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Abstract: We will outline that the sign and magnitude of
J(Si,H) coupling constants provide a highly sensitive tool to
measure the extent of Si—H bond activation in nonclassical
silane complexes. Up to now, this structure—property relation-
ship was obscured by erroneous J(Si,H) sign determinations in
the literature. These new findings also help to identify the
salient control parameters of the Si—H bond activation process
in nonclassical silane complexes.

N onclassical silane complexes can be considered as arrested
intermediates of the oxidative addition of a Si—H bond to
a transition-metal center M. During the early stage of this
oxidative addition process, o-silane complexