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Abstract: We outline in this combined experimental and theoretical NMR study that sign and magnitude of J(Si,H) cou-
pling constants provide reliable indicators to evaluate the extent of the oxidative addition of Si-H bonds in hydrosilane
complexes. In combination with experimental electron density studies and MO analyses a simple structure-property rela-
tionship emerges: positive J(Si,H) coupling constants are observed in cases where M—L m-back donation (M = transition
metal; L = hydrosilane ligand) dominates. The corresponding complexes are located close to the terminus of the respec-
tive oxidative addition trajectory. In contrast negative J(Si,H) values signal the predominance of significant covalent Si-H
interactions and the according complexes reside at an earlier stage of the oxidative addition reaction pathway. Hence, in
non-classical hydrosilane complexes such as Cp,Ti(PMe,)(HSiMe, ,Cl,) (with n=1-3) the sign of J(Si,H) changes from mi-
nus to plus with increasing number of chloro substituents n and maps the rising degree of oxidative addition. Accordingly,
the sign and magnitude of J(Si,H) coupling constants can be employed to identify and characterize non-classical hy-
drosilane species also in solution. These NMR studies might therefore help to reveal the salient control parameters of the
Si-H bond activation process in transition-metal hydrosilane complexes which represent key intermediates for numerous
metal-catalyzed Si-H bond activation processes. Furthermore, experimental high-resolution and high-pressure X-ray
diffraction studies were undertaken to explore the close relationship between the topology of the electron density dis-
played by the 7*(Si-H)M units and their respective J(Si,H) couplings.

be characterized as a c-complex but shows already an
enhanced M-Si interaction relative to 1.3*3™* Hence, 1
and 2 can be distinguished by their n'/n* (Si-H)M coor-
dination modes, respectively. The M~Si interaction
increases further in (CH,)CpMn(CO),(HSiFPh,) (3)*P
which displays an electron withdrawing substituent at
the silicon atom of the hydrosilane ligand yielding an
asymmetric oxidative addition product (ASOAP).3" A
similar scenario can be also observed in case of the early
transition metal hydrosilane complexes such as the d*-
titanium complexes Cp,Ti(PMe,)(HSiHPh,) (4)* and

INTRODUCTION

It is often assumed that the reaction between an Si-H
moiety of hydrosilanes SiHR; (R = alkyl, aryl, halogen)
and organometallic fragments ML, (M = transition met-
al; L = ligand) yields silyl hydride complexes as oxidative
addition products.’ Such classical silyl hydride species
are characterized by the presence of two covalent M-Si
and M-H bonds and the lack of any residual Si“H inter-
action. However, in many cases a wide spectrum of
nonclassical bonding scenarios can be observed instead

(Figure 1). These nonclassical hydrosilane complexes can
be considered as arrested intermediates along the oxida-
tive addition pathway.' This is illustrated in Figure 1 by
selected benchmark systems, where the o-complex
Cr(CO),SiH,Ph, (1)* and the classical silyl hydride
Fe(CO) H(SiCL,) (7)*® represent starting point and ter-
minus of this process. The propagation along the oxida-
tive addition pathway can then be considered as a con-
tinuum of electronic structures? Accordingly, the d°
manganese complex (CHS)CpMn(CO)Z(HSiA-I(I:’gz%D(z) can

Cp,Ti(PMe,)(HSiHPhCI) (5)°. The extent of Si-H bond
activation increases only insignificantly from 3-5, how-
ever, the J(Si,H) spin-spin couplings change drastically
from -52 Hz to +23 Hz. It will be therefore one aim of
this report to explain these puzzling NMR features
which we have already used at this stage to group the
ASOAPs 3-5 along the reaction coordinate of the oxida-
tive addition path. Finally, we introduce the d® Ni-
complex  Ni(iPr,Im),(HSiMePh,) 6)*  (iPr,Im=1,3-
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Figure 1. Calculated structural parameters of selected (i) o-silane complexes, (ii) asymmetric and symmetric oxidation addition
products (ASOAP and SOAP, respectively), and (iii) classical silyl hydride complexes (distances in A). Experimental and theoret-
ical J(Si,H) spin-spin coupling constants are specified in red and blue color, respectively. The calculated electron density accu-
mulation, p(r), at Si-H bond critical points (BCPs) in 1-5 is specified below each structure and the BCPs are shown as filled blue
circles. Note that the M-Si BCP is missing in the 7'/7" o-silane complexes 1 and 2 while the SOAP and silyl hydride complexes 6
and 7, respectively, are characterized by lacking Si-H BCPs. In contrast, the non-classical complexes 4-5 display all the expected
and characteristic critical points of a three-membered metallacycle. In case of complex 3, the M-Si BCP is present only in the
experimental p(r), as symbolized by an open blue circle. * ref 2a, b this work, © ref 4c, 4 ref 5, “ref 3i,4d, / ref 2b.

Mo (Si-H,,)

_ M—ag* (H,-Si-Cl)
bonding

1T-back donation

Figure 2. Top: Molecular orbital (MO) plot of the M<«o(Si-H,,) (HOMO-1) and the M—o*(Hy,-Si-Cl) (HOMO) of
Cp,Ti(PMe;)(HSiHPhCI) 5, respectively. These MOs represent exemplary the ¢ donation and =n back donation components
which mainly control the nature and strength of the interaction between hydrosilane ligands and transition metal fragments.
Below: Schematic envelope drawings highlighting predominant contribution of valence atomic orbitals to HOMO-1 and HOMO
of 5.
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diisopropylimidazolin-2-ylidene) in Figure 1 as a
benchmark for a symmetric oxidative addition product
(SOAP) . This complex differs from a classical silyl hy-
dride characterized by 2-electron, 2-center (2e/2¢) M-Si
and M-H bonds by the presence of a residual Si“H inter-
action. Note that we refer in Figure 1 to theoretical val-
ues based on the ZORA-Hamiltonian and the
PBEo/TZ2P level of approximation. These values are
unbiased by solvation or crystal packing effects and

allow a direct comparison of salient benchmark systems
also in cases where an experimental determination of
structural parameters or NMR properties (i.e. the sign of
the J couplings) was hindered by the chemical instability
of the respective samples (see Experimental and Com-
putational Section). If not specified otherwise we will
also refer to values calculated at the same level of ap-
proximation in the following part.

ACS Paragon Plus Environment



Page 3 of 18

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

Journal of the American Chemical Society

%s(Si) 8.1

b) SiH,CIPh LUMO

%p(Si) 38.3

%s(Si) 16.5
%p(Si) 44.1

Figure 3. Plot of the frontier orbitals ¢*(Hy,-Si-X) (LUMO) of the silane ligands a) SiH,Ph, and b) SiH,CIPh with constrained
structural parameters adopted from the parent complexes 4 and 5, respectively. Contour levels are specified in atomic units and
the percentage %s and %p character of the silicon atom refers to SFO gross populations of symmetrized fragment (valence)
orbitals (SFO). c,d) Theoretical L(r) = -V>p(r) maps of hydrosilane complexes 4 and 5 in the plane defined by M, Si and Hy,; posi-
tive (red, solid) and negative (blue, dashed) L(r) contour lines were drawn at £2.0*10", #4.0°10", #8.0"10" e/A® with n = +2, #1, o.
Bond paths are displayed as black solid lines. Bond critical points and ring critical points are drawn as blue and green filled cir-
cles, respectively. The bonded charge concentration (BCC) in the valence shell of charge concentration at silicon of 4 and 5 is
specified in e/A%> and marked by a red spot and the values of the Ti-Si bond critical points are denoted in e/A>.

The continuum of electronic structures in Figure 1 can
be explained by a unifying bonding concept'“® based on
an extended Dewar-Chatt-Duncanson (DCD) model’. In
this model o-hydrosilane complexes are characterized
by their predominant M«o(Si-Hy,) donation while the
propagation along the oxidative addition pathway is trig-
gered by the increasing extent of the M—c*(Hy-Si-X,)
back donation (Figure 2). In this bonding model X, rep-
resents a silicon substituent located inside the n*(Hy,-
Si)M plane in trans-orientation to the bridging hydro-
gen atom (Hy,). The individual orbital interactions can
be analyzed by defining a local coordinate system where
the metal atom is located at the origin and the n*(Hy,-
Si)M entity defines the y,z plane with the z-axis pointing
to the midpoint of the Hy,-Si bond.® The M—o*(H,,-Si-
X,) back donation can then be interpreted as the inter-
action between a d,, orbital of the metal fragment ML,
(HOMO-n) and the antibonding ¢*(H,,~Si-X;) frontier
orbital (LUMO) of the silane ligand. Hence, the oxida-
tive addition reaction coordinate is mainly controlled by
the electronic influence of the X,-substituent: the higher
the electron-withdrawing character of X,, the larger the
silicon character of the o*(H~Si-X,) frontier orbital
(Figure 3a,b) and the shorter the corresponding M-Si
bond>"* A more detailed inspection (Figure 3a,b)
shows, that these trends emerge directly from the chem-
ical nature of free hydrosilane ligands. Direct compari-
son of the o*(Hy,-Si-X,) frontier orbitals (LUMOSs) of
the SiH,Ph, and SiH,CIPh reveals all salient electronic
effects which are inherently induced by thAe\ émesence of

an electronegative substituent at the silicon atom: (i)
the silicon character increases,® (ii) the silicon atoms
gains a larger s-character® and (iii) the frontier orbital
contracts.” As a consequence the sp* hybridized lobe at
silicon becomes more strongly polarized and contracted
in z-direction in case of SiH,CIPh compared with
SiH,Ph,. This polarization/contraction effect controls
the strength of the M— o*(Hy,-Si-Cl) back-donation and
causes a stronger M-Si bond in 5 (Ti-Si = 2.52 A) com-
pared with 4 (Ti-Si = 2.56 A). The polarization effect is
also revealed by an increasing bonded charge concentra-
tion (BCC) in the valence shell of the silicon atom close
to the M-Si bond path (Figure 3c,d). This BCC increases
from L(r) = -V?p(r) = 2.35 e/A% in 4 to L(r) = 2.74 e/A% in
5. Also the M-Si bond critical points follow this trend
and increase from 0.421 /A% in 4 to 0.450 e/A3in 5.

