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@ Facile Access to Dative, Single, and Double Silicon—Metal Bonds

Through M—Cl Insertion Reactions of Base-Stabilized Si" Cations

Philipp Frisch,” Tibor Szilvéasi,™ and Shigeyoshi Inoue*"®
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/Abstract: Silicon(ll) cations can offer fascinating reactivity
patterns due to their unique electronic structure: a lone pair
of electrons, two empty p orbitals and a positive charge
combined on a single silicon center. We now report the
facile insertion of N-heterocyclic carbene (NHC)-stabilized si-
lyliumylidene ions into M—Cl bonds (M=Ru, Rh), forming a
series of novel chlorosilylene transition-metal complexes.
Theoretical investigations revealed a reaction mechanism in
which the insertion into the M—Cl bond with concomitant

N

1,2-migration of a silicon-bound NHC to the transition metal
takes place after formation of an initial silyliumylidene transi-
tion-metal complex. The mechanism could be verified exper-
imentally through characterization of the intermediate com-
plexes. Furthermore, the obtained chlorosilylene complexes
can be conveniently utilized as synthons to access Si—M and
Si=M bonding motifs bonds through reductive dehalogena-
tion.

/

Introduction

The presence of a lone pair of electrons, two vacant orbitals
and a positive charge on the silicon center makes silyliumyli-
dene ions an incredibly versatile and promising class of low-
valent silicon compounds.! They offer a large, yet untapped
synthetic potential in organosilicon chemistry with the possibil-
ity to form up to three new bonds in a single reaction.”’ They
are promising candidates for the activation of small molecules,
transition metal free catalysis® and can act as synthons for
novel (low-valent) silicon compounds. Further, with the pres-
ence of a stereochemically active lone pair, they can also func-
tion as ligands in transition metal complexes. So far, no one-
coordinate Si' cation has been isolated™ and most reported
examples are three-coordinate and utilize two Lewis bases for
their stabilization (e.g. NHCs).” This brings the drawback of a
generally reduced reactivity by blocking the empty p-orbitals.
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Hence, both amount and diversity of reported reactivities
lag behind those of silylenes, where common reactivity pat-
terns include insertion reactions into various types of (strong)
bonds. A staggering number of examples for the insertion into
E-H (E=H, N, O, S, C, B, ...) and E—Halogen bonds have been
reported in recent years.® Similarly, the coordination chemistry
of silylenes with transition metals is a continuously expanding
research field with various catalytic applications.®®”

In contrast, even as the number of isolable base-stabilized si-
lyliumylidenes continues to grow,**® reported reactivities
remain scarce.” Only few reactivity studies with small mole-
cules" have been found and E-H bond activation reactions
are limited to S—H, O—H and acidic C—H bonds.®% "

The chemistry of Si' cations as transition metal ligands has
seen some progress in recent years.'? Reported examples in-
clude complexes with coinage metals™¥ and group 6 and 8
metal carbonyls, "¢ but no further reactivity of these com-
plexes has been reported to date. Importantly, the synthesis of
new types of complexes with silicon-based ligands and sub-
stituents is of high interest for the development of improved
catalysts.”*“"3 With their intriguing synthetic potential, silyliu-
mylidenes are uniquely suited for the facile synthesis of various
types of Si—M (multiple) bonds (e.g. through salt metathesis or
formation of coordination complexes followed by abstraction/
migration of stabilizing Lewis bases). This was elegantly dem-
onstrated by Filippou et al. with the direct synthesis of a mo-
lybdenum silylidyne complex.!*?

For silylene complexes, a variety of follow-up chemistry is
known.®®”" For instance, multiple insertion reactions into
metal-chloride bonds of a coordinated transition metal frag-
ment have been reported. For example, Jutzi and co-workers
disclosed the insertion of Decamethylsilicocene into a Hg—X
bond, furnishing silyl-substituted Hg compounds (I,
Scheme 1A)."™ The group further reported analogous insertion
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(A) Insertion of silylenes into M-CI bonds:
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Scheme 1. (A) Examples for silylene insertion reactions into M—Cl bonds.
(B) Formation of chlorosilylenes via insertion of Si' cations into M—Cl bonds.

reactions into Ni—Cl and Au—Cl bonds" and related reactivi-
ties with Pt—Cl bonds were also reported by Lappert et al.'®
Recently, Kato, Baceiredo, and co-workers reported the inser-
tion of a chlorosilylene ligand into the Rh—Cl bond of a coordi-
nated [RhCI(COD)] fragment (ll), forming the corresponding
RSiCl,—Rh(COD) compound HL" For silyliumylidene ions and
their transition-metal complexes, no analogous reactivity has
been observed so far. In fact, insertion reactions into E—Halo-
gen bonds have not been reported at all.

Herein, we now report the first reactivity studies regarding
insertion reactions of a Si' cation into transition metal-chloride
bonds. Reactions of NHC-stabilized silyliumylidene ions with di-
meric, chloro-bridged transition-metal precursors lead to coor-
dination of the Si" cation to the metal fragment, followed by
insertion of the silyliumylidene ligand into the M—Cl (M=Ru,
Rh) bond, furnishing NHC-stabilized transition metal silylene
complexes (Scheme 1B). The complexes have been fully char-
acterized by multinuclear NMR spectroscopy and SC-XRD
(single crystal X-ray diffraction) and the insertion mechanism
has been investigated theoretically and verified experimentally.
Furthermore, we present a facile access route to Si—M and
Si=M bonds through stepwise reduction of the isolated com-
plexes with KCg, initially furnishing silyl-substituted complexes,
followed by the formation of the corresponding Si=Ru double
bond through additional reductive dehalogenation. Important-
ly, while these types of insertion reactions are generally accom-
panied by an increase of the silicon oxidation state from Il to
IV, no such change occurs for silyliumylidene ions (cf.
Scheme 1).

Results and Discussion
Insertion of a Si" cation into a Ru—Cl Bond

While exploring the coordination chemistry of NHC-stabilized
Si" cations, we investigated the reaction of the Tipp-substituted
silyliumylidene ion 1a®® with the transition metal precursor
[RuCl,(p-cym)], (Scheme 2, p-cym =1-Me-4-iPr-benzene). Addi-

Chem. Eur. J. 2020, 26, 6271 -6278 www.chemeurj.org

6272

.
. =
IMe,l CI- gl
) / '/ [RuCla(p-cym)], cl-Ru
Tipp-Si: (CHsCN) e
—40°C > r.t. Tipp-Si, 4
IMey . PP t cl
1a IMe,4
Tipp = 2,4,6-iPr3-CaHy
IMe, = 1,3,4,5-tetramethyl- 2

imidazol-2-ylidene

Scheme 2. Synthesis of chlorosilylene ruthenium complex 2.

tion of cold acetonitrile to a mixture of 1a and the precursor
at —40°C led to an immediate color change of the solution to
deep red. At about —20 to —15°C, the color of the solution
rapidly changed to orange. Even at —40°C, a color change to
orange can be observed within 2 hours. The #Si NMR of the
orange solution displays one resonance with an expected
downfield shift at 17.6 ppm (from —69.5 ppm (1a)®?), indicat-
ing the formation of a single coordination product. Interesting-
ly, the corresponding 'H NMR (cf. Supporting Information, Fig-
ure S8) showed a highly asymmetric species with four separate
septets and eight doublets (corresponding to four chemically
unique iso-propyl groups) and two distinct signal sets for the
NHCs. The "*C NMR showed two resonances for the carbene
carbon atoms at 169.9 and 154.8 ppm, indicating the possible
migration of one NHC to the transition metal.

