the Transformations of 1 into ASiMe(SiOMe3)2 (k1
obs and k1, calculated according to eqs 1 and 4, 

respectively) and of ASiMe(SiOMe3)2 into 3 (k2, calculated according to eq 3) 

T 

(K) 

[1]o 

(M) 

[HSi] 

(M) 

[DSi] 

(M) 

k1
obs x 10-4 

(s-1) 

k1 x 10-4

(M-1·s-1) 

k2 x 10-5 

(s-1) 

278 0.037 1.12 - (0.63 ± 0.07) (0.56 ± 0.07) (0.49 ± 0.04) 

283 0.037 1.12 - (1.36 ± 0.06) (1.21 ± 0.06) (1.14 ± 0.10) 

288 0.037 1.12 - (2.34 ± 0.04) (2.09 ± 0.04) (2.36 ± 0.11) 

293 0.037 1.12 - (4.12 ± 0.10) (3.68 ± 0.10) (4.36 ± 0.04) 

298 0.037 1.12 - (7.53 ± 0.08) (6.72 ± 0.08) (9.07 ± 0.07) 

288 0.037 - 1.12 (2.02 ± 0.05) (1.80 ± 0.05) (1.03 ± 0.10) 

293 0.037 - 1.12 (3.52 ± 0.08) (3.14 ± 0.08) (1.77 ± 0.09) 

298 0.037 - 1.12 (6.49 ± 0.07) (5.79 ± 0.07) (3.78 ± 0.12) 

288 0.037 0.76 - (1.41 ± 0.10) (1.86 ± 0.10) (2.32 ± 0.07) 

288 0.037 0.95 - (1.81 ± 0.06) (1.91 ± 0.06) (2.43 ± 0.10) 

288 0.037 1.33 - (2.51 ± 0.08) (1.88 ± 0.08) (2.45 ± 0.09) 

288 0.037 1.52 - (2.81 ± 0.07) (1.85 ± 0.07) (2.33 ± 0.07) 

 

 and ASiEt3. The study was performed by 31P{1H} NMR spec-
troscopy, in toluene, under pseudo-first order conditions using 
silane concentrations between 0.76 and 1.52 M, for an initial 
concentration of 1 ([1]0) of 0.037 M, and a temperature range 
278−298 K. Figure 4 shows the 31P{1H} spectrum of the reac-
tion mixture, as a function of the time, at 288 K, for a concen-
tration of silane of 1.12 M. 

 

Figure 4. Stacked 31P{1H} NMR spectra (121.4 MHz, toluene, 
288 K) showing the course of the reaction of 1 with 1.12 M of 
HSiMe(OSiMe3)2 (PPh3 used as internal standard). 

 

The dependence of the amounts of 1, ASiMe(OSiMe3)2, and 3 
with the time (Figure 5) is as expected for two consecutive 
irreversible reactions and fits to eqs 1-3, respectively. 37 

 

 

Figure 5. Composition of the mixture as a function of time for the 
reaction of 0.037 M of 1 with 1.12 M of HSiMe(OSiMe3)2 at 298 
K: 1 (blue •), ASiMe(OSiMe3)2 (orange •), 3 (grey •). 
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where  

 

k1
obs = k1 [HSiMe(OSiMe3)2]    (4) 

 

Values of k1
obs, k1, and k2, for each temperature, obtained 

from these expressions are collected in Table 1. A plot k1
obs vs 

[HSiMe(SiOMe3)2] (Figure 6) provides a value of 1.89 ± 0.1 x 
10-4 M-1·s-1 for k1 at 288 K, whereas the value of k2 at this 
temperature is 2.38 ± 0.7 x 10-5 s-1. The activation parameters 
for the coordination of the silane, calculated from the corre-
sponding Eyring analysis (Figure 7), are ΔH1

‡ = 19.5 ± 2.1 
kcal·mol-1 and ΔS1

‡ = -7.5 ± 3.4 cal·K-1·mol-1. These values 
yield an activation energy ΔG1

‡ at 298 K of 21.7 ± 3.1 



 

kcal·mol-1. The Eyring analysis for the transformation from 
ASiMe(OSiMe3)2 to 3 (Figure 8) gives values of  ΔH2

‡ = 23.1 ± 2.4 
kcal·mol-1 and ΔS2

‡ = 0.5 ± 3.1 cal·K-1, which afford an activa-
tion energy ΔG2

‡ at 298 K of 23.0 ± 3.3 kcal·mol-1·mol-1. 