Also the Mn-Si bond lengths in the manganese com-
plexes 2 (Si-Mn = 2.38 A) and 3 (Si-Mn = 2.33 A) follow
this trend. Introduction of additional electron-
withdrawing substituents at the silicon atom clearly
enhances the M-Si bond strength. This electronic effect
was experimentally observed by Schubert and coworkers
already in 1986 by a combined X-ray and neutron dif-
fraction study of the d° complexes 2 and 3.3***" Also the
first theoretical studies by Fan et al.>* and Lin*! were in
line with these findings and also predicted a continuous
decrease of the M-Si bond lengths with increasing num-
ber of chlorine substituents in case of early transition
metal hydrosilane complexes. This was experimentally
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Figure 4. Salient structural parameters of nonclassical silyl hydride complexes 8a-8d. Experimental and theoretical coupling
constants are specified in red and blue color, respectively. Bond distances are specified in A. Experimental J(Si,H) couplings of 8¢

and 8d were taken from ref. 10a.

Scheme 1. Nonclassical hydrosilane complexes ga-d
and 10a-e.

R1, R1,
R2 e R2 M.
Si Si~ < _
/ ‘T\H / - -H
R3 N / R3 /
A\
Mn
S o P(CH
(CHy)CP \CO o l (CHa)s
Cp
9a-d 10a-e

a: Ri=R2=R3 = Me; b: Ri=R2= Me, R3=Cl; c: Ri=Me,
R2=R3=Cl; d: Ri=R2=R3=Cl; e: Ri=H, R2 = Ph, R3=Me.

confirmed by Dubberly and Nikonov et al. in case of a
series of d* complexes Cp,Ti(PMe;)(HSiMe, ,Cl,) 8a-
84 for 8c and 8d (Figure 4) and
Cp(ArN)Ta(PMe,)(H)(SiMe, ,Cl,) 10a-10d (AIN = 2,6-
C4H,iPr,; n = 0-3; Scheme 1).°°

Also the origin of the acute and rather invariant
/Si,M,H angle of 46-65° in the nonclassical silane com-
plexes 2-6 (Figure 1) can be understood in terms of
competing M« o(Hy,-Si) donation and M— o*(Hy,-Si-X,)
back donation processes?’ Hence, the M« o(Hy,-Si)
bonding orbital in Figure 2 displays mainly M(d,”) and
H(is) character and optimal orbital overlap is expected
for acute ZSi,M,H angles. In contrast, a £Si,M,H angle
of 9o° optimizes the M(d,)—»> o*(X-Si-H) back-
donation. Hence, the acute ZSi,M,H angles of nonclas-
sical silane complexes (46-65° in 2-6) appear to reflect
the electronic compromise between these competing
DCD components and hinder Si-H bond scission and
the completion of the oxidative addition process. Ac-
cordingly, typical Si-H bond distances of nonclassical
silane complexes are shorter than that of silyl hydride
species such as 7 (Si-H = 2.64 A; ZSiM,H = 84°) but
significantly longer compared to those in c-silane com-
plexes such as 1 (1.57 A, ZSi,M,H = 29°) (Figure 1).

As a consequence of the electronically constrained
/Si,M,H angles in nonclassical silane complexes, also
the respective Si-H bond distances are rather invariant
and cannot be employed as a measure of the stage of
oxidative addition. Also the trans-influence of the elec-
tron-withdrawing silicon substituents on the Si-H bond

strength is typically small and difficult to assess by
structural studies. E.g. in the d®* Mn complexes 2 and 3,
the calculated Si-H bond distance increases slightly
from 1.76 to 1.78 A upon introduction of a chloro sub-
stituent at the silicon atom (Figure 1). Accordingly, the
bond length difference is rather minute and within the
typical range of estimated standard deviations in stand-
ard X-ray or neutron diffraction studies. Indeed, the Si-
H bond distances in 2 and 3 where carefully determined
by neutron diffraction and do not differ within their
estimated standard deviations: Si-Hy, = 1.806(14) A in 23"
and Si-Hy, = 1.802(5) A in 3*. Also analyses of the calcu-
lated Si-H bond lengths in the d* complexes
Cp,Ti(PMe,)(HSiMe, ,Cl,) 8a-8d reveal only subtle
changes in the Si-H bond lengths with regard to the
halogen substitution degree n at the silicon atom (Fig-
ure 4). Furthermore, the geometrical trends observed
for 8a-8d appear to be non-systematic since a minimal
Si-H bond distance is observed for 8b (n=1) instead of
8d displaying three electron withdrawing chloro sub-
stituents.”> However, a closer inspection of Figure 4
reveals that the Si-H bond distances of 8a-8d in the
three-membered Mn,Si,H metallacycle are mainly con-
trolled by changes of the (i) M-Si bond length and of (ii)
the ZSi,M,H angle while (iii) the M-H bond distance in
these ASOAPs changes only insignificantly upon varia-
tion of the silicon substituents. Hence, the larger degree
of oxidative addition in 8b vs. 8a is not signaled by an
elongated and more activated Si-H bond (Si-H = 1.825 A
and 1.820 A in 8a and 8b, respectively). Apparently, the
expected lengthening of the Si-H bond in 8b vs 8a as a
geometrical consequence of the widened £Si,M,H angle
in 8b (45.4°) vs 8a (43.8°) becomes overcompensated by
the pronounced Ti-Si bond strengthening in 8b (2.555
A) vs 8a (2.629 A). Si-Hy, distances can therefore not be
considered as sensitive measure of the degree of oxida-
tive addition in ASOAP systems. Accordingly, it is the
aim of this contribution to provide alternative measur-
ing tools of the degree of oxidative addition in nonclas-
sical hydrosilane complexes. In the next step we will
therefore outline how even subtle electronic structure
changes can be directly analyzed by charge density and
NMR studies.
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RESULTS AND DISCUSSION

Experimental and theoretical Charge Density
Studies. In the electron density picture c-silane com-
plexes such as 1 are characterized by a pronounced den-
sity accumulation at the Si-H BCP (Figure 1). Due to the
lack of a pronounced M—oc*(X-Si-H) back donation
component, the M-Si BCP is lacking and 1 can be classi-
fied as n'(Si-H) complex. Also the d® Mn complex 2 lacks
a M-Si BCP3" However, its M-Si interaction is already
significant as witnessed by the short Mn-Si distance of
238 A and the Si-H bond activation is already more
developed in 2 vs 1 (Figure 1). This is clearly reflected in
the corresponding densities at the corresponding BCPs
(M-H: p(r) = 0.470/0.796 e/A> and Si-H: p(r) =
0.658/0.555 e/A> for 1 and 2, respectively; see also the
Supporting Information). As a consequence, 2 can be
classified as a textbook example of a n’*(Si-H) species.”
In contrast, nonclassical silane complexes such as 3-5
and 8a-d can be classified as asymmetric oxidative addi-
tion products since the M-Si BCPs (which are missing in
1 and 2) have now been established (Figure 1; Figure 5a-
f). This is the expected scenario for a three-membered
7°(Si-Hp,)M metallacycle where the bridging hydrido
ligand (H,,) establishes covalent bonds simultaneously
with the metal and the silicon atom. However, in con-
trast to the classical silyl hydride species, the M-Si BCP
is topologically instable as signaled by the proximity of
the M-Si BCP and the ring critical point (RCP). This is
especially true for the borderline case 3 (Figure 5a,b)
where the respective BCP is present in the experimental
density map but lacking in the theoretical one. Howev-
er, also in the experimental map of 3 the M-Si BCP and
the RCP inside the 7*(Si-Hy,,)M moiety nearly merge into
a singularity in p(r), a situation which hints for a M-Si
bond catastrophe scenario.” Accordingly, the scenario
depicted by the theoretical density map in Figure s5b
shows the loss of the Mn-Si BCP as the final conse-
quence of this bonding scenario. Note that the Si-Hy,
bond paths of the bridging 7*(Si-Hy,) moiety in 3-5 and
8a-d (see Figure 5a-f and the Supporting Information)
are bent inwardly in line with the electron deficient
nature of the 7(Si-Hy,)M moieties. However, the densi-
ty accumulation at the Si-H BCPs in 3-5 and 8a-d
(0.497-0.564 e/A%) is significantly higher than at the
corresponding RCPs (0.387-0.424 e/A%) and only slightly
smaller compared to the n*(Si-H) complex 2 (0.555
e/A%). For corresponding experimental values, see Fig-
ure 5a,c,e and the Supporting Information.