The complex rapidly decomposes at room temperature in
solution to a mixture of products, making further investigation
and functionalization difficult. Nevertheless, crystals suitable
for SC-XRD analysis could be obtained by storing a concentrat-
ed solution of 2 in MeCN at —35°C. Figure 1 shows the solid-
state structure of 2, unambiguously confirming the asymmetric
nature of the complex and the shift of one NHC to the metal.
The half-sandwich complex with a piano-stool configuration

Cit

N2

Figure 1. Ellipsoid plot (50%) of the molecular structure of 2. Hydrogen
atoms and the anion are omitted. The Tipp substituent is simplified as a
wireframe for clarity. Selected bond lengths [A] and angles [°]: Si1—Ru1l
2.409(1), Si1—ClI1 2.167(1), Si1—C1 1.941(4), Si1—C16 1.970(4), Ru1—CI2
2.404(1), Ru1—C23 2.077(4), Rul—p-cym, 1.770(1), C1-Si1—Ru1 123.3(1), Si1—
Rul—p-cym, 131.1(1), CI1-Si1—Ru1-Cl2 —173.1(1), C16—Si1—Ru1-C23
—11.1(2).
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features an NHC- stabilized aryl-chlorosilylene ligand with a tet-
rahedral coordination sphere around the silicon center and a
Si1—Ru1 bond length (2.409(1) A) typical for Si—Ru bonds."®
The Si—Cyyc (1.970(4) A) and Ru—Cy,c (2.077(4) A) bond lengths
are in the typical range for Si—Cyyc and Ru—Cyyc bonds.

It is worth noting that attempts to stabilize the complex by
employing the significantly bulkier m-terphenyl (2,6-(2,4,6-Me,-
CgH,),-CgH;) substituent were unsuccessful and no reaction
could be observed, presumably due to its large steric hin-
drance. Similarly, we envisioned the introduction of a Cp*
ligand (Cp*=1,2,3,4,5-pentamethyl-cyclopentadienyl) on the
metal. The p-cymene ligand is often a weak spot in such com-
plexes, as it can be relatively easily cleaved from the metal. Un-
fortunately, no reaction of the related precursor [RhCl,(Cp¥)],
with 1a could be observed, most likely due to the increased
steric demand of the Cp* substituent.

Formation of complex 2—mechanistic insights

To elucidate the mechanism of formation of chlorosilylene
complex 2, we performed DFT calculations at the B97-D/def2-
SVP level of theory (Figure 2). In a first step, the coordination
of a silyliumylidene moiety to each transition metal center
leads to the splitting of the dimer, forming the silyliumylidene
complex 2'. This also indicates why no reaction could be ob-
served at all for the significantly bulkier m-terphenyl and Cp*:
the initial coordination step is blocked due to their large steric
hindrance, which completely stops any product formation.
After the coordination, the insertion reaction of the low-valent
silicon into the Ru—Cl bond occurs with concomitant 1,2-mi-
gration of one NHC moiety to the transition metal. We have
previously observed a related NHC migration reaction involv-
ing NHC-stabilized silyliumylidene ions with the formation of a
[(IMe,),Au]Cl complex from a silyliumylidene gold complex."??
This migration/insertion reaction is similar to the mentioned in-

sertion reaction of a chlorosilylene ligand into a Rh—Cl bond
(=11, Scheme 1).!'"”" However, a key distinction to the inser-
tion reactions of silylenes is that in the case of the Si' cation,
the formal oxidation state of the silicon center does not
change: here, the insertion reaction leads from [R—Si"]" to [R—
Si'—Cl], whereas silylenes [R,Si"] yield silyl-substituted com-
plexes [R,CISi"—M] (cf. Scheme 1).

Based on the calculated reaction profile we presumed that
the deep red species observed at low temperatures during the
synthesis should be the silyliumylidene complex 2'. Indeed,
low-temperature 2°Si NMR analysis (—30°C) showed a weak res-
onance at considerably higher field (—21.1 ppm vs. 4+ 17.6 ppm
for 2) that immediately vanished upon warming and even dis-
appeared at low temperatures within 2 hours. This upfield
shifted resonance is expected for a Si' center with two coordi-
nated NHC moieties and is in line with our previously reported
group 6 silyliumylidene complexes (Cr: +6.3 ppm; Mo:
—173 ppm; W: —30.5ppm and the related iron complex
(4 5.4 ppm)).'*? To further reinforce the suggestion that 2’ is in
fact the intermediate observed at low temperatures, we calcu-
lated the ?°Si NMR shifts for 2 and 2': we find that the calculat-
ed chemical shifts (19.8 ppm for 2 and —23.4ppm for 2’
(HCTH407/def2-SVP//B97-D/def2-SVP)) are in good agreement
with the experimentally observed values.

Due to the relatively rapid insertion reaction occurring even
at low temperatures, we were unable to structurally character-
ize 2'. However, based on these results we hypothesized, that
the insertion/migration reaction from 2’ to 2 occurs so rapidly
to reduce the considerable steric congestion at the silicon
center and that reducing the size of the aryl substituent could
enable us to isolate the intermediate silyliumylidene complex.
Consequently, we utilized 1b® and performed the same reac-
tion (Scheme 3). Indeed, ?°Si NMR analysis of the resulting red-
orange solution showed a resonance at —20.5 ppm, considera-
bly upfield shifted compared to 2 (17.6 ppm) and very close to

AG /IMe:r = )
¢ ol iR AR - -
+10 —— Cl~ry~ IMe4 IMey4 al ?U\‘_:Si—R 2 C‘|‘/ 2 Cl\' 7 {-cl
N O g C R-Si R Mes
R-Si:----Ru IMe, ™~ IMey t
+5.6 IMes IMeq IMes
T o0 . Lo HBiB o e S e
0 0.0 103 k%5 A 23
+ —|+ Y
- o
=10 | 2 R-Si =71 " 5 Cl/ﬁ“‘CI
5 -11.5 oL ‘
1a||v|e4 >—<>_ Mes = R fSI + e
Ru---:Si-R :
=20 +— + Cl /U\CI I >—©— IMey4 ]
‘ g :
. _
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Figure 2. DFT-derived reaction mechanism and energy profile for the formation of 2 from 1a via 2'.
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Scheme 3. Synthesis of silyliumylidene complexes 3 and 4.

the —21.1 ppm for 2. However, 3 decomposes incredibly
quickly at room temperature (even faster than 2) and slowly at
—35°C, preventing further characterization and analysis (espe-
cially through SC-XRD). Hence, to stabilize the desired com-
plex, we also attempted the reaction with [RhCl,(Cp*)],, which
proceeds instantly even at —40°C. °Si NMR analysis of the
deep red solution showed a resonance at —24.2 ppm (d,
s, s =166.9 Hz), indicating the formation of the desired com-
plex 4. While 4 is somewhat more stable in solution than 3, it
still decomposes rapidly (for details concerning the decomposi-
tion, see Supporting Information). Still, we were able to obtain
single crystals of 4 through quick diffusion of Et,O into a
MeCN solution at —35°C. The solid-state structure (Figure 3)
revealed a silyliumylidene complex with a geometry compara-
ble to the chlorosilylene complex 3, except that in 4 both
NHCs are still located on the silicon center and both chlorides
are still bound to the metal. The compound features a long
Rh1-Si1 bond length of 2.426(2) A with typical Si—Cyy,c bond
lengths (1.958(7) and 1.944(7) A). The angle between the coor-
dinated NHCs (93.9(3)°) is comparable to uncoordinated silyl-
iumylidene ions (e.g. 1a: 94.3(1)°)."*

Attempts to convert 4 into the chlorosilylene complex analo-
gous to 2 through prolonged stirring failed due to the low sta-
bility of 4 in solution. No conversion could be detected after
12 hours at —35°C and at higher temperatures only decompo-
sition products were observed.

Reactivity of silyl-substituted silyliumylidene ions

Silyl groups have proven to be excellent substituents for the
stabilization of elusive main group species because of their

Ci17 c10
N3

N1

N4

N2

Figure 3. Ellipsoid plot (50%) of the molecular structure of 4. Hydrogen
atoms and the anion are omitted. The mesityl substituent is simplified as a
wireframe for clarity. Selected bond lengths [A] and angles [°]: Si1—Rh1
2.426(2), Si1—C1 1.899(7), Si1—C10 1.958(7), Si1—C17 1.944(7), Rh1—Cl1
2.420(2), Rh1—Cl2 2.404(2), Rh1—Cp*, 1.857(1), C1-Si1—Rh1 112.7(2), C10—
Si1—C17 93.9(3), Si1—Rh1-Cp* | 132.3(1).

tuneable steric demand as well as their strong o-electron-do-
nating properties."” Consequently, we attempted the same
conversions with our recently reported silyl-substituted silyl-
iumylidenes® 5 in the hope of furnishing analogous silylium-
ylidene or chlorosilylene complexes with increased stability in
solution to allow further functionalization. Reaction of 5 with
[RuCly(p-cym)], and [RhCp*Cl,], (Scheme 4) furnished the
orange to red chlorosilylene complexes 6 and 7, respectively.
Only 5c¢ did not react in a clean fashion with [RhCp*Cl,],,
giving a mixture of products containing the desired complex
with less than 40% (cf. Supporting Information Figure S56). Pu-
rification attempts were not successful. This can presumably
be attributed to the increased steric demand of the bulkier
NHCs together with the Cp* ligand, thus favouring side reac-
tions. 2Si NMR analysis of 6-7 (see Table 1) revealed resonan-
ces close to 2, clearly indicating the formation of the analo-
gous chlorosilylene complexes. Furthermore, 'H and *C NMR
spectra show formation of asymmetric species with clear signal
sets for NHCs bound to both silicon and the metal. Generally,
reactions with the rhodium precursor give higher yields than
the analogous ruthenium reactions due to higher stability of
the Rh complexes in solution. While complexes 6 still slowly

P “Ter
NHclor X/é(
/
\

cl-Ru '/ [RuClp(p-cym)l, /5 [RhCIo(Cp*)l2 _Rh
N ~——/———— R3Si—Sit —_— cr
RsSi—si. . NHC (CHSCN) N (CHLCN) & “NHC
tCl —40°C - rt. NHC —40°C > rt. R3Si ?lm
45-64% 62-70%
NHC NHC
R3Si NHC R;Si NHC R3Si NHC
6a {Bu,Si IMe, 5a  {BusSi IMe, 7a tBu,Si IMey
6b {Bu,MeSi IMe, 5b {Bu,MeSi IMe, 7b tBu,MeSi [IMe,

6¢c fBu,MeSi I[Et;Me,

5c {Bu,MeSi IEt,Me,

7c tBu,MeSi IEt,Me,

Scheme 4. Synthesis of 6 and 7 from 5 (IEt,Me, = 1,3-diethyl-4,5-dimethylimidazol-2-ylidene).
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Table 1. Comparison of *’Si NMR shifts (CD;CN, Central Silicon) and XRD
data of Si' cations 1 and 5 and complexes 2-4 and 6-10.”'
R M 2Si NMR Si—M [A] M—aryl | [A]

[ppm]

1a Tipp —69.5%9

1b  Mes —71.2%

5a  tBu,Si —82.0®

5b  tBu,MeSi —90.7'%

5¢  tBu,MeSi® —86.21%

3 Mes Ru —205

4 Mes Rh  —242 2.426(2) 1.857(1)

2 Tipp Ru +176 2.409(1) 1.770(1)

6a  tBusSi Ru 4294 2.499(1) 1.767(1)

6b  tBu,MeSi Ru  +294

6c  tBu,MeSi® Ru +235

7a  tBusSi Rh  +235 2.423(2) 1.896(1)

7b  tBu,MeSi Rh  +239 2.384(1) 1.890(1)

7c¢  tBu,MeSi® Rh +186

8 tBu,Si Ru 2.374(1) 1.756(1)

9 tBu,Si Rh 2.328(1)/2.331(1)  1.911(1)/1.909(1)

10 tBu,Si Ru 424069 2.236(1) 1.751(1)

[a] Ordered according to structural relationship. [b] NHC=IEt,Me,.

[c] C¢Ds.

decompose at room temperature in solution (6a being the
most stable of all ruthenium complexes with full decomposi-
tion after roughly 12 hours), 7a and 7b are stable for at least
two weeks.

To further elucidate and strengthen our proposed reaction
mechanism, we used the tBu,Si-substituted silyliumylidene tri-
flate 5a-OTf (instead of chloride) and carried out the same re-
action: the corresponding complex 7 a-OTf could be obtained
(cf. Supporting Inforamtion, Figures S46-548), excluding any
relevant involvement of the anion in the reaction mechanism.
This reactivity also further underscores the hypothesis that the
Si' cation indeed inserts into the M—Cl bond.