 

Figure 6. Plot of k1
obs versus [HSiMe(OSiMe3)2]. 

 
Figure 7. Eyring plot for the transformation of 1 into 
ASiMe(SiOMe3)2. 

 

Figure 8. Eyring plot for the transformation of ASiMe(SiOMe3)2 into 
3. 

The negative value of the activation entropy for the for-
mation of ASiMe(OSiMe3)2 is consistent with the intermolecular 
character of the process and suggests an ordered transition 
state involving the participation of the silane. Because com-
plex 1 is saturated and the coordination of the Si-H bond re-
quires the κ3-to-κ2 change in the coordination of the diphos-
phine, by dissociation of the hemilabile oxygen, that entropy 
value points out in favor of an hypervalent hydride-silicon 
interaction previous to the oxygen dissociation. Such interac-
tion, which is broken in the coordination, should decrease the 
activation energy of the dissociation. The value of the activa-
tion entropy for the transformation from ASiMe(OSiMe3)2 to 3, 
close to zero, is in agreement with the fast nature of the elimi-
nation of molecular hydrogen and points out the Si-H rupture 
as rate determining step. Table 1 also contains values of the 
rate constants k1

obs-d and k2
d obtained for reactions with 

DSiMe(OSiMe3)2. The ratio k1
obs/k1

obs-d of 1.16 ± 0.01 confirms 
that the silane has not a direct participation in the rate-
determining transition state for the transformation of 1 into 
ASiMe(OSiMe3)2, although it is present. In contrast, the ratio k2/k2

d 
gives a primary isotope effect of 2.40 ± 0.11, which corrobo-
rates the rupture of the Si-H bond as the rate determining step 
for the formation of 3.38 

Scheme 6 summarizes the Si-H bond activation of silanes 
promoted by the trihydride 1, on the basis of the previously 
mentioned results. The silane-assisted dissociation of the 
hemilabile ether of the diphosphine affords the unsaturated 
intermediates I, which subsequently coordinate the silane to 
give ASiR3. The oxidative addition of the coordinated Si-H 
bond, in the rate determining step, leads to II. The latter rapid-
ly eliminates molecular hydrogen to give III. Finally, the 
recoordination of the diphosphine ether group yields 2-4. 

Scheme 6. Si-H Bond Activation of Silanes Promoted by 1. 
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C-H bond Activation. Dihydride-silyl complexes 2-4 react 
in benzene solution to give R3Si-Ph and the trihydride deriva-
tive 1 (Scheme 7). 

 

Scheme 7. Reactions of Complexes 2-4 with Benzene 
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The transformation from 3 to 1 was followed by 31P{1H} 

NMR spectroscopy as a function of the time between 333 and 
353 K. The decrease of 3 with the corresponding increase of 1 
(Figure S1) is an exponential function of the time, fitting to an 
expression of first-order: 

	 	 																 5  

where [3]0 and [3] are the concentrations of 3 at the initial time 
and time t, respectively. The values obtained for k3 are collect-
ed in Table 2. The activation parameters obtained from the 
Eyring analysis (Figure 9) are ΔH3

‡ = 23.2 ± 2.2 kcal·mol-1 



 

and ΔS3
‡ = -12.2 ± 2.9 cal·K-1·mol-1. These values yield an 

activation energy ΔG3
‡ at 298 K of 26.8 ± 3.0 kcal·mol-1. The 

rate of the reaction of 3 with benzene-d6 is significantly slower 
than that with benzene. The ratio k3/k3

d gives a primary isotope 
effect of 3.1 ± 0.1, which supports the rupture of the aromatic 
C-H bond as the rate determining step of the coupling. 

 

Table 2. Rate Constants for the transformation of 3 into 1 
(k3) 

 

 

 

 

 

 

Figure 9. Eyring plot for the transformation of 3 into 1. 

These results are consistent with a classical mechanism for 
the C-H bond activation of the arene, which can be summa-
rized according to Scheme 8. The coordination of the organic 
substrate to the metal center of the unsaturated intermediates 
III shown in Scheme 6 should give the σ-derivatives IV, 
which would evolve to V by oxidative addition of the coordi-
nated C-H bond. The rapid reductive elimination of the func-
tionalized product should lead to I, which could regenerate 1 
by coordination of the diphosphine ether group. 

 

Scheme 8. Proposed Mechanism for the C-H Bond Activa-
tion of Arenes 
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Catalytic Cross-Coupling: Silylation of Arenes. The se-
quencing of reactions summarized in Schemes 4 and 7 gives 
rise to a cycle as that shown in Scheme 1, which is different 
from those summarized in Schemes 2 and 3. The sequencing is 
possible because there is a suitable difference between the 
activation energies of the Si-H and C-H bond activation pro-
cesses of 1,1,1,3,5,5,5-heptamethyltrisiloxane and benzene, 
respectively (ΔG2

‡ < ΔG3
‡). According to this, complex 1 

catalyzes the cross-coupling between the silane and arenes to 
afford functionalized arenes and molecular hydrogen (Scheme 
9). 
 
Scheme 9. Mechanism for the Silylation of Arenes 
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The catalysis was carried out at 110 ºC, using the arene as 
solvent, since the rate determining step for the cross-coupling 
is the rupture of a C-H bond of the arene, according to the 
activation energy values collected in Scheme 9. Furthermore, 
because complexes 2-4 regenerate 1 and the silane under hy-
drogen atmosphere and complex 1 also catalyzes the hydro-
genation of olefins faster than the arene silylation,32 cyclohex-
ene in a silane:olefin 1:1 molar ratio was employed as hydro-
gen acceptor. Under these conditions, complex 1 promotes the 
silylation of benzene and mono- and disubstituted benzenes.. 

The behavior of the trihydride 1 during the silylation of 
benzene was followed by 31P{1H} NMR, to gain insight into 
the one pot functionalization. Figure 10 shows the 31P{1H} 
spectrum of the catalytic mixture as a function of the time. In 
agreement with the cycle shown in Scheme 9, including the 
activation energies of the stoichiometric reactions, trihydride 1 
is initially transformed into the dihydride-silyl complex 3, 
which is the only one detected species while the silane is pre-
sent in the solution. Once the silane is consumed, complex 3 
quantitatively regenerates the trihydride 1. Any hydride-disilyl 
derivative related to those shown in Scheme 2 or analogous to 
the hydride-diboryl compound collected in Scheme 3 is not 
observed. The presence of 3 during the catalysis, as main 
metal species, strongly supports that the C-H bond cleavage of 
the arene is the rate determining step of the functionalization, 

T 
(K) 

[3]o 
(M) 

Arene 
k3 x 10-5 

(s-1) 
333 0.037 C6H6 0.81 ± 0.08 
338 0.037 C6H6 1.49 ± 0.07 
343 0.037 C6H6 2.71 ± 0.10 
348 0.037 C6H6 3.92 ± 0.07 
353 0.037 C6H6 6.41 ± 0.05 
343 0.037 C6D6 0.88 ± 0.08 



 

as expected for the fact of that the stoichiometric reaction of 3 
with benzene has the highest activation energy from the stoi-
chiometric reactions involved in cycle shown in Scheme 9. In 
order to have an additional evidence of that the cycle of 
Scheme 9 operates under catalytic conditions; we determined 
the activations parameters for the benzene silylation under 
one-pot conditions. The values of kcat

obs collected in Table 3 
were calculated by measuring the decrease of the amount of 
silane in the 1H NMR spectrum of the catalytic solution as a 
function of the time, starting from an initial silane concentra-
tion of 0.28 M and a concentration of 1 of 0.028 M, in the 
temperature range 338-353 K. The corresponding Eyring 
analysis (Figure 11) yields values of ΔHcat

‡ = 24.1 ± 2.6 
kcal·mol-1, ΔScat

‡ = -11.6 ± 3.2 cal·K-1·mol-1, and ΔGcat
‡ = 27.5 

± 3.3 kcal·mol-1 at 298 K. To our delight, these values com-
pare well with those obtained for the reaction of 3 with ben-
zene. 

 

Figure 10. Stacked 31P{1H} NMR spectra (121.4 MHz, benzene, 
358 K) showing the course of the catalytic silylation as a function 
of the time. 

Table 3. Rate Constants for the Catalytic Silylation of 
Benzene (kcat

obs).a 

T 

(K) 

kcat
obs x 10-5 

(s-1) 

338 0.41 ± 0.08 

343 0.76 ± 0.09 

348 1.35 ± 0.10 

353 1.94 ± 0.09 

a [1]0 = 0.028 M, [HSi] = 0.28 M, [cyclohexene] = 0.28 M. 

 

Figure 11. Eyring plot of the catalytic reaction of silylation of 
benzene. 