Accordingly, the ASOAP complexes 3-5 and 8a-8d are
characterized by (i) covalent 2e/2¢c M-H bonds, (ii) sig-
nificantly activated Si-H bonds and (iii) incipient M-Si
bonds. This assumption is also supported by single-
crystal diffraction studies of 8c at variable pressure (Fig-
ure 6). Increasing the pressure stepwise from ambient
conditions to 5.5(1) GPa results in a significant shorten-
ing of the Ti-Si bond distance by 0.04 A (from 2.516(2) A
to 2.4756(8) A) while the Si-H and Ti-H bonds did not
change in the range of their estimated standard devia-
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tions. However, the compressibility of the dative Ti-P
bond of the coordinating PMe; phosphine ligand by ca.
0.09 A (Figure 6) is even larger than that of the Ti-Si
bond in the same pressure range from o to 5.5 GPa. This
is in line with our suggestion that the M-Si bond in 3-5
and 8a-8d displays already covalent character - even
though it is not yet fully developed. Apparently, the Ti-
Si bond is clearly stronger than the dative Ti-P bond.

The d® nickel complex 6 represents our next bench-
mark system along this reaction coordinate since it is
characterized by the simultaneous presence of a 2e/2c
Ni-Si and a 2e/2c¢ Ni-H bond. Indeed, the covalent Ni-Si
bond of 6 (2.21A) is even shorter than that of classical
nickel(Il) silyl complexes such as (dippe)Ni(SiClL,)Cl
(dippe=1,2-bis(diisopropylphosphino) ethane; Ni-Si =
2.2390(8) A) where electron-withdrawing substituents at
the silicon atom enhance the strength of the Ni-Si
bond.”* Also the Ni-H bond length of 1.48 A falls in the
typical range of covalent nickel(II) hydrides such as
[Cp*Ni(PEt,)H] (Cp* = C,;Me,) (Ni-H=1.46(3) A).”

Accordingly, the nickel complex 6 represents a sym-
metric oxidative addition product (SOAP) characterized
by covalent Ni-Si and Ni-H bonds and the lack of any Si-
H BCP. In contrast to the classical silyl hydride 7, how-
ever, the Si-H interaction in 6 is not completely broken*
as revealed by the analysis of the non-covalent interac-
tion (NCI) Index (Figure 7)." In the NCI Index two sca-
lar fields are employed to localize attractive and repul-
sive interaction domains: the electron density, p(r), and
the reduced density gradient (RDG, s(r)) as defined in
formula (1) in atomic units."*

1 [vpm)l

0 = 2@y

€y

Both scalar fields s(r) and p(r) are physical observable
quantities and can be determined by high-resolution X-
ray diffraction studies and subsequent modelling of the
electron density distribution via multipolar refine-
ments.” The combination of both scalar fields provides a
partitioning of real space into covalent bonding do-
mains (small s and large p values), non-covalent interac-
tion zones (small s and small p values) and non-
interacting density tails (large s and small p values)."
Furthermore, the NCI indices rely also on the sign of the
A,-eigenvalue of the density Hessian to classify interac-
tions as bonding or non-bonding.* We note that the A,-
eigenvalue at a specific point in space is one of the three
solutions of the eigenvalue equation (VVp(r))u; = Au;.
In a covalent bonding scenario, A, represents the curva-
ture of the electron density along the principal axis of
curvature u, (oriented perpendicular to the bond path).
Accordingly, covalent bonding is signaled by a charge
density accumulation in the plane perpendicular to the
bond path (4,<0) and can be discriminated from non-
bonding interactions (4,>0).
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a)3exp| - 2 e TS 3atheol’-f"

d pPace(r}

Mn-Si | 2.3508(2) | 0.510(30)
Si-H | 1.806* | 0.525(35)
Mn-H 1.570* | 0.754(12)
RCP 3 0.510(30)

; d | pece(r) |
] Mn-Si | 2.330 -
Si-H | 1.780 | 0.564
i Mn-H | 1.548 | 0.797

c) 4° exp

Psce(r) |/
2.508(1) | 0.363(6) | |
Si-H | 1.842(11) | 0.454(8) |-
i-H | 1.786(11) | 0.458(4) .

- 0.361(6) |-. -

Pece(r)
Ti-Si | 2.5166(4) | 0.396(7)
Si-H | 1.773(9) | 0.532(10) |
Ti-H | 1.856(10) | 0.482(9)
RCP - 0.390(7)

g) 6 exelﬂ

pece(r)
2.1996(2) | 0.612(9)
Si-H | 1.992(6) -
Ni-H | 1.480(5) | 0.740(1)

Figure 5. Experimental and theoretical L(r) = -V°p(r) maps of hydrosilane complexes 3, 4, 8c and 6 in the plane defined by M, Si
and Hy,; positive (red, solid) and negative (blue, dashed) L(r) contour lines were drawn at +2.0*10", #4.0"10", 8.0"10" e/A® with n
= 2, +1, 0. Extra lines were drawn at 11.5, 15, 500, 600 and 700 e/AS% in a); at 1000 and 1400 e/A’ in g) and h). The contour line at
+400 e/A% was removed in g) the contour line at +800 was removed in h). Bond paths are displayed as black solid lines. Bond
critical points and ring critical points are drawn as blue and green filled circles, respectively. Salient bond distances and p(r,)
values at salient BCPs are given in the insets in [A] and [e/A%], respectively. See the Supporting Information and Experimental
Part for further details. “ ref 3f, b ref 6, © this work, 9 ref 3i.
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Figure 6. X-ray single-crystal diffraction studies of 8c at variable pressure (o - 5.5(1) GPa). The Ti-Si and Ti-P bonds show a
different compressibility behavior at increasing pressures signaling their different chemical nature. The open and closed trian-
gles symbolize three different single crystals (SC1-3) which were employed in three independent high pressure studies.

Figure 7. NCI isosurface plots (s(r)=0.2) for the Ni,Si,H moieties in compounds 6 (a) and 6’ (b) in a blue-red color scale of -0.05
au < sign(4,)o(r) < 0.05 au. Blue NCI domains are considered to mark regions where covalent interactions (1,<o) prevail while
red contours signal domains where (4,>0). Bond paths are shown as black solid lines, BCPs as blue circles, RCPs as green circles
and atoms as black circles. For better comparability, the Ni-H bond path of (a) is shown in (b) as a dashed line.

In Figure 7a the experimental sgn(4,)p(r) values are
mapped onto the isosurfaces of the reduced density
gradient s(r) of the Si-Ni-H moiety in 6. Blue NCI do-
mains are usually considered to mark regions where
covalent interactions (1,<0) are dominant. For example,
2c2e covalent bonding domains are clearly revealed
around the position of the Ni-Si and Ni-H BCP but also
along the Si"H vector despite the lack of a Si-H,, BCP
(Figure 5g). This clearly suggests the presence of residu-
al covalent Si~H interactions. Indeed, the formation of
the Si-Hy,, BCP can be enforced in a hypothetical model
6’ where the Si-H bond distance has been artificially
shortened by 0.16 A upon shifting the hydrogen atom
parallel to the Ni-Si vector. In this model the blue NCI
domains are located around the Si-Hy, BCP and still
closely resemble the shape and position of the domains
in 6, while the red domains are centered around the
RCP. Hence, the nature of the Si“H,, interaction should

be considered in terms of a “transition from bonding to
non-bonding situations [which] is gradual instead of
catastrophic”.*” We note that red contours mark regions
where (1,>0). It is usually considered that these red
areas highlight regions where repulsive interactions
prevail.* However, in case of ring systems the negative
sign of 4,>0 is a mathematical consequence of the pres-
ence of a ring critical point in the center of n-membered
ring systems and should not necessarily interpreted as a
signal of any repulsive interactions. As a matter of fact,
the Si-H bond path in 6’ is inwardly curved. This scenar-
io is clearly not signaling any repulsive interaction be-
tween the blue-marked regions around the Si-H BCP
and the red-marked domains around the RCP.

A similar scenario is observed for Mn-Si interaction in
the manganese complex 2 in line with theoretical pre-
dictions for the model systems
(CH,)CpMn(CO),H(SiH,_,Cl,)"* (n = 0-3): the Mn-Si

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of the American Chemical Society

BCP is present in the experimental charge density anal-
yses but it disappears by an artificial stretching of the
Mn-Si separation by 0.005 A (See the Supporting infor-
mation). Apparently, in the charge density picture com-
plexes 1-7 represent a continuum of electronic structures
along a single reaction coordinate.