SC-XRD analysis of complexes 6a, 7a and 7b (for details,
see Supporting Information Figure $82-S84) revealed the same
general structural motif present in 2. The Si—-M bonds (2:
2.409(1) A, 6a: 2.499(1) A, 7a: 2.423(2) A, 7b: 2.384(1) A) in all
complexes are quite long. Interestingly, 2 exhibits a shorter
bond length (4=0.09 A, 3.6%) than 6a. This trend in bond
lengths can also be observed in the related silyl- and aryl-sub-
stituted hydrosilylene iron complexes (e.g. Si-Fe distance in Ar-
yI(H)Si(NHC)—Fe(CO), (2.3268(6) A®) is shorter than in Sily/(H)-
Si(NHC)—Fe(C0O), (2.3717(16) A®"). The distance between the
metal and the centroid of the aryl ligand M-aryl | are statisti-
cally identical in 2 and 6a (1.770(1) A vs. 1.767(1) A).

Si1—Cl1 bonds are essentially identical in all complexes, with
Si1—Cyc bonds being slightly longer for the tBu,Si substituted
complexes. The two chloride substituents are oriented almost
completely opposite to each other in 2 (dihedral angle CI-Si—
M—Cl: —173.1(1)°, while they exhibit a slightly more staggered
position in 6a and 7a (—156.1(1)° and —154.8(1)°, respective-
ly). A similar trend can be observed for the dihedral angle be-
tween the two NHC ligands: 2 shows a Cyyc—Si—M—Cy,c dihe-
dral angle of —11.1(2)°, whereas narrowing of this angle can
be observed for 6a and 7a (—0.2(2)° and —4.2(3), respectively).
The angle between the calculated planes of the two NHC scaf-
folds in the tBu,Si-substituted complexes (6a: 25.0°, 7a: 32.5°)
are significantly smaller compared to the Tipp-substituted
complex (2: 45.8°), meaning they are oriented in a more paral-
lel fashion.

Access to Si—M single and Si=M double bonds

As complexes 2, 6 and 7 exhibit a halide counterion and one
halide bound to the silicon and transition metal each, we
thought them to be ideal precursors for the synthesis of Si—Ru
and Si—Rh multiple bonds through reductive dehalogenation.
We utilized the tBu,Si-substituted complexes 6a and 7a for
further investigations due to their significantly increased stabil-
ity in solution. After treatment of 6a and 7a with one equiva-
lent of potassium graphite (Scheme 5), we were able to isolate
the unexpected paramagnetic silyl-substituted complexes 8
(bright green) and 9 (grey-black) in moderate and good vyield,
respectively. EPR analysis of 8 and 9 revealed only a single
band in both cases (cf. Supporting Information, Figures S64
and S67). No hyperfine coupling to a- or (3-silicon could be ob-
served. The g-values (8: g=2.1062, 9: g=2.1003) are in line
with other paramagnetic ruthenium and rhodium com-
plexes.”? We successfully confirmed the composition of 8 and
9 through SC-XRD analysis (Figure 4, left and center). Forma-
tion of these complexes most likely takes place through 1,2-mi-
gration of the metal-bound chloride to silicon under dissocia-
tion of the silicon-bound NHC. As expected, the chloride coun-
terion was the first halide to be removed through reductive
dehalogenation.

The Si1—Ru1 bond length in 8 (2.374(1) A) is shortened sig-
nificantly (4=0.125 A, 5.0%) in comparison to 6a, which is
consistent with a reduction of the complex and an increase in
the bond order of the Si—Ru bond. Similarly, the Si1—Rh1 bond
length in 9 (2.328(1)/2.331(1) A) is also reduced (4=0.094 A
(average), 3.9%) in comparison to 7a. Interestingly, the Ru—p-
cym , distance in 8 (1.756(1) A) is slightly shorter than in 6a

Ter
ﬁr cl Ar 8 >—<é §>—
c-M KCq ! KCq :
Bu.Si—-S' _ Mey (THF) s Mey (THF) R e
3 t cl -78°C —rt. tBu3Si ’éI'CI -78°C ~>rt  {BuzSi—Si, 4
IMe 57-65% 63% Cl
4
6a M = Ru, Ar = p-cym 8 M = Ru, Ar = p-cym 10

7a M =Rh, Ar = Cp*

9 M = Rh, Ar = Cp*

Scheme 5. Reduction of 6a and 7 a with KC; to silyl complexes 8 and 9 and to silylene complex 10.
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Figure 4. Ellipsoid plot (50%) of the molecular structures of 8 (left), 9 (middle, one out of two independent molecules in the asymmetric unit shown) and 10
(right). Hydrogen atoms are omitted and the tBu substituents are simplified as wireframes for clarity. Selected bond lengths [A] and angles [°]: 8: Si1—Ru1
2.374(1), Si1—CI1 2.161(1), Si1—Cl2 2.160(1), Si1-Si2 2.424(1), Ru1—C13 2.064(2), Rul—p-cym , 1.756(1), Si2—Si1—Ru1 128.0(1), Si1—Ru1—p-cym , 134.0(1); 9: Si1—
Rh1 2.328(1)/2.331(1), Si1—ClI1 2.145(1)/2.146(1), Si1—CI2 2.170(1)/2.171(1), Si1—Si2 2.430(1)/2.429(1), Rh1—C13 2.033(3)/2.018(3), Rh1—Cp*, 1.911(1)/1.909(1),
Si2—Si1—-Rh1 126.6(1)/126.0(4), Si1—Rh1—-Cp*, 135.7(1)/136.1(1); 10: Si1—Ru1 2.236(1), Si1—ClI1 2.169(1), Si1—Si2 2.416(1), Ru1-C13 2.055(4), Rul—p-cym ,

1.751(1), Si2—Si1—Ru1 143.8(1), Sil—Rul—p-cym , 147.7(1).

(1.767(1) A), whereas the Rh—Cp*, distance is slightly in-
creased from 1.895(1) A in 7a to 1.911(1)/1.909(1) A in 9.

We further attempted the reaction of 6a with two equiva-
lents of KCq in the hopes of furnishing a Si=Ru bond. Indeed,
two-electron reduction of 6a or additional reduction of 8 with
1 KCg yielded the ruthenium silylene complex 10 (Scheme 5,
63% from 8, 41% from 6a). During the reaction, an intense
color change from bright green (8) to deep red (10) can be
easily observed. We also attempted the reduction of complex
7a (or 9; color change from black to purple) to a similar Si=Rh
species. While ?°Si NMR and mass spectrometry analysis (for de-
tails, see Supporting Information) suggest that formation of
the analogous complex takes place (albeit in a significantly less
clean fashion), we have been unable to obtain satisfactory ana-
lytical data so far.