 

The cycle shown in Scheme 9 significantly differs from that 
proposed for the iridium-phenanthroline catalysts. In contrast 
to the cycle shown in Scheme 2, hydride-disilyl species are not 
necessary for the catalysis, in our case. In both cycles, dihy-
dride -silyl species participate, but their functions are different. 
While in the cycle shown in Scheme 2 it activates the Si-H 
bond of the silane, in our cycle it activates the C-H bond of the 
arene. The mechanism proposed for the iridium-
phenanthroline catalysts and our mechanism are also different 
from that summarized in Scheme 3, for the borylation of 
arenes, but the three are consistent. In this context, it should be 
noted that the combination of the cycles shown in Schemes 2 
and 9 formally give rise to the mechanism depicted on Scheme 
3. 

Trihydride 1 tolerates one of the widest varieties of func-
tionalities, which includes CH3, OCH3, CF3, F, Cl, and Br 
(Scheme 10).The selectivity of the functionalization is gov-
erned by steric factors, as expected for reactions controlled by 
the activation energy of the C-H bond cleavage of the arene. In 
this context, it should be mentioned that the activation energy 
for the rupture of a C-H bond depends upon two factors: the 
dissociation energy of the C-H bond and the stability of the σ-
intermediate. So, because within an arene the strength of the 
different C-H bonds is generally similar, the difference in 
activation energy (∆∆G‡) between the distinct C-H bonds 
mainly depends on the stability of the respective σ-
intermediates, which is governed by the steric hindrance expe-
rienced by the coordinated C-H bond. As a consequence, the 
C-H bond activation is kinetically controlled by steric factors; 
i.e., the less sterically hindered C-H bonds are generally the 
first activated ones. Thus, the functionalization takes place at 
the least sterically hindered C-H bonds of the aromatic ring.  
With the exception of fluorobenzene, monosubstituted ben-
zenes give meta- and para-substituted products. The molar 
ratio between the isomers is modulated by the electronic na-
ture of the substituent, increasing the meta:para ratio accord-
ing to the sequence: MeO < Me < Cl < CF3 ≈ Br; i.e., electron 
withdrawing groups disfavor the para isomer with regard to 
the donating substituents. 1,3-Disubstituted benzenes undergo 
exclusively silylation at position meta respect to both substitu-
ents. Fluorine atom shows a marked ability to approach the 
silyl group, in agreement with its well-known capacity to 
direct to ortho position the C-H bond activation of arenes, 
mediated by transition complexes.28,39 Thus, fluorobenzene 
and 1,3-difluorobenzene give mixtures of the three possible 
isomers; particular mention merits the silylation of the latter, 
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which affords the silylated product bearing the silyl group 
situated ortho to one of the fluorine substituents and para to 
the other with high selectivity (70%). The reason of this fact 
appears to be related to an increase of the Si-C bond energy 
due to the ortho-fluorine substitution. The effect has been 
explained in terms of a rise of the ionic component of the bond 
by inductive effect of the fluorine atom.40 

 

Scheme 10. Silylation of Arenes (%. Isolated Yields in 
Parentheses) 

 
 

CONCLUDING REMARKS 

This study reveals that the Si-H bond activation of silanes 
promoted by the trihydride IrH3{κ

3-P,O,P-[xant(PiPr2)2]} and 
the C-H bond activation of arenes mediated by dihydride-silyl 
derivatives of formulae IrH2(SiR3){κ

3-P,O,P-[xant(PiPr2)2]} 
can be sequenced in order to build catalytic reactions involv-
ing direct silylation of arenes mediated by the trihydride 
IrH3{κ

3-P,O,P-[xant(PiPr2)2]}.  

Stoichiometric isotopic labeling experiments as well as the 
results of a detailed kinetic study have demonstrated that the 
Si-H bond activation takes place through the σ-complexes 
IrH3(η

2-H-SiR3){κ
2-cis-P,P-[xant(PiPr2)2]} and that the oxida-

tive addition of the coordinated bond to the metal center is the 
determining step of the activation. 

Isotopic labeling experiments and kinetic results of the C-H 
bond activation indicate that it occurs through a classical 
mechanism where the C-H bond cleavage is the rate determin-

ing step. Its activation energy is higher than that of the Si-H 
bond activation. Thus, the C-H bond rupture is the rate deter-
mining step of the catalysis and, as consequence; the selectivi-
ty of the silylation of monosubstituted and 1,3-disubstituted 
arenes is generally governed by ligand-substrate steric interac-
tions. 

In summary, the catalytic cycle for the direct silylation of 
arenes catalyzed by a saturated polyhydride bearing a pincer 
ligand has been built, on the basis of stoichiometric isotopic 
labeling experiments, the kinetic analysis of the involved σ-
bond activation reactions, and the full characterization of the 
key σ-intermediate for the Si-H bond activation. 

 

EXPERIMENTAL SECTION 

General Information. All reactions were carried out with 
exclusion of air using Schlenk-tube techniques or in a drybox. 
Instrumental methods and X-ray details are given in the Sup-
porting Information. In the NMR spectra the chemical shifts 
(in ppm) are referenced to residual solvent peaks (1H, 
13C{1H}) or external 85% H3PO4 (31P{1H}), SiMe4 (29Si), or 
CFCl3 (

19F). Coupling constants J and N (N = JP-H + JP’-H for 
1H and N = JP-C + JP’-C for 13C{1H}) are given in hertz. 

Preparation of IrH2(SiEt3){κ
3-P,O,P-[xant(PiPr2)2]} (2). 

A solution of IrH3{κ
3-P,O,P-[xant(PiPr2)2]} (100 mg, 0.16 

mmol) in toluene (3 mL) was treated with HSiEt3 (25 µL, 0.16 
mmol) and the resulting mixture was stirred at room tempera-
ture for 18 hours. After this time, the yellowish solution was 
evaporated to dryness to afford a yellow residue. Pentane was 
added to afford a white solid, which was washed with pentane 
(2 x 1 mL) and dried in vacuo. Yield: 65 mg (55%). Anal. 
Calcd. for C33H57IrOP2Si: C, 52.70; H, 7.64. Found: C, 52.81; 
H, 7.59. HRMS (electrospray, m/z): calcd. for C33H56SiIrOP2 
[M - H]+ 751.3200; found 751.3203. IR (cm-1): ν(Ir-H) 1757 
(w), ν(C-O-C) 1095 (m). 1H NMR (300.13 MHz, C6D6, 298 
K): δ 7.00 (m, 2H, CH-arom POP), 6.72 (d, 3JH-H = 7.5, 2H, 
CH-arom POP), 6.61 (t, 3JH-H = 7.5, 2H, CH-arom POP), 2.35 
(m, 4H, PCH(CH3)2), 1.17 (dvt, 3JH-H = 7.2, N = 18.0, 24H, 
PCH(CH3)2), 1.04 (m, 6H, Si(CH2CH3)3), 0.95 (m, 9H, 
Si(CH2CH3)3, 0.90 (s, 6H, CH3), –5.91 (t, 2JH-P = 17.4, 2H, Ir-
H). 13C{1H} NMR (75.47 MHz, C6D6, 298 K): δ 156.8 (vt, N = 
10.3, Carom), 132.5 (vt, N = 4.9, Carom), 129.7 (s, CH-arom), 
125.9 (s, CH-arom), 125.0 (vt, N = 31.4, Carom), 124.3 (vt, N 
= 5.2, CH-arom), 34.4 (s, C(CH3)2), 28.9 (s, C(CH3)2), 26.0 
(vt, N = 29.1, PCH(CH3)2), 19.5 (vt, N = 4.9, PCH(CH3)2), 
18.4 (s, PCH(CH3)2), 14.9 (t, 3JC-P = 2.4, Si(CH2CH3)3), 10.6 
(s, Si(CH2CH3)3). 

31P{1H} NMR (121.49 MHz, C6D6, 298 K): 
δ 47.6 (s).  29Si{1H} NMR (59.63 MHz, C6D6, 298 K): δ -9.3 
(t, 2JSi-P = 8.8). 

Preparation of IrH2[SiMe(OSiMe3)2]{κ
3-P,O,P-

[xant(PiPr2)2]} (3). A solution of IrH3{κ
3-P,O,P-

[xant(PiPr2)2]} (100 mg, 0.16 mmol) in toluene (3 mL) was 
treated with 1,1,1,3,5,5,5-heptamethyltrisiloxane (45 µL, 0.16 
mmol) and the resulting mixture was stirred at room tempera-
ture for 18 hours. After this time, the yellowish solution was 
evaporated to dryness to afford a yellow residue. Pentane was 
added to afford a white solid, which was washed with cold 
pentane (2 x 1 mL) and dried in vacuo. Yield: 70 mg (49%). 
Anal. Calcd. for C34H63IrO3P2Si3: C, 47.58; H, 7.40. Found: C, 
47.58; H, 7.41. HRMS (electrospray, m/z): calcd. for 
C34H62Si3IrO3P2 [M-H]+ 857.3104; found 857.3135. IR (cm-1): 
ν(Ir-H) 1758 (w), δs(Si-CH3) 1246 (m), ν(C-O-C) 1033 (m). 
1H NMR (300.13 MHz, C6D6, 298 K): δ 7.24 (m, 2H, CH-