While the minute differences in the electronic struc-
tures of 1-7 could be safely revealed in the solid state by
high resolution electron density studies it is tempting to
search for an alternative methodology which is capable
to provide similar tools also for compounds in solution.
We will therefore present in the following experimental
and theoretical NMR studies which complement these
charge density studies and provide a tool box to analyze
Si-H bond activation phenomena also in solution.

Experimental and Theoretical NMR Studies. Since
the pioneering NMR studies by Corriou and Colomer in
1982, the magnitude of J(**Si,'H) spin-spin coupling
constants has been employed to analyze the complex
bonding scenarios displayed by transition metal hy-
drosilane complexes (Figure 1). The one-bond 'J(Si,H)
couplings in free hydrosilanes Si H,,,, usually range
from -192 to -203 Hz.” It is generally assumed that the
Fermi-contact mechanism® provides the major contri-
bution to the magnitude of these J(Si,H) couplings
while their negative sign is a natural consequence of the
gyromagnetic ratio of the *Si nucleus (y = -53.2x10°
rads”T™).” Upon coordination to a transition metal the
|'J(Si,H)| couplings decrease significantly compared with
the corresponding free silane. This is illustrated in Fig-
ure 1 where the c-silane complex Cr(CO),SiH,Ph, 1 is
characterized by a 'J(Si,H).,. value of -109 Hz while the
corresponding value of the free ligand is significantly
larger (-196 Hz). Accordingly, the magnitude of the
'J(Si,H) couplings might provide a highly sensitive
measure of Si-H bond activation processes even in the
case of 1 which represents a c-silane complex at the very
early stage of the oxidative addition process. In addition,
1is characterized by only a minute Si-H bond elongation
of 0.08 A relative to the free SiH,Ph, ligand. In case of a
complex representing the terminus of the oxidative
addition process the Si-H bond is completely broken
and the resulting J(Si,H) couplings can be classified in
terms of two-bond *J(Si,H) couplings. This scenario is
evident in silyl hydride species such as
Fe(CO),H(SiCl,)* 7 displaying a large Si-H separation of
2.64 A and a positive *J(Si,H) coupling constant of +34
Hz. The positive sign of this *J(Si,H) coupling constant is
in line with the negative gyromagnetic ratio of the *Si
nucleus.”

The interpretation of J(Si,H) couplings in nonclassical
silane complexes (e.g. 3-6 in Figure 1) is however more
complex. Already in 1990 Schubert proposed in a pio-
neering NMR study* that bridging n*(H-Si)M entities in
these nonclassical silane complexes should be identified
not only by geometrical criteria (e.g. short Si-H bond
distances of less than 2.2 A). The presence of noticeable
covalent Si-H interactions in these systems should be

also signaled by |[J(Si,H)| couplings significantly larger
than 20 Hz. Unfortunately, the transition between clas-
sical and nonclassical hydrosilane complexes is a rather
continuous one as outlined in the previous Section and
the characteristic interval of |J(Si,H)| coupling constants
[20-70 Hz] originally proposed by Schubert® to identify
nonclassical silane complexes remains a matter of inter-
pretation.’® Indeed, also our benchmark system 7 repre-
senting a classical silyl hydride yields a positive J(Si,H)
coupling which violates the rather arbitrary 20 Hz limit
in theory (+34 Hz) and experiment (22 Hz; Figure 1).”
The situation is further complicated by the presence of
bridging n*(H-Si)M entities. In that case Corriou and
Colomer proposed that the total coupling constant for-
mally emerges from a competing one- and two bond
coupling mechanism: J(Si,H) = Y(Si,H) + *J(Si,M,H)."
Since the signs of one bond and two bond *Si-'H cou-
plings should be opposite (J(Si,H) < o and *J(Si,M,H) >
o) the observed J(Si,H) coupling constants might even
vanish if both coupling components are of equal magni-
tude. Hence, the magnitude of the J(SiH) couplings
alone cannot be taken as a measure of the o(Si-H) inter-
action strength and its degree of covalency. Accordingly,
Ignatov et al. proposed that only a negative J(Si,H) sign
provides “conclusive evidence of the presence of a direct
Si-H bond™* by signaling the predominance of the
'J(Si,H) contribution. However, we point out already at
this stage that the discrimination of one-bond and two-
bond couplings in three-membered rings is not possible
in the framework of the Fermi-contact mechanism.”> In
the next step we will therefore solely interpret the signs
and magnitudes of the total J(Si,H) couplings and avoid
the confusing discussion of any one- or two-bond cou-
pling mechanisms.

As outlined above one might expect a change of sign of
the J(Si,H) couplings in hydrosilane complexes from
negative to positive along the reaction coordinate of the
oxidative addition. Indeed, inspection of Figure 1 reveals
such a J(Si,H) sign crossover between the titanium d*
complex Cp,Ti(PMe,)HSiHPh, 4 and the electronically
closely related species Cp,Ti(PMe,)HSiHPhCIl 5.° The
respective J(Si,H,,) values change from -28Hz to +23 Hz
in the order 4—5. In line with the charge density analy-
sis (see above), the introduction of one electronegative
chloro substituent at the silicon atom enhances the
degree of oxidative addition of the Si-H bond to the
metal atom. A similar trend is observed for the J(Si,H,,)
couplings in case of the complexes 2—3 (Figure 1). The
according J(Si,Hy,) values increase from -68 Hz to -52Hz
in the order 2—3 and reflect again the promotion of the
oxidative addition of the Si-H bond to the metal atom
by electron-withdrawing substituents at the silicon
atom. However, the J(Si,Hy,) coupling remains negative
in 3 in contrast to complex 5 since the degree of cova-
lency of the Si-H bond is significantly larger in case of
the manganese complex. Hence, the grouping of ASOAP
complexes 2—>3—>4—5 along the reaction coordinate of

ACS Paragon Plus Environment

Page 8 of 18



Page 9 of 18

©CoO~NOUTA,WNPE

Journal of the American Chemical Society

2 J(Si,H,) = -63Hz

16.25

16.30

16.35

16.40

204 Hz

16.45

16.50

16.55

&('H.Yppm

J(Si,H)

16.60

16.65

16.70

130 -11.35 1140 -11.45 -1150

5('H,)/ppm

5

JSiH, ) = +15Hz
TN 630
N
F6.35
N I
N 6.40
§ 6.45 3
. 6.50
—_ 655 =
T 6.60 %o’
5 .
= 6.65
. -6.70
— -6.75
488 492 496 500 504
3('H,)/ppm

Figure 8. a) Salient details of the cross-peaks in the 500 MHz 'H-"H-COSY spectrum of the manganese d®-complex 2 and the
titanium d* complex 5. The red solid lines interconnect the centers of the two *Si-satellites next to the 'H signal of the bridging
M-Hy,-Si moiety in both compounds. From its positive/negative slope one can conclude that the individual J(Si,H,) and J(Si,Hy,)
coupling constants are of same/opposite sign in 2 and 5, respectively (ref 20). Since J(Si,H;) < o (ref 17) the sign of J(Si,Hy,) must

be negative (-63 Hz) in 2 and positive (+15 Hz) in 3.

the oxidative addition in Figure 1 is in line with both
charge density analysis and the interpretation of the
signs of the respective J(Si,Hy,) couplings.

In the next step of our analysis we have tried to support
these NMR trends based on theoretical data by experi-
mental determinations of the J(Si,H) signs in 2 and 5
(Figure 8). 2 and 5 are suitable model systems since both
display a non-coordinating terminal Si-H; moiety char-
acterized by a negative J(Si,H) coupling constant which
can be used as internal reference for an unequivocal sign
determination of J(Si,Hy,) of the bridging Si-H, group.
Indeed, analysis of the individual J coupling contribu-
tions to the cross-peak multiplet of the three-spin sys-
tem ('H, 'H,, *Si) (Figure 8) finally allowed the
J(Si,H)eyp sign determination of -63 Hz and +15 Hz in
case of 2 and 5, respectively, in agreement with the DFT
predictions (-68Hz and +23Hz, respectively).

Since the experimental NMR studies support the theo-
retical findings we also tried to connect these trends
with the topology of the electron density distributions
as introduced in the previous Section. Inspection of the
electron density maps in the molecular (M,Si,Hy,) plane
reveals a clear trend: The M-Si BCP is absent in the
manganese 6-complex 2 and is just forming in the man-
ganese complex 3. In line with the NMR results 3 occurs
at a later stage of the oxidative addition reaction coor-
dinate than 2 due to the promoted M— ¢*(H-Si-X) back
donation in 3 (X = F in 3 and H in 2). However, as out-
lined above the M-Si bond path in 3 is still close to a
catastrophe scenario (Figure 5a,b). The degree of the
M— c*(H-Si-X) back donation is however further in-
creased in the early transition metal d* complexes 4 and

5 as witnessed by a larger separation of the M-Si BCP
and the corresponding RCP (Figure 5¢,d and the Sup-
porting Information). This again is reflected by the shift
of the J(Si,H,,) couplings from negative to positive val-
ues. In the Ni-complex Ni(iPr,Im),(H)(SiMePh,) (6 in
Figure 1) both, the Ni-Si and Ni-H bond formation pro-
cess is almost complete. As a consequence the Si-H
bond is nearly broken as signaled by the large Si-H bond
distance of 2.09 A and a positive J(Si,H) value of +47
Hz3"*! Accordingly, we propose that the position of
hydrosilanes along the reaction coordinate of the oxida-
tive addition can be identified either by topological
analysis of the electron density or complementary via
interpretation of sign and magnitude of the J(Si,H) cou-
pling constants.

To find further support for this hypothesis we contin-
ued to analyze the NMR properties of the substitution
series Cp,Ti(PMe,)(HSiMe,_,Cl,) 8a-d and
(CH,)CpMn(CO),(HSiMe,_,Cl,) 9a-d and the respective
free hydrosilanes (HSiMe,,Cl,) (n = o-3) (Figure o;
Scheme 1).

We first note that the model systems 8a/8b and ga/gb
display similar trends with regard to their J(Si,H) cou-
plings in comparison with our experimental benchmark
systems 2, 3, 4 and 5. Indeed, introduction of an electro-
negative group at the silicon atom shifts the J(Si,H)
couplings to more positive values: g9a (-66 Hz) — gb (-
36 Hz) and 8a (-24 Hz) — 8b (+21 Hz). In contrast, the
free silane ligands show the reverse trend and display a
monotonic decrease of the J(Si,H) couplings from -183
Hz in HSiMe, to -367 Hz in HSiCl,. The electronic origin
of these trends displayed by the free silanes was
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Figure 9. Influence of electronegative chlorine substituents at the silicon atom on the J(Si,H) couplings in the free silanes SiMe,.
2Cl, and the respective metal complexes Cp,Ti(PMe,)(HSiMe, ,Cl,) 8a-d; (CH;)CpMn(CO),(HSiMe, ,Cl,) 9a-d (n = 0-3). In case
of the free hydrosilanes the percentage of s character in the sp* silicon hybrids forming the respective Si-H bond is specified in

bold numbers and was obtained by NBO analyses (ref 21).

discovered already in the year 1959 by Muller and
Pritchard in 'H NMR studies of the related HCH,,Cl, (n
= 0-3) substitution series.”™ The authors concluded that
the |J(C,H)| values are approximately proportional to
the degree of s character in the carbon hybrid orbital
bonded to the hydrogen atom - provided the Fermi
contact mechanism is the dominant one. This concept
was later used to formulate Bent’s rule” and finally ex-
tended by Ebsworth to explain substitution effects on
['J(Si,H)| couplings in the free silanes HSiH, ,X,, (n = 0-3;
X =F, Cl, Br, I).** Indeed, a natural bond orbital analy-
sis™ (Figure 9) reveals a high correlation between the
percentage of s character of the o(Si-H) NBO and the
|'J(Si,H)| coupling constants in case of the free silanes
HSiMe, ,Cl, (n = 0-3). This can be explained by the fact
that (i) the Fermi contact contribution is proportional to
the product of the core (cusp) electron densities of the
two bonding atomic orbitals or hybrids of the silicon
and hydrogen atoms. Since only s-orbitals contribute to
the cusp at Si and H this contact contribution is (ii)
directly proportional to the percentage of s character in
the sp* silicon hybrids forming the respective Si-H
bonds in HSiH,_,Cl, (n = 0-3). In line with Bent’s rule the
increasing |'J(Si,H)| values in the series HSiH,,Cl, are
therefore linked with the increasing number n of elec-
tronegative chlorine substituents” which increase the
s/p ratio in the sp* silicon hybrid in the corresponding

o(Si-H) NBOs of the free hydrosilanes (HSiMe, ,Cl,) (n
=0-3).”

However, this simple and successful concept of Muller
and Pritchard loses its predictive power when hy-
drosilanes enter the coordination sphere of organome-
tallic fragments (Figure 9). Apparently a more sophisti-
cated methodology is needed to identify the electronic
control parameters of J(Si,H) couplings in hydrosilane
metal complexes. Especially, the shift of the J(Si,H) cou-
plings to more positive values from 8a — 8b and 9a —
gb warrants clarification. We therefore analyzed the
individual molecular orbital (MO) contribution to the
isotropic coupling caused by the Fermi-contact mecha-
nism using a density functional method developed by
Autschbach and Ziegler.* For the analytic calculation of
nuclear spin-spin coupling constants the relativistic
zero-order regular approximation (ZORA) was em-
ployed.”” With the Autschbach/Ziegler approach (For-
mula 2)*° it is possible to decompose the J(Si,H) cou-
plings into individual contributions from pairs of occu-
pied and virtual MOs.

co(Si)cy(Si)x co(H)cy(H) (2)
€0~ &

Joym (Si,H) ~ (=1) x const.x

In Equation 2 the negative prefactor (-1) considers the
negative gyromagnetic ratio of the silicon atom while
¢(X) and ¢, (X) (X = Si or H) are the coefficients of the
atomic orbitals of the silicon and hydrogen atom in the

ACS Paragon Plus Environment



Page 11 of 18

©CoO~NOUTA,WNPE

vl csi) ¢ H)

] LUMO+4
Co(Si) o (H)

®J,(SiH)
(+92 Hz)

HOMO @JU(SLH)

(-40 Hz)

o—0

HOMO-33

e—O b)

hE

Journal of the American Chemical Society

virtual
4 —— MOs 4
 Lumo
© %) cuhy
Jy ol Si,H)
(+14 Hz)
\A ©
o oa(S1,H)
@ (-61 Hz)
Jatin o i, H)
(+25 Hz)

HOMO-6

O. O
Cq(Si) cp(H) i

HOMO-27

Figure 10. a) Decomposition of the J(Si,H) couplings of Cp,Ti(PMe;)(HSiCL,) (8d) into individual ],(Si,H) and J(Si,H) contribu-
tions from pairs of interacting occupied and virtual MOs. The notation J,(Si,H) denotes the mixing between the bonding o(Si-H)
and vacant o(Si-H) orbital which yields a negative contribution to the global J(Si,H) coupling of 8d. The mixing of the occupied
HOMO (which is responsible for the M—L n back donation) and the vacant o’(Si-H) orbital (LUMO+4) is labeled J(Si,H) and
provides a positive and dominant contribution to the Fermi contact term of J(Si,H) in 8d. Note that only predominant orbital
interactions of the Fermi contact terms are considered in this schematic drawing; b) Decomposition of the J(Si,H) couplings of
(CH,)CpMn(CO),(HSiMe,Cl) (gb) into individual J;ore(Si,H) and J;ow(Si,H) contributions from pairs of interacting occupied
and virtual MOs. The index “total” specifies that all interactions between all virtual orbitals and the respective occupied orbitals
(HOMO-27, HOMO-6 and HOMO-1) are considered. The mixing of the occupied o(Si-H) orbital (HOMO-27) with all vacant
orbitals provides the dominating coupling contributions J:/(Si,H) to the (negative) Fermi contact term J(Si,H) in gb (Table 1).

respective occupied and virtual orbitals which are sepa-
rated by the energy gap €, €,. J/-(Si,H) denotes indi-
vidual coupling contributions from pairs of interacting
orbitals where the indices o/r specify the nature of the
respective occupied orbitals. Accordingly, the notation
Jo(Si,H) was used in Figure 10a to denote the mixing
between the bonding o(Si-H) and vacant &'(Si-H) or-
bital while the term J,(Si,H) depends on the mixing of
the occupied HOMO (which is responsible for the M—L
n back donation) and the vacant o' (Si-H) orbital
(LUMO-+4). Since the prefactor and energy difference
term (&,- ¢€,) in Equation 2 are both negative , the sign
of the resulting J,,(Si,H) coupling constants depends
solely on the sign of the orbital overlap term - provided
the Fermi contact mechanism is the dominant one.

We start our analysis with the titanium model system 8a
(Figure 10a). According to Equation 2 the positive sign of
the J(Si,H) contribution (+92 Hz) is due to the nodal
plane in the Ti—o*(H-Si-Cl) © back bonding orbital
(HOMO; Figure 10a) which causes the overlap term
[co(Si)e,(Si) x co(H)e,(H)] and therefore also the sign of
J(Si,H) to become positive. In contrast, the correspond-
ing J(Si,H) contribution which emerges from the inter-
action between the occupied and low-lying ofSi-H)
bonding orbital with the virtual LUMO+4 orbital (-40
Hz) is negative and small compared to J,(Si,H). The
larger | J.(Si,H) | vs | J«(Si,H) | value can be also ex-
plained by Equation 2 and is a consequence of the ener-

gy penalty (e,-&5+) which is larger for the J,(Si,H) vs
JA(Si,H) coupling contributions due to the large energy
separation between o(Si-H) and ¢*(Si-H). The sum of
both components J(Si,H) (+92 Hz) and J,(Si,H) (-40
Hz) finally yields the coupling constant J(Si,H) of +52
Hz which approaches the total J(Si,H) coupling constant
of +58 Hz (which considers all orbital interactions)
closely (Table 1). Hence, the interactions of the chemi-
cally most relevant bonding orbitals, namely Ti— oc*(H-
Si-Cl) and ofSi-H), with just one of the virtual orbitals
(LUMO+4) of 8d helps us to understand the complex
origin of the J(Si,H) sign in this nonclassical silane com-
plex. This implies that the sign of J(Si,H) couplings in
transition metal silane complexes might simply reflect
the electronic competition between (negative) J,(Si,H)
and (positive) J(Si,H) orbital interactions.

In order to get a more comprehensive picture also for
the remaining members of  the series
Cp.Ti(PMe,)(HSiMe, ,Cl,) (n = 0-3) 8a-d we analyzed all
coupling contributions from the interactions between
their occupied o(Si-H) and Ti— ¢*(H-Si-Cl) orbitals with
the complete set of virtual orbitals.” These contributions
are denoted J,:i(Si,H) in the following. We learn from
Table 1 that these negative J, (Si,H) couplings do not
vary significantly with the number of chloro substitu-
ents -67 Hz (8a, n=0); -64 Hz (8b, n=1); -64 Hz (8¢, n=2)
and -65 Hz (8d, n=3). This observation might be
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Table 1. Contributions to the Fermi contact term J(Si,H) from the mixing of occupied and vacant orbitals in 8a-d

and ga-d
Coupling contributions (Hz) 8a 8b 8c 8d ga 9ob 9c od
J o total(Si,H) -67 -64 -64 -65° -82 -61 -72 -80
Jovin, ) totat(Si,H) - - - - +23 +25 +18 +3
J rtotat(SLH) +51 +73 +99 +144° | +6 +14 +20 +41
other MO interactions -8 +12 -1 -21 -13 -14 -13 -23
total J(Si,H) " -24 +21 +34 +58 -66 -36 -47 -59

* Only the interaction with the virtual ¢*(Si-H) MO has been considered in Figure 10a; b only coupling contributions from the
Fermi contact (FC) spin-spin coupling mechanism are considered. The total J(Si,H) values change only marginally (by less than
2Hz) when also the spin-dipole (SD), paramagnetic orbital (OP), and diamagnetic orbital (OD) terms are included.

connected with the fact that also the Si-H bond distanc-
es of these models are hardly influenced by the number
of chloro substituents n (Figure 4): 1.825 A in 8a (n=o);
1.820 A in 8b (n=1); 1.822 A in 8¢ (n=2) and 1.848 A in 8d
(n=3).”® Hence, the negative J.(Si,H) couplings in 8a-
d signal the presence of significant covalent Si-H inter-
actions in the Ti,Si,H metallacycles in line with the clas-
sification of 8a-8d as ASOAPs. We note that the slight
decrease of these values from 8b-8d with increasing
number of chloro ligands is in line with Bent’s rule and
follows the trends observed for J(Si,H) values of the
respective free hydrosilanes HSiMe, ,Cl, (Figure 9).
However, this effect is small and overcompensated by
the sharp increase of the J,(Si,H)-type coupling contri-
butions with increasing substitution degree n: +51 Hz in
8a (n=0); +73 Hz in 8b (n=1); +99 Hz in 8¢, (n=2) and
+144 Hz in 8d (n=3).

Accordingly, the increasing J(Si,H) values and the sign
change from negative (8a) to positive (8b-d) is mainly
due to the enhancement of the positive J,(Si,H) contri-
bution with increasing number of chlorine substituents
at the silicon atom. This again reflects the increasing
dominance of the Ti—oc*(H-Si-Cl) n-back donation in
the series 8a-d in line with our conclusions based on
charge density analyses (see above). We note that the
observed trends in J(Si,H) values do not depend on the
presence or absence of interligand-hypervalent interac-
tions (IHI).>*** Such interactions would rely on a pro-
nounced o(Ti-H)— ¢*(Si-Cl) orbital interaction mecha-
nism which could not be identified.”*® We further note
that a related trend has been also found in case of the
substitution series Cp(ArN)Ta(PMe,)(H)(SiMe,_,Cl,)
10a-10d"” (n = 0-3) (Scheme 1). The corresponding theo-
retical J(Si,H) values are +24 Hz (10a), +36 Hz (10b), +46
Hz (10¢) +58 Hz (10d).>° However, the degree of oxida-
tive addition in the d* tantalum complexes is significant-
ly larger compared with the titanium species 8a-8d. The
Si-H bonds in 10a-10d (r(Si-H) = 2.207-2.239A) are
therefore significantly longer compared with the ones in
8a-8d (1.820-1.848A). As a consequence, all complexes of
this series (inclusive 10a) display positive J(Si,H) values
in line with the predominance of the J(Si,H)-type cou-
pling contribution.

The final step of our coupling analysis aims at the origin
of the decreasing J(Si,H) values in the d° manganese
complexes (CH,;)CpMn(CO),(HSiMe, ,Cl,) (n =1-3; gb-d)

(Figure 9) with increasing n. Table 1 shows that in case
of the electron-rich d® complexes also orbital interac-
tions between the bonding o(Mn-H) and virtual orbitals
need to be considered. This positive coupling contribu-
tion is denoted Jopmmyow(Si,H) in Figure 10b and the
decreasing J(Si,H) values of gb-d can be explained by
inspecting the individual Jsw(SLH), Jomntycora(SLH)
and J..i(Si,H)-type contributions. In contrast to 8a-d,
the negative J,(Si,H)-type contributions are predomi-
nant in g9a-d. This underpins - in line with the charge
density analysis - the larger degree of covalent Si-H
bond character in the d°-manganese complexes ga-d
relative to 8a-d. Similar to 8a-8d we also find in ga-d a
systematic increase of the positive ] ..;(Si,H)-type con-
tributions with growing number of chlorine substituents
(n) at the silicon atoms. This interaction is again mainly
responsible for the increase of the absolute J(Si,H) val-
ues from ga (-66 Hz) to gb (-36 Hz). However, along the
series gb (36 Hz)—9c (-47 Hz)—9d (-59 Hz) the abso-
lute J(Si,H) couplings decrease. Apparently, the increas-
ing positive coupling contribution of J,.(Si,H) is par-
tially compensated by the decreasing positive
JoninHycora(SLH)  contributions. As a consequence the
sum of both types of positive coupling contributions
remains rather constant in gb-d and the J(Si,H) cou-
plings are virtually dependent on the J0./(Si,H) contri-
butions alone. These values decrease (as outlined above
in case of 8b-d) with the increasing chloro substitution
degree n from -61 Hz to -80 Hz in line with Bent’s rule.
Due to the pronounced covalent character of the Si-H
bonds in the d® manganese complexes this trend pre-
dominates the total J(Si-H) couplings. As a conse-
quence, the series gb—>9c—9d shows a similar depend-
ency of the J(Si-H) couplings on the chloro substitution
degree n as the corresponding free silane ligands (Figure

9).
CONCLUSION

Detailed charge density studies reveal that transition
metal hydrosilane complexes display a continuum of
electronic structures. This can be explained in terms of
an extended Dewar-Chatt-Duncanson (DCD) model
where o-hydrosilane complexes are characterized by
their predominant M<«—o(Si-Hy,) donation while the
propagation along the oxidative addition pathway in
non-classical silanes is triggered by the increasing extent
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of the M—o*(H,,-Si-X) back donation (X = electron
withdrawing substituent at the silicon atom; Hy, =
bridging hydrogen atom). The reaction coordinate of
this oxidative addition process can be determined by
electron density studies in the solid state or alternatively
by the sign and magnitude of J(Si,H) couplings in solu-
tion NMR studies. In the latter case a simple structure-
property relationship emerges: a positive sign of J(Si,H,)
coupling constants is due to the predominance of the
J(Si,Hy,) coupling contributions and signal the presence
of pronounced M—e*(Hy,-Si-X) m-back donation in the
respective silane complexes. These complexes can be
characterized as silane species close to the final stage of
the oxidative addition trajectory. In contrast negative
J(Si,H) values signal the dominance of J(Si,H) coupling
contributions and hint for the presence of significant
covalent Si-H interactions. The respective silane com-
plexes therefore reside at an earlier stage of the oxida-
tive addition reaction trajectory. Hence, in non-classical
hydrosilane complexes such as Cp,Ti(PMe,)(HSiMe,.
2Cl,) (with n=1-3) the sign of J(Si,H) changes from minus
to plus with increasing number of chloro substituents n
and maps the gently rising extent of oxidative addition.
On contrary, in the series (CH,;)CpMn(CO),(HSiMe,
.Cl,) the J(Si,H) remain negative due to the large extent
of covalency of the Si-Hy, bond. Here, the decrease of
the absolute J(Si,H) values with increasing chloro substi-
tution degree n from -61 Hz to -80 Hz is in line with
Bent’s rule - as secondary control parameter of the
J(Si,H) couplings. We finally note that in all case studies
the J(Si,Hy,) couplings are not significantly affected by
the presence/absence of additional interligand hyperva-
lent interactions.

EXPERIMENTAL AND COMPUTATIONAL SECTION

General methods and materials. All manipulations
of air-sensitive compounds were performed in an at-
mosphere of dry argon either on a dual-manifold
Schlenk line, interfaced with a high-vacuum (102 Torr)
line, or in a MBraun glove box. Solvents (n-hexane, THF,
toluene) were dried and degassed by using a MBraun
solvent purification system. Dichloromethane was dis-
tilled from P,0O, and stored over Linde type 4A molecu-
lar sieves. Deuterated solvents were purchased from
Deutero GmbH (>99.5 atom % D). All solvents were
stored under argon. Standard 1D NMR experiments were
performed at a MERCURYplus 400 High Resolution
System from VARIAN Deutschland GmbH. The deter-
mination of the signs of the coupling constants via 2D
NMR methods was performed employing a Bruker
Avance II+ 500 spectrometer at the University of Ti-
bingen. Chemical shifts are referenced to the residual
solvent peaks and are reported in ppm relative to tetra-
methylsilane. IR spectra were recorded on a Thermo
Nexus FT-IR spectrometer modified with a Specac Heat-
ed Golden Gate™ MKII ATR setup (GS10542). Elemental
analyses were carried out with an ELEMENTAR vario EL
III. All hydrosilanes, Cp,TiCl,, PMe;, 1,2-Dibromoethane
and magnesium turnings were purchased from Sigma-
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Aldrich, [Ph,C]BF, from Alfa Aesar. Cp,Ti(PMe;), was
prepared by the method of Kool et al.* The manganese
complexes (CH,)CpMn(CO),(HSiHPh,) (2),
(CH,)CpMn(CO),(HSiFPh,) (3) were synthesized ac-
cording to slightly modified literature procedures.*

Synthesis of (CH;)CpMn(CO),(H,SiPh,) (2). A solu-
tion of (CH,)CpMn(CO)3 (436 mg, 2 mmol) and H,SiPh,
(368 mg, 2 mmol) in hexane (25 mL) was irradiated with
UV light for 1 h. The flask was equipped with a pressure
relief valve to allow the emerging CO to leave the reac-
tion vessel. After the reaction was complete the solution
was filtered and the yellow filtrate was reduced in vacuo
to 5 mL. At -78 °C the product precipitated as a light
yellow solid, which was isolated and washed with small
portions of hexane. Yield = 12 mg, 0.3 mmol, 15 %; 'H
NMR (400 MHz, CDCl,, 20 °C): § = 7.64 - 7.31 (m, 10 H;
CsH,), 6.25 (d, 3] (HMnSiH) = 4.8 Hz, 1 H; SiH,), 4.40 (d,
4 H; C,H,), 2.0 (s, 3 H; CH,), -11.5 (d, ’] (HMnSiH) = 4.8
Hz, 1 H; MnH,,Si). *C{'H} NMR (101 MHz, CDCl,, 20 °C):
& = 227.6 (CO), 140.6 - 127.8 (CsHy), 101.9 - 83.3 (C;H,),
13.3 (CH,). *Si NMR (79 MHz, CDCl;, 20°C): § = 131
(d+d, J (Si,H,) = |207| Hz, *J (H,MnSi) = |63| Hz). IR: ¥
=1905, 1967 cm™ (C=0). Elemental analysis calcd (%) for
C,oH,4MnO,Si: C 64.16, H 5.11; found: C 62.06, H 4.82.

Synthesis of (CH,;)CpMn(CO),(HSiFPh,) (3). A solu-
tion of 2 (0.56 g, 1.5 mmol) and [Ph,C]BF, (0.5 g, 15
mmol) in Dichloromethane (25mL) was stirred at RT for
1 h. The solution was filtered and the solvent was re-
moved in vacuo. The residue was dissolved in 2 ml of
hexane, filtered and stored at -30°C. After 16 h the prod-
uct was obtained as light yellow crystals, which were
isolated and washed with small portions of hexane. 'H
NMR (400 MHz, [Dgltoluene, 20 °C): § = 7.76 - 7.15 (m,
10 H; C4H,), 3.97 (m, 4 H; C.H,), 1.50 (s, 3 H; CH,), -12.03
(d, > (HMnSiF) = 6.3 Hz, 1 H; SiH). *Si NMR (79 MHz,
[Dg]toluene, 20 °C): § = 60.7 (d+d, ] (HMnSi) = |57| Hz,
'] (Si, F) = |333] Hz). F NMR (376 MHz, [Dg]toluene, 20
°C): § = -127. IR: ¥ = 1897, 1990 cm-1 (C=0);

Synthesis of Cp2Ti(PMe3)(HSiHPhCI) (5): A solu-
tion of H,SiPhCl (0.1 mL, 0.2 mmol) in hexane (1.5 mL)
was added to a solution of Cp,Ti(PMe,), (60 mg, 0.2
mmol) in toluene (4.5 mL). After a few minutes yellow-
orange crystals were formed, which were isolated and
washed with small portions of hexane. 'H NMR (400
MHz, [Dg]toluene, -30°C): § = 8.19 - 6.99 (m, 5 H; C¢H,,
overlayed with solvent signals), 6.49 (d, >/ (HTiSiH) =
6.0 Hz, 1 H; SiH,), 4.89 (s, 5 H; C;H,), 4.63 (s, 5 H; C;H,),
0.50 (d, ’J (P,H) = 6.2 Hz, 9 H; PMe,), -4.93 (d+d, *J (P,H)
= 73.4 Hz, J (HTiSiH) = 6.0 Hz, 1 H; TiH,Si). *P{'H}
NMR (202 MHz, [Dgltoluene, -30°C): § = 19.19 (s+d, *J
(Si,P) = 31 Hz). **Si NMR (79 MHz, [Ds]toluene, -30°C): §
= 75.7 (d, J (Si,H,) = 205 Hz). Elemental analysis calcd
(%) for C,gH,¢TiPSiCl: C 57.51, H 6.60; found: C 56.50, H
6.37.

Computational Details. The geometries of all com-
pounds have been optimized with ADF* at the PBEo
level” of theory in combination with an all-electron
TZ2P basis set>* and the ZORA Hamiltonian to describe
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scalar relativistic effects®. A single point SCF-calculation
was carried out on those geometries employing a larger
basis set on the Si and the H atom for which J(Si,H) was
calculated: for the H atom the jcpl basis set as imple-
mented in ADF was used, while for Si the TZ2P basis set
was augmented with additional basis functions analogue
to the jcpl basis set for H. The calculation of the cou-
pling constants was carried out in ADF.**3° The results
discussed in the manuscript consider only the Fermi-
contact mechanism, while the J(Si,H) coupling con-
stants including the contributions of all Ramsey-terms'®
are presented in the Supporting Information. The analy-
sis of the electron density in the framework of the
QTAIM was carried out with ADF.*” NBO analyses have
been performed employing the ADFNBO module im-
plemented in the ADF suite of programs.” The MO-
plots in Figure 2 and 3 were calculated with Dgrid*® and
the 2D slices of L(r) = -V?p(r) in Figure 5b,d,f;h were
determined with the Denprop-Code.*

X-RAY CRYSTALLOGRAPHY

X-ray data collection. A yellow, transparent block of
Cp,Ti(PMe,)(HSiMeCl,) (8c) with dimensions o.130 x
0.141 x 0.180 mm was coated with perfluorinated ether
under an inert gas atmosphere and mounted on a
BRUKER SMART-APEX diffractometer with D8 goni-
ometer (Ag Ka radiation; A = 0.56087 A; Incoatec IuS
1.0) equipped with a low-temperature device. The sam-
ple was then cooled to 100(2) K by putting the crystal
under the cold stream at target temperature. Intensity
data were collected employing an APEX II CCD detector
and 40 w-scans over 180° with 0.5° (low order) and 0.25°
(high order) slicing, a detector-to-sample distance of 50
mm and scan times between 3 seconds and 180 seconds.

X-ray data reduction. Crystal data for 8c at 100(2) K:
M, = 369.18 g/mol, triclinic, space group P-1 (Int. Tables
No. 2), a = 8.2102(12), b = 8.8057(13), ¢ = 12.9105(19) A, o =
83.348(5)°, B = 88.217(5)°, y = 64.552(5)°, V = 837.0(2) A%,
Z = 2, F(000) = 384, Dy = 1.465 g cm™, g = 0.50 mm’.
Cell refinement and data integration were performed
with SAINT*’, resulting in a total of 276398 measured
reflections. An empirical (“multi-scan”) absorption cor-
rection was applied [Ty, = 0.8491, Thax = 0.8922] using
SADABS." The internal agreement factor was R, (F) =
0.044 yielding 22086 unique reflections. The full data set
provided a completeness of 98.2% in the data range
from 4.066° < 260 < 82.058° (Sin Gy /A = 117 A7).

Multipolar refinements and determination of the
deformation density. First, an independent atom
model (IAM) refinement was carried out using
SHELXL*. Anisotropic thermal parameters were intro-
duced to describe the thermal motion of all non-
hydrogen atoms. The refinement finally converged at R,
= 0.0261, WR, = 0.0661 and GooF = 1.037 for all reflections
and 180 parameters. A multipole model was then adopt-
ed to describe the aspherical charge density deformation
of p(r).