With the additional reductive step, 10 is no longer paramag-
netic. The °Si NMR exhibits a significantly downfield shifted
resonance at 240.6 ppm, which falls in the expected range of
Si=M bonds with a three coordinate Si center® and indicates
the multiple-bond character of the Si=Ru bond. The observed
resonance is even more downfield shifted than the previously
reported structurally related aryl-chlorosilylene complexes
Cp*(R3P)(H)Ru=SiCl(aryl) (aryl=Tipp (221.7 ppm), m-terphenyl
(205.0 ppm)).**? No signal splitting analogous to complexes 6
and 7 could be observed in the 'H/"*C NMR spectra. The car-
bene carbon atom of the metal-bound NHC also exhibits a sig-
nificantly more downfield shifted resonance at 188.5 ppm com-
pared to the 172.1 ppm observed for 6a.

SC-XRD analysis of 10 (Figure 4, right) revealed the expected
structure with only one chloride atom bound to the silicon
center. The silylene silicon adopts a trigonal planar coordina-
tion sphere (sum of angles around Si1: 359.4°). Again, a signifi-
cant shortening (4=0.138 A, 5.8%) of the Si—Ru bond takes
place from 2.374(1) A (8) to 2.236(1) A (10) (cf. 4=0.263 A,
10.5% from 6a), further indicating double-bond character. In
fact, the Si=Ru bond length is easily in the range of other
Si=Ru double bonds (2.18%3%-2,34 Al'8:24),

Computational studies

To better understand the bonding situation and the electronic
structure of the isolated complexes, we also carried out DFT
calculations (for details, see Supporting Information). The cal-
culated metric parameters (Table 2, Supporting Information
Table S10) show good agreement with the experimentally ob-

Table 2. Summary of the calculated Si—M bond lengths, NPA atomic
charges and Wiberg bond index (WBI)/Mayer bond order (MBO) of the in-
vestigated complexes.
M Theor. NPA atomic charge WBI MBO
Si—M [A] Si M Si-M Si-M
2 Ru 2.392 +1.31 —0.56 0.73 0.83
4 Rh 2.365 +1.23 —0.25 0.64 0.81
6a Ru 2481 +0.81 —0.53 0.73 0.72
7a Rh 2428 +0.74 —0.21 0.64 0.70
8 Ru 2.371 +0.74 —0.46 0.60 0.86
9 Rh 2324 +0.68 —0.21 0.68 0.91
10 Ru 2225 +0.62 -0.73 135 1.52

served values, indicating the validity of the computational
method. Analysis of the Natural Bond Orbitals (NBO, Support-
ing Information Table S3-59) revealed that the Si—M bond po-
larity can change in different complexes: for example, the Si—
Ru bond is polarized towards the metal center in complexes 2,
8, and 10. In contrast, the bond is polarized towards the Si
atom in 6a. Combined with the very long Si-Ru bond distance
in 6a (2.499(1) A), we conclude that the Si—Ru bond in 6a is
more dative in nature while it exhibits an increased covalent
character in the other complexes. Natural Population Analysis
(NPA, Table 2 and Supporting Information Table S10) shows
that for the aryl-substituted complexes 2 and 4 the central Si
atom bears a more positive charge than in the silyl-substituted
complexes 6a, 7a and 8-10. This can presumably be attribut-
ed to the stronger o-donating properties of the silyl moieties
compared to aryl groups. In general, the ruthenium center in
complexes 2, 6a and 8 exhibits a more negative charge than
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the Rh atom in 4, 7a and 9. The Ru center in complex 10 ex-
hibits the highest negative charge (—0.73) out of all com-
plexes. This increased negative charge is most likely the conse-
quence of the double bond character of the Si=Ru bond in 10
suggested by the NBOs (cf. Supporting Information, Table S9).
The Wiberg Bond Index (WBI) and Mayer Bond Order (MBO)
also support the double bond character, as both WBI and MBO
for complex 10 are significantly higher than in the other com-
plexes. These results agree well with the experimentally deter-
mined Si—M bond lengths. The calculated frontier orbitals also
confirm the validity of the Si=Ru bond in 10 (Figure 5), where
the HOMO (highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) correspond to the bond-
ing and anti-bonding orbital of the Si—Ru m-bond. Additionally,
we were unable to find similar orbitals for the other investigat-
ed complexes (cf. Supporting Information, Figure S88-S93), in
which the HOMO and LUMO are associated with the metal d
orbitals and the m-system of the Cp* or p-cymene ligands.

Figure 5. Calculated frontier orbitals of Si=Ru complex 10: HOMO (left,
—3.52 eV) and LUMO (right, —1.43 eV).

Conclusions

In summary, we have used NHC-stabilized Si" cations as a con-
venient entry point for the isolation of Si—M, Si—M and Si=M
moieties via the insertion of silyliumylidenes into M—Cl
(M=Ru, Rh) bonds with simultaneous silicon-to-metal NHC-mi-
gration, followed by reductive dehalogenation. This work sig-
nificantly expands the still-young field of silyliumylidene transi-
tion metal coordination chemistry and showcases the ease
with which relatively bulky aryl- and silyl-substituted silyliumy-
lidenes insert into M—Cl bonds, forming chlorosilylene transi-
tion metal complexes. This is an important distinction to previ-
ously reported M—Cl insertion reactions of low-valent silicon
compounds, where the insertion leads to Si'" compounds. The
mechanism of formation was investigated theoretically and
predicted to include an initially formed silyliumylidene transi-
tion metal complex followed by insertion of the Si" cation into
the M—Cl bond with concomitant 1,2-migration of a silicon-
bound NHC moiety to the metal. This could be verified experi-
mentally through NMR and XRD characterization of the silyl-
iumylidene complexes.

The presence of multiple halides on the isolated chlorosily-
lene complexes gives a simple access route to Si—M single and
Si=M double bonds through successive reductive dechlorina-
tion. The possible utilization of this synthetic approach to
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access various transition metal silylidene and silylidyne com-
plexes is currently under investigation in our laboratory.

Acknowledgements

The authors are exceptionally grateful to the WACKER Chemie
AG and the European Research Council (SILION 637394) for
continued financial support. We are also thankful to Dr. A.
P6thig and Dr. C. Jandl for advice regarding crystallography, to
M. Muhr for recording the LIFDI-MS spectra and to Dr. O.
Storcheva for recording the EPR spectra.

Conflict of interest

The authors declare no conflict of interest.

Keywords: carbene ligands - insertion - reduction -

transition metals

silylene -

[1] G. Bertrand, Science 2004, 305, 783 -785.

[2] P.P. Gaspar, Organosilicon Chemistry VI: From Molecules to Materials
(Eds.: N. Auner, J. Weis), Wiley-VCH, Weinheim 2005, pp. 10-92.

[3] a) K. Leszczynska, A. Mix, R.J. F. Berger, B. Rummel, B. Neumann, H.-G.
Stammler, P. Jutzi, Angew. Chem. Int. Ed. 2011, 50, 6843 -6846; Angew.
Chem. 2011, 123, 6975-6978; b) E. Fritz-Langhals, Org. Process Res. Dev.
2019, 23, 2369-2377; ¢) B. X. Leong, J. Lee, Y. Li, M.-C. Yang, C.-K. A. Siu,
M.-D. Su, C.-W. So, J. Am. Chem. Soc. 2019, 141, 17629-17636.

[4] a) P. Jutzi, A. Mix, B. Rummel, W. W. Schoeller, B. Neumann, H.-G. Stamm-
ler, Science 2004, 305, 849-851; b) T. Mller, Organometallics 2010, 29,
1277 -1283; c) C. Gerdes, W. Saak, D. Haase, T. Mdller, J. Am. Chem. Soc.
2013, 7135, 10353-10361.

[5] a) V. Nesterov, D. Reiter, P. Bag, P. Frisch, R. Holzner, A. Porzelt, S. Inoue,
Chem. Rev. 2018, 118, 9678-9842; b) S. L. Powley, S. Inoue, Chem. Rec.
2019, 19, 2179-2188.

[6] a)Y. Mizuhata, T. Sasamori, N. Tokitoh, Chem. Rev. 2009, 109, 3479-
3511; b) N. J. Hill, R. West, J. Organomet. Chem. 2004, 689, 4165-4183;
¢) T. Chu, G. I. Nikonov, Chem. Rev. 2018, 118, 3608 -3680; d) T. Ivamoto,
S. Ishida, Organosilicon Compounds: Theory and Experiment (Synthesis)
(Ed.: V. Y. Lee), Academic Press, Massachusetts 2017, pp. 361-532.

[7] a) Y-P. Zhou, M. Driess, Angew. Chem. Int. Ed. 2019, 58, 3715-3728;
Angew. Chem. 2019, 131, 3753-3766; b)S. Raoufmoghaddam, Y.-P.
Zhou, Y. Wang, M. Driess, J. Organomet. Chem. 2017, 829, 2-10; c)B.
Blom, M. Stoelzel, M. Driess, Chem. Eur. J. 2013, 19, 40-62; d) M. Okaza-
ki, H. Tobita, H. Ogino, Dalton Trans. 2003, 493 -506; e) L. Alvarez-Rodri-
guez, J. A. Cabeza, P. Garcia-Alvarez, D. Polo, Coord. Chem. Rev. 2015,
300, 1-28.

[8] a) M. Driess, S. Yao, M. Brym, C. van Wiillen, Angew. Chem. Int. Ed. 2006,
45, 6730-6733; Angew. Chem. 2006, 118, 6882-6885; b) Y. Xiong, S.
Yao, S. Inoue, E. Irran, M. Driess, Angew. Chem. Int. Ed. 2012, 51, 10074 -
10077; Angew. Chem. 2012, 124, 10221-10224; c) H.-X. Yeong, H.-W. Xi,
Y. Li, K. H. Lim, C-W. So, Chem. Eur. J. 2013, 19, 11786-11790; d)Y.
Xiong, S. Yao, S. Inoue, J. D. Epping, M. Driess, Angew. Chem. Int. Ed.
2013, 52, 7147-7150; Angew. Chem. 2013, 125, 7287-7291; e)A.C.
Filippou, Y.N. Lebedev, O. Chernov, M. StraBmann, G. Schnakenburg,
Angew. Chem. Int. Ed. 2013, 52, 6974-6978; Angew. Chem. 2013, 125,
7112-7116; f) Y. Li, Y.-C. Chan, Y. Li, I. Purushothaman, S. De, P. Parames-
waran, C-W. So, Inorg. Chem. 2016, 55, 9091-9098; g) S. U. Ahmad, T.
Szilvasi, S. Inoue, Chem. Commun. 2014, 50, 12619-12622; h) T. Agou,
N. Hayakawa, T. Sasamori, T. Matsuo, D. Hashizume, N. Tokitoh, Chem.
Eur. J. 2014, 20, 9246 -9249; i) N. Hayakawa, K. Sadamori, S. Mizutani, T.
Agou, T. Sugahara, T. Sasamori, N. Tokitoh, D. Hashizume, T. Matsuo, In-
organics 2018, 6, 30; j) Y. Li, Y.-C. Chan, B.-X. Leong, Y. Li, E. Richards, I.
Purushothaman, S. De, P. Parameswaran, C.-W. So, Angew. Chem. Int. Ed.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1126/science.1102270
https://doi.org/10.1126/science.1102270
https://doi.org/10.1126/science.1102270
https://doi.org/10.1021/acs.oprd.9b00260
https://doi.org/10.1021/acs.oprd.9b00260
https://doi.org/10.1021/acs.oprd.9b00260
https://doi.org/10.1021/acs.oprd.9b00260
https://doi.org/10.1021/jacs.9b06714
https://doi.org/10.1021/jacs.9b06714
https://doi.org/10.1021/jacs.9b06714
https://doi.org/10.1126/science.1099879
https://doi.org/10.1126/science.1099879
https://doi.org/10.1126/science.1099879
https://doi.org/10.1021/ja400306h
https://doi.org/10.1021/ja400306h
https://doi.org/10.1021/ja400306h
https://doi.org/10.1021/ja400306h
https://doi.org/10.1021/acs.chemrev.8b00079
https://doi.org/10.1021/acs.chemrev.8b00079
https://doi.org/10.1021/acs.chemrev.8b00079
https://doi.org/10.1002/tcr.201800188
https://doi.org/10.1002/tcr.201800188
https://doi.org/10.1002/tcr.201800188
https://doi.org/10.1002/tcr.201800188
https://doi.org/10.1021/cr900093s
https://doi.org/10.1021/cr900093s
https://doi.org/10.1021/cr900093s
https://doi.org/10.1016/j.jorganchem.2004.09.012
https://doi.org/10.1016/j.jorganchem.2004.09.012
https://doi.org/10.1016/j.jorganchem.2004.09.012
https://doi.org/10.1021/acs.chemrev.7b00572
https://doi.org/10.1021/acs.chemrev.7b00572
https://doi.org/10.1021/acs.chemrev.7b00572
https://doi.org/10.1002/anie.201811088
https://doi.org/10.1002/anie.201811088
https://doi.org/10.1002/anie.201811088
https://doi.org/10.1002/ange.201811088
https://doi.org/10.1002/ange.201811088
https://doi.org/10.1002/ange.201811088
https://doi.org/10.1016/j.jorganchem.2016.07.014
https://doi.org/10.1016/j.jorganchem.2016.07.014
https://doi.org/10.1016/j.jorganchem.2016.07.014
https://doi.org/10.1002/chem.201203072
https://doi.org/10.1002/chem.201203072
https://doi.org/10.1002/chem.201203072
https://doi.org/10.1039/b210588h
https://doi.org/10.1039/b210588h
https://doi.org/10.1039/b210588h
https://doi.org/10.1016/j.ccr.2015.04.008
https://doi.org/10.1016/j.ccr.2015.04.008
https://doi.org/10.1016/j.ccr.2015.04.008
https://doi.org/10.1016/j.ccr.2015.04.008
https://doi.org/10.1002/anie.200602327
https://doi.org/10.1002/anie.200602327
https://doi.org/10.1002/anie.200602327
https://doi.org/10.1002/anie.200602327
https://doi.org/10.1002/ange.200602327
https://doi.org/10.1002/ange.200602327
https://doi.org/10.1002/ange.200602327
https://doi.org/10.1002/anie.201205840
https://doi.org/10.1002/anie.201205840
https://doi.org/10.1002/anie.201205840
https://doi.org/10.1002/ange.201205840
https://doi.org/10.1002/ange.201205840
https://doi.org/10.1002/ange.201205840
https://doi.org/10.1002/chem.201300255
https://doi.org/10.1002/chem.201300255
https://doi.org/10.1002/chem.201300255
https://doi.org/10.1002/anie.201302537
https://doi.org/10.1002/anie.201302537
https://doi.org/10.1002/anie.201302537
https://doi.org/10.1002/anie.201302537
https://doi.org/10.1002/ange.201302537
https://doi.org/10.1002/ange.201302537
https://doi.org/10.1002/ange.201302537
https://doi.org/10.1021/acs.inorgchem.6b01716
https://doi.org/10.1021/acs.inorgchem.6b01716
https://doi.org/10.1021/acs.inorgchem.6b01716
https://doi.org/10.1039/C4CC05181E
https://doi.org/10.1039/C4CC05181E
https://doi.org/10.1039/C4CC05181E
https://doi.org/10.1002/chem.201403083
https://doi.org/10.1002/chem.201403083
https://doi.org/10.1002/chem.201403083
https://doi.org/10.1002/chem.201403083
https://doi.org/10.3390/inorganics6010030
https://doi.org/10.3390/inorganics6010030
https://doi.org/10.1002/anie.201702760
http://www.chemeurj.org

Chemistry—A European Journal

Full Paper

doi.org/10.1002/chem.202000866

Chemistry

Europe

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

Chem. Eur. J. 2020, 26, 6271 -6278

2017, 56, 7573-7578; Angew. Chem. 2017, 129, 7681-7686; k) P. Frisch,
S. Inoue, Dalton Trans. 2019, 48, 10403 - 10406.

P. Jutzi, Chem. Eur. J. 2014, 20, 9192-9207.

a) S. U. Ahmad, T. Szilvasi, E. Irran, S. Inoue, J. Am. Chem. Soc. 2015, 137,
5828-5836; b) A.C. Filippou, B. Baars, O. Chernov, Y.N. Lebedev, G.
Schnakenburg, Angew. Chem. Int. Ed. 2014, 53, 565-570; Angew. Chem.
2014, 126, 576-581; c) D. Sarkar, D. Wendel, S. U. Ahmad, T. Szilvasi, A.
Pothig, S. Inoue, Dalton Trans. 2017, 46, 16014-16018.

a) A. Porzelt, J. Schweizer, R. Baierl, P. Altmann, M. Holthausen, S. Inoue,
Inorganics 2018, 6, 54; b) D. Sarkar, V. Nesterov, T. Szilvési, P. J. Altmann,
S. Inoue, Chem. Eur. J. 2019, 25, 1198 -1202.

a) N. C. Breit, T. Szilvasi, T. Suzuki, D. Gallego, S. Inoue, J. Am. Chem. Soc.
2013, 735, 17958-17968; b) H.-X. Yeong, Y. Li, C.-W. So, Organometallics
2014, 33, 3646-3648; c)P. Ghana, M.I. Arz, G. Schnakenburg, M.
StraBmann, A.C. Filippou, Organometallics 2018, 37, 772-780; d)P.
Frisch, S. Inoue, Chem. Commun. 2018, 54, 13658-13661; e) P. Frisch, T.
Szilvasi, A. Porzelt, S. Inoue, Inorg. Chem. 2019, 58, 14931 -14937.

Z. Benedek, T. Szilvasi, RSC Adv. 2015, 5, 5077 -5086.

M. Theil, P. Jutzi, B. Neumann, A. Stammler, H.-G. Stammler, Organome-
tallics 2000, 19, 2937 -2940.

M. Theil, P. Jutzi, B. Neumann, A. Stammler, H.-G. Stammler, J. Organo-
met. Chem. 2002, 662, 34-42.

B. Gehrhus, P. B. Hitchcock, M. F. Lappert, H. Maciejewski, Organometal-
lics 1998, 17, 5599-5601.

S. Takahashi, E. Bellan, A. Baceiredo, N. Saffon-Merceron, S. Massou, N.
Nakata, D. Hashizume, V. Branchadell, T. Kato, Angew. Chem. Int. Ed.
2019, 58, 10310-10314; Angew. Chem. 2019, 131, 10416-10420.

[18]
[19]

[20]

[21]

[22]

[23]

[24]

H. Hashimoto, J. Sato, H. Tobita, Organometallics 2009, 28, 3963 -3965.
N. Wiberg, K. Amelunxen, H. W. Lerner, H. Schuster, H. Noth, |. Krossing,
M. Schmidt-Amelunxen, T. Seifert, J. Organomet. Chem. 1997, 542, 1-18.
D. Lutters, C. Severin, M. Schmidtmann, T. Muller, J. Am. Chem. Soc.
2016, 138, 6061 -6067.

C. Eisenhut, T. Szilvasi, G. Dubek, N. C. Breit, S. Inoue, Inorg. Chem. 2017,
56, 10061 -10069.

a) M. A. Casado, J.J. Pérez-Torrente, J.A. Lopez, M.A. Ciriano, P.J.
Alonso, F. J. Lahoz, L. A. Oro, Inorg. Chem. 2001, 40, 4785-4792; b) B. B.
Wayland, A.E. Sherry, A.G. Bunn, J. Am. Chem. Soc. 1993, 115, 7675-
7684; c) A. H. Maki, N. Edelstein, A. Davison, R.H. Holm, J. Am. Chem.
Soc. 1964, 86, 4580-4587; d) M. M. T. Khan, D. Srinivas, R.l. Kureshy,
N. H. Khan, Inorg. Chem. 1990, 29, 2320-2326; €) R. E. DeSimone, J. Am.
Chem. Soc. 1973, 95, 6238 -6244.

a) P.G. Hayes, R. Waterman, P.B. Glaser, T.D. Tilley, Organometallics
2009, 28, 5082-5089; b) A. C. Filippou, O. Chernov, G. Schnakenburg,
Angew. Chem. Int. Ed. 2011, 50, 1122-1126; Angew. Chem. 2011, 123,
1154-1158.