 

arom), 6.93 (d, 3JH-H = 7.5, 2H, CH-arom), 6.84 (t, 3JH-H = 7.5, 
2H, CH-arom), 2.67 (m, 4H, PCH(CH3)2), 1.44 (dvt, 3JH-H = 
7.5,  N = 16.2, 12H, PCH(CH3)2), 1.21 (dvt, 3JH-H = 6.9, N = 
13.8, 12H, PCH(CH3)2), 1.12 (s, 6H, CH3), 0.79 (s, 3H, Si-
Me(OSiMe3)2), 0.43 (s, 18H, SiMe(OSiMe3)2), –6.11 (t, 2JH-P = 
17.1, 2H, Ir-H). 13C{1H} NMR (75.48 MHz, C6D6, 298 K): δ 
156.6 (vt, N = 10.7, Carom), 133.2 (vt, N = 4.8, Carom), 130.2 
(s, CH-arom), 126.4 (s, CH-arom), 125.6 (vt, N = 30.9, Ca-
rom), 124.4 (vt, N = 5.1, CH-arom), 34.4 (s, C(CH3)2), 29.8 (s, 
C(CH3)2), 25.8 (vt, N = 30.6, PCH(CH3)2), 19.4 (vt, N = 5.3, 
PCH(CH3)2), 18.3 (s, PCH(CH3)2), 15.5 (s, SiMe(OSiMe3)2), 
3.2 (s, SiMe(OSiMe3)2). 

31P{1H} NMR (161.99 MHz, C6D6, 
298 K): δ 53.0 (s, triplet under off-resonance decoupling con-
ditions). 29Si{1H} NMR (59.63 MHz, C6D6, 298 K): δ -7.9 (s, 
SiMe(OSiMe3)2), -58.2 (t, 2JSi-P = 10.9, SiMe(OSiMe3)2). 

Preparation of IrH2(SiPh3){κ
3-P,O,P-[xant(PiPr2)2]} (4). 

A solution of IrH3{κ
3-P,O,P-[xant(PiPr2)2]} (100 mg, 0.16 

mmol) in toluene (3 mL) was treated with HSiPh3 (41 mg, 
0.16 mmol) and the resulting mixture was stirred at room 
temperature for 18 hours. After this time, the yellowish soluti-
on was evaporated to dryness to afford a yellow residue. Pen-
tane was added to afford a white solid, which was washed with 
pentane (2 x 1 mL) and dried in vacuo. Yield: 72 mg (51%). 
Anal. Calcd. for C45H57IrOP2Si: C, 60.31; H, 6.41. Found: C, 
60.08; H, 6.56. HRMS (electrospray, m/z): calcd. for 
C45H56SiIrOP2 [M-H]+ 895.3201; found 895.3177. IR (cm-1): 
ν(Ir-H) 1772 (w), ν(C-O-C) 1087 (m). 1H NMR (300.13 MHz, 
C6D6, 298 K): δ 8.39 (d, 3JH-H = 7.2, 6H, SiPh3), 7.29 (t, 3JH-H = 
7.2, 6H, SiPh3), 7.18 (m, 3H, SiPh3), 7.01 (m, 2H, CH-arom 
POP), 6.94 (d, 3JH-H = 7.5, 2H, CH-arom), 6.81 (t, 3JH-H = 7.5, 
2H, CH-arom POP), 1.59 (m, 4H, PCH(CH3)2), 1.16 (s, 6H, 
CH3), 1.02 (dvt, 3JH-H = 7.2, N = 13.8, 24H, PCH(CH3)2), –
5.28 (t, 2JH-P = 16.8, 2H, Ir-H). 13C{1H} NMR (75.47 MHz, 
C6D6, 298 K): δ 156.8 (vt, N = 10.6, Carom), 144.4 (s, C 
SiPh3), 138.5 (s, CH SiPh3), 132.4 (vt, N = 4.8, Carom), 129.8 
(s, CH-arom), 127.1 (s, CH SiPh3), 125.9 (s, CH SiPh3), 125.7 
(s, CH-arom), 125.0 (vt, N = 31.0, Carom), 124.2 (vt, N = 5.6, 
CH-arom), 34.2 (s, C(CH3)2), 28.6 (br s, C(CH3)2), 23.6 (vt, N 
= 30.1, PCH(CH3)2), 18.7 (vt, N = 5.1, PCH(CH3)2), 17.3 (s, 
PCH(CH3)2). 