According to a method proposed by Stewart,” the
electron density p(r) in a crystal is described by a sum of
aspherical pseudoatoms at the nuclear positions {Rj}.

P(r)zzpj(r_Rj)

Based on the Hansen-Coppens formalism,” the pseu-
doatom density p,, is expressed in terms of multipoles:

Ima |
Pt (r) = Pcpcore(r) + vagpvalence(’(r) + ZK,3RI (K,r)z letdlmt (9, ¢)
1=0 m=0

In the refinement of our best model the multipole ex-
pansion was truncated at the hexadecapole level (I, =
4) for all atoms except hydrogen. A bond-directed di-
pole and quadrupole (I, = 2) was introduced for the
hydrogen atoms. For the bridging hydrogen H(11) two
bond-directed dipoles were used (I, = 1). Core and
spherical valence densities were constructed using rela-
tivistic wave functions, which are expanded over Slater-
type basis functions, as implemented in the databank-
file of Volkov and Macchi (VM) provided by the XD2006
suite of programs.* Single- & functions were also taken
from the VM databank. The valence configuration of Ti
was selected between two different models with [4s°3d?]
and [4s3d’] configuration. In general, the model which
resulted in the best figures of merit (R, and wR,), the
lowest residual density, the lowest correlations between
the refined parameters and the physically most mean-
ingful multipole-parameters (monopole populations, k,
k") was chosen. In our final model a 4s°3d* valence con-
figuration of Ti was assumed.

The atomic coordinates and thermal displacement pa-
rameters of all non-hydrogen atoms were optimized
along with all multipolar parameters using all data with
sinf/A < 117 A™ During multipolar refinements, the
hydrogen positions were restrained with fixed C-H bond
distances [r(C-H) = 1.10 A for hydrogen atoms bonded to
sp> hybridized carbons atoms; r(C-H) = 1.08 A for hy-
drogen atoms bonded to sp® hybridized carbon atoms],
and their isotropic thermal parameters were freely re-
fined. Only for the hydrogen atoms attached to C(u1) the
isotropic displacement parameters were related accord-
ing to Uj,(H) = 1.5xU.q(C)], due to anharmonic effects
(see below). The positional parameters of the bridging
hydrogen atom H(11) was freely refined, and its isotropic
thermal parameter was refined during the multipole
refinement.

To reduce the number of independently populated
multipole parameters a chemical constrained model was
employed. The multipole parameters for the carbon
atoms C(1-5) and C(6-10) (See Fig. Sz for the definition
of the atom labels) and their respective hydrogen atoms
in the two Cp rings were constrained to be to same. Due
to the tilt of the Cp rings, no strict fivefold symmetry
was assumed. Additionally, it was assumed, that the Ti
atom lies on a mirror plane, spanned by the P and Si
atoms. Furthermore, for all Me groups attached to the
phosphorous atom, as well as for the Me group bound to
the silicon atom, a local C;, pseudo symmetry was im-
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posed. For a definition of the local coordinate systems
employed see Supporting Information S2.

In addition, after a multipole model had been applied
for all atoms, the thermal motion of the Ti, Si, P atom
and both Cl atoms were described by an anharmonic
model, using the Gram-Charlier expansion® up to the
fourth order. The methyl group around C(1u1), attached
to the silicon atom, was also described by an anharmon-
ic model up to the third order. First, all multipolar pa-
rameters were kept fix, and only the positional and
thermal parameters of these atoms were refined, to
avoid correlation between multipole- and anharmonic
thermal parameters. In the next step both multipolar
parameters as well as all thermal displacement parame-
ters (also anharmonic parameters) were refined simul-
taneously. The validity of the thermal displacement
parameters was carefully checked for negative probabil-
ity density regions using the XDPDF routine. For Ti(1),
Si(1), P(1), and Cl(2), no negative region was found in an
atom centered cube with 1.6 A edge length. For C(11) and
Cl(1), minute negative regions were found, however
99.999% and 99.985% of the integrated probability
density were positive, justifying the validity of anhar-
monic motion.

Individual radial scaling parameters (k) were adopted
for all chemically non-equivalent atoms of the molecule
(8 in total) to adjust the spherical atomic density contri-
butions. The x value for the hydrogen atoms was kept
fixed at the default value of 1.20 at all times. In addition,
a total of 6 radial scaling parameters (k') were freely
refined, while k' was left at the value of 1.10 for all chlo-
rine atoms and at the value of 1.20 for all hydrogen at-
oms. The x-parameter for the bridging hydrogen was
freely refined, while its x’-parameter was kept fixed at
1.0. The total charge of the asymmetric unit was con-
strained to zero during all refinements.

The final agreement factors were R, = 1.42% and wR, =
2.69% for 20473 reflections (F, > 30 (F,), sin(6/1)nax =
117 A") and 647 parameters (N,.r / Ny,, = 31.6). The final
multipole population parameters, fractional coordi-
nates, bond distances and angles are shown in the Sup-
porting Information S4 - Ss. The residual electron den-
sity distribution was almost featureless with the mini-
mum and maximum values of -0.87/0.262 e/A3
throughout the unit cell using a 0.025A grid using the
XDFFT routine (sin(6/4) < 1.00 A™). A residual density
map in the Ti-Si-H plane is shown in Supporting Infor-
mation S3a.

All refinements were carried out with the full-matrix
least-square program XDLSM of the XD2006 suite of
programs, the quantity minimized was € = Xw,(|F,| -
k|F.|)?, where k is a scale factor, based on 20473 reflec-
tions with F, > 30(F,). Weights were taken as w, =
1/6*(F,) and w, = 1/6*(F,?). For sufficient convergence,
the spherical k-parameters for Ti(1) and C(u1) had to be
fixed. Convergence was assumed when a maximal
shift/esd < 10® was achieved. For the topological analy-
sis, critical points of the electron density were searched

Journal of the American Chemical Society

by using the XDPROP module of the XD2006 suite of
programs, which was also used to calculate the bond
paths. Properties of p(r) and V’p(r) were calculated after
transformation of the local axis system into a global
system.

Hirshfeld's rigid bond test** as implemented in the
module XDLSM of the XD2006 suite of programs was
applied to the atomic displacement parameters obtained
from the refinements. The difference between mean-
square amplitudes for all bonds is within the limit of
1.0°10 %A%, except for one P-C bond and one Si-C bond in
the where the phosphorous and carbon atom are affect-
ed by anharmonic motion, respectively. Also most of the
bonds of the Cp-rings to the titanium atom do not fulfil
these tests. For a detailed listing of the DMSDA values,
see Supporting Information Si.

CCDC 1543832 contains the supplementary crystallo-
graphic 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.

High pressure (HP) single crystal diffraction. The
high pressure (HP) single crystal diffraction experiments
were carried out with a Merrill-Bassett type diamond
anvil cell (DAC) equipped with conical Boehler type
diamond anvils (culet diameter: 0.6 mm).“*** In total
three single crystals (SC) with different dimensions (SCu:
180 x 170 x 80 pm?; SC2: 170 x 120 x 70 pm?; SC3: 120 x 75
x 45 pm?) were successively measured and only one
single crystal was loaded into the DAC for each experi-
ment. The first measurement was interrupted by a par-
tial damage of the first single crystal (SC1) and the sec-
ond measurement on SC2 was stopped due to the com-
plete destruction of the single crystal at approximately
3.6(1) GPa. In both cases the crystals were bridged be-
tween the two mutually approaching diamond anvils.
Due to the moisture sensitivity of compound 8c all crys-
tals were placed into a pre-indented stainless steel gas-
ket inside an Ar-glove box and surrounded by 1:1 volume
mixture of iso:n-pentane, which served as pressure-
transmitting medium (hydrostatic limit: P = 7 GPa).*
The pressure was determined by applying the ruby fluo-
rescence method.>® All in-house measurements were
conducted with Bruker SMART-APEX diffractometer
equipped with a D8 goniometer and a mirror-focused
Ag K, X-ray source (1 = 0.56087 A). Additional single-
crystal high pressure diffraction experiments were per-
formed at the synchrotron Xo4SA Material Science-
beamline of the Paul Scherrer Institute, Switzerland.” In
this case a monochromatic wavelength of 0.49726 A was
applied, which had been calibrated to the lattice param-
eters of a NIST SRM 660a LaBg standard. The DAC was
mounted onto a Huber Eulerian Cradle su which has
been connected to the w circle of the original powder
beamline and allowed the rotation of the DAC along the
beam.” The scattered radiation was collected with a
Pilatus 6M detector. For both diffractometer types the
collected frames were imported into the CrysAlis™
software for data reduction including an empirical ab-
sorption correction with SCALE3 ABSPACK.” The crys-

ACS Paragon Plus Environment



P OO~NOUILAWNPE

Journal of the American Chemical Society

tal structures at various pressure points were solved by
SHELXS and refined by SHELXL.** The data and refine-
ment results can be found in the supplementary crystal-
lographic data CCDC 1543404-1543412. These data can be
obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. Detailed infor-
mation concerning the HP single diffraction experi-
ments and pressure dependency of 8c are given in the
Supporting Information.
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