M. Ochiai, H. Hashimoto, H. Tobita, Angew. Chem. Int. Ed. 2007, 46,
8192-8194; Angew. Chem. 2007, 119, 8340-8342.

Manuscript received: February 17, 2020

Accepted manuscript online: February 19, 2020

Version of record online: April 28, 2020

www.chemeurj.org

6278

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Chemical
Societies Publishing


https://doi.org/10.1002/anie.201702760
https://doi.org/10.1002/anie.201702760
https://doi.org/10.1002/anie.201702760
https://doi.org/10.1002/ange.201702760
https://doi.org/10.1002/ange.201702760
https://doi.org/10.1002/ange.201702760
https://doi.org/10.1039/C9DT02010A
https://doi.org/10.1039/C9DT02010A
https://doi.org/10.1039/C9DT02010A
https://doi.org/10.1002/chem.201402163
https://doi.org/10.1002/chem.201402163
https://doi.org/10.1002/chem.201402163
https://doi.org/10.1021/jacs.5b01853
https://doi.org/10.1021/jacs.5b01853
https://doi.org/10.1021/jacs.5b01853
https://doi.org/10.1021/jacs.5b01853
https://doi.org/10.1002/anie.201308433
https://doi.org/10.1002/anie.201308433
https://doi.org/10.1002/anie.201308433
https://doi.org/10.1002/ange.201308433
https://doi.org/10.1002/ange.201308433
https://doi.org/10.1002/ange.201308433
https://doi.org/10.1002/ange.201308433
https://doi.org/10.1039/C7DT03998K
https://doi.org/10.1039/C7DT03998K
https://doi.org/10.1039/C7DT03998K
https://doi.org/10.3390/inorganics6020054
https://doi.org/10.1002/chem.201805604
https://doi.org/10.1002/chem.201805604
https://doi.org/10.1002/chem.201805604
https://doi.org/10.1021/ja409720c
https://doi.org/10.1021/ja409720c
https://doi.org/10.1021/ja409720c
https://doi.org/10.1021/ja409720c
https://doi.org/10.1021/om500232f
https://doi.org/10.1021/om500232f
https://doi.org/10.1021/om500232f
https://doi.org/10.1021/om500232f
https://doi.org/10.1021/acs.organomet.7b00665
https://doi.org/10.1021/acs.organomet.7b00665
https://doi.org/10.1021/acs.organomet.7b00665
https://doi.org/10.1039/C8CC07754A
https://doi.org/10.1039/C8CC07754A
https://doi.org/10.1039/C8CC07754A
https://doi.org/10.1021/acs.inorgchem.9b02772
https://doi.org/10.1021/acs.inorgchem.9b02772
https://doi.org/10.1021/acs.inorgchem.9b02772
https://doi.org/10.1039/C4RA14417A
https://doi.org/10.1039/C4RA14417A
https://doi.org/10.1039/C4RA14417A
https://doi.org/10.1021/om000060d
https://doi.org/10.1021/om000060d
https://doi.org/10.1021/om000060d
https://doi.org/10.1021/om000060d
https://doi.org/10.1016/S0022-328X(02)01858-2
https://doi.org/10.1016/S0022-328X(02)01858-2
https://doi.org/10.1016/S0022-328X(02)01858-2
https://doi.org/10.1016/S0022-328X(02)01858-2
https://doi.org/10.1021/om980818h
https://doi.org/10.1021/om980818h
https://doi.org/10.1021/om980818h
https://doi.org/10.1021/om980818h
https://doi.org/10.1002/anie.201904594
https://doi.org/10.1002/anie.201904594
https://doi.org/10.1002/anie.201904594
https://doi.org/10.1002/anie.201904594
https://doi.org/10.1002/ange.201904594
https://doi.org/10.1002/ange.201904594
https://doi.org/10.1002/ange.201904594
https://doi.org/10.1021/om900177z
https://doi.org/10.1021/om900177z
https://doi.org/10.1021/om900177z
https://doi.org/10.1016/S0022-328X(97)00306-9
https://doi.org/10.1016/S0022-328X(97)00306-9
https://doi.org/10.1016/S0022-328X(97)00306-9
https://doi.org/10.1021/jacs.6b02824
https://doi.org/10.1021/jacs.6b02824
https://doi.org/10.1021/jacs.6b02824
https://doi.org/10.1021/jacs.6b02824
https://doi.org/10.1021/acs.inorgchem.7b01541
https://doi.org/10.1021/acs.inorgchem.7b01541
https://doi.org/10.1021/acs.inorgchem.7b01541
https://doi.org/10.1021/acs.inorgchem.7b01541
https://doi.org/10.1021/ic001349q
https://doi.org/10.1021/ic001349q
https://doi.org/10.1021/ic001349q
https://doi.org/10.1021/ja00070a011
https://doi.org/10.1021/ja00070a011
https://doi.org/10.1021/ja00070a011
https://doi.org/10.1021/ja01075a013
https://doi.org/10.1021/ja01075a013
https://doi.org/10.1021/ja01075a013
https://doi.org/10.1021/ja01075a013
https://doi.org/10.1021/ic00337a026
https://doi.org/10.1021/ic00337a026
https://doi.org/10.1021/ic00337a026
https://doi.org/10.1021/ja00800a015
https://doi.org/10.1021/ja00800a015
https://doi.org/10.1021/ja00800a015
https://doi.org/10.1021/ja00800a015
https://doi.org/10.1021/om900348m
https://doi.org/10.1021/om900348m
https://doi.org/10.1021/om900348m
https://doi.org/10.1021/om900348m
https://doi.org/10.1002/anie.201005794
https://doi.org/10.1002/anie.201005794
https://doi.org/10.1002/anie.201005794
https://doi.org/10.1002/ange.201005794
https://doi.org/10.1002/ange.201005794
https://doi.org/10.1002/ange.201005794
https://doi.org/10.1002/ange.201005794
https://doi.org/10.1002/anie.200703154
https://doi.org/10.1002/anie.200703154
https://doi.org/10.1002/anie.200703154
https://doi.org/10.1002/anie.200703154
https://doi.org/10.1002/ange.200703154
https://doi.org/10.1002/ange.200703154
https://doi.org/10.1002/ange.200703154
http://www.chemeurj.org