31P{1H} NMR (121.49 MHz, C6D6, 298 K): δ 
44.9 (s). 29Si{1H} NMR (59.63 MHz, C6D6, 298 K): δ -25.5 (t, 
2JSi-P = 10.4). 

Spectroscopic Characterization of IrH3(η
2-H-SiEt3){κ

2-
cis-P,P-[xant(PiPr2)2]}  (ASiEt3). In the glovebox, an NMR 
tube was charged with a solution of 1 (10 mg, 0.016 mmol), 
HSiEt3 (3 µL, 0.02 mmol) in toluene-d8 (0.42 mL), and the 
NMR spectra of the resulting solution were recorded immedi-
ately. 1H NMR (400.13 MHz, C7D8, 298 K): δ 7.01 (m, 4H, 
CH-arom POP), 6.91 (t, JH-H = 7.6, 2H, CH-arom POP), 2.38 
(m, 4H, PCH(CH3)2), 1.39 (s, 6H, CH3), 1.28 (dd, 3JH-H = 7.6, 
3JH-P = 15.2, 12H, PCH(CH3)2), 1.13 (dd, 3JH-H = 7.2, 3JH-P = 
12.8, 12H, PCH(CH3)2), 0.96 (m, 6H, Si(CH2CH3)3), 0.79 (m, 
9H, Si(CH2CH3)3, -12.09 (br, 4H, Ir-H). 1H NMR (500.13 
MHz, C7D8, 183 K, high field region, relative intensities): δ -
9.73 (m, 3, Ir-H), -9.99 (m, 1, Ir-H), -11.19 (t, 2JH-P = 15.5, 2, 
Ir-H), -12.49 (dd, 2JH-P = 15.5, 2JH-P = 104, 2, Ir-H), -14.04 (m, 
2, Ir-H), -14.33 (dd, 2JH-P = 21, 2JH-P = 111, 2, Ir-H). 1H{31P} 
NMR (500.13 MHz, C7D8, 183 K, high field region, relative 
intensities): δ -9.73 (br s, 3, Ir-H), -9.99 (br s, 1, Ir-H), -11.19 
(br s, 2, Ir-H), -12.60 (br s, 2, Ir-H), -14.12 (br s, 2, Ir-H), -
14.40 (br s, 2, Ir-H). 31P{1H} NMR (202.46 MHz, C7D8, 298 
K): δ -1.2 (br s). 31P{1H} NMR (202.46 MHz, C7D8, 183 K): δ 

8.7 (d, 2JP-P = 18.1), -5.9 (d, 2JP-P = 18.1), -12.8 (br s). 29Si{1H} 
NMR (99.36 MHz, C7D8, 183 K): δ 2.8 (br). 

Reaction of IrH3{κ
3-P,O,P-[xant(PiPr2)2]} (1) with 

DSiEt3. Two Wilmad screw-cap NMR tubes were charged 
with 1 (10 mg, 0.016 mmol). To the first NMR tube was added 
0.42 mL of toluene and to the second was added 0.42 mL of 
toluene-d8. DSiEt3 (3 µL, 0.02 mmol) was added to both sam-
ples and they were periodically checked by NMR spectros-
copy. After 28 h, the 1H and 2H NMR spectra showed the 
presence of 2 and 2-d1. The 1H NMR (300.13 MHz, C7D8, 298 
K) data were identical to those reported for 2 with the excep-
tion of the decrease of the intensity of the triplet at -5.76 ppm 
(2JH-P = 17.4 Hz) corresponding to IrH2 and the appearance of a 
new triplet at -5.61 ppm (2JH-P = 17.4 Hz) corresponding to the 
IrHD isotopomer, being the deuterium incorporation at the 
hydride positions 25%. 2H NMR (46.07 MHz, toluene, 298 K): 
δ -5.63 (s, IrD). 

NMR Spectroscopic Study of the Transformation of 
IrH3{κ

3-P,O,P-xant(PiPr2)2} (1) into ASiMe(OSiMe3)2 and 
IrH2[SiMe(OSiMe3)2]{κ

3-P,O,P-[xant(PiPr2)2]} (3). The 
experimental procedure is described for a particular case, but 
the same method was used in all experiments, which were run 
in duplicate. In the glovebox, an NMR tube was charged with 
a solution of 1 (10 mg, 0.016 mmol), 1,1,1,3,5,5,5-
heptamethyltrisiloxane (129 µL, 0.47 mmol) in toluene (0.42 
mL), and a capillary tube filled with a solution of the internal 
standard (PPh3) in benzene-d6 was placed in the NMR tube. 
The tube was immediately introduced into an NMR probe 
preheated at the desired temperature, and the reaction was 
monitored by 31P{1H} NMR at different intervals of time. 

Determination of the Reaction Order for 1,1,1,3,5,5,5-
heptamethyltrisiloxane in the Transformation of 1 into 
ASiMe(OSiMe3)2. The experimental procedure is analogous to that 
described for the transformation of 1 into ASiMe(OSiMe3)2 and 3, 
starting form 1 (10 mg, 0.016 mmol, 0.0373 M) and variable 
concentrations of 1,1,1,3,5,5,5-heptamethyl trisiloxane (from 
0.747 to 1.495 M) in toluene (0.42 mL). The experiments were 
carried out at 288 K. 

NMR Spectroscopic Study of the Transformation of 
IrH2[SiMe(OSiMe3)2]{κ

3-P,O,P-[xant(PiPr2)2]} (3) into 
IrH3{κ

3-P,O,P-xant(PiPr2)2} (1). The experimental procedure 
is described for a particular case, but the same method was 
used in all experiments, which were run in duplicate. In the 
glovebox, an NMR tube was charged with a solution of 3 (14 
mg, 0.016 mmol) in benzene (0.42 mL), and a capillary tube 
filled with a solution of the internal standard (PPh3) in ben-
zene-d6 was placed in the NMR tube. The tube was immediate-
ly introduced into an NMR probe preheated at the desired 
temperature, and the reaction was monitored by 31P{1H} NMR 
at different intervals of time. 

NMR Spectroscopic Study of the Catalysis. In the glove-
box, an NMR tube was charged with a solution of 1 (15 mg, 
0.023 mmol), 1,1,1,3,5,5,5-heptamethyltrisiloxane (64 µL, 
0.23 mmol), cyclohexene (24 µL, 0.23 mmol) in benzene (0.42 
mL). The tube was introduced into an NMR probe preheated 
at 85°C, and the reaction was monitored by 31P{1H} NMR at 
different intervals of time. 

Determination of the Activation Parameters of the Cata-
lytic Silylation of Benzene. The experimental procedure is 
described for a particular case, but the same method was used 
in all experiments, which were run in duplicate. In the glove-
box, an NMR tube was charged with a solution of 1 (7.7 mg, 



 

0.012 mmol), 1,1,1,3,5,5,5-heptamethyltrisiloxane (33 µL, 
0.12 mmol), cyclohexene (12 µL, 0.12 mmol) in benzene (0.42 
mL), and a capillary tube filled with a solution of 1,4-dioxane 
(used as internal standard) in benzene-d6 was placed in the 
NMR tube. The tube was immediately introduced into an 
NMR probe preheated at the desired temperature, and the 
reaction was monitored by 1H NMR at different intervals of 
time (a d1 = 10 sec was used in order ensure accurate integra-
tion of the signals). 

General procedure for the Silylation Reactions. In an ar-
gon-filled glovebox an Ace pressure tube was charged with 1 
(12.7 mg, 0.02 mmol), HSiMe(OSiMe3)2 (100 µL, 0.36 
mmol), cyclohexene (33 µL, 0.36 mmol), pentadecane (10 µL, 
0.036 mmol), as internal standard, and 1.5 mL of the arene. 
The resulting mixture was stirred at 110 °C for 18 h. After this 
time the yield of the silylation reaction was determined by GC 
on an Agilent Technologies 6890N gas chromatograph with a 
flame ionization detector, using an HP-Innowax column (30 m 
x 0.25 mm; film thickness 0.25 µm). The injector temperature 
was 250 °C, and the FID temperature was 300 °C. The oven 
temperature began at 60 °C for 5 min, then 15 °C per minute 
to 200 °C, and finally 200 °C for 13 min. Then the arene was 
evaporated under reduced pressure to afford a crude reaction 
mixture. The identity of the silylation product was confirmed 
by 1H, 13C{1H}, and 29Si{1H} NMR spectroscopies, as well as 
by GC-MS analyses. The isolated yields were calculated after 
purification of the crude reaction mixture by flash chromatog-
raphy over silica gel using diethyl ether as eluent and by evap-
oration to dryness. 
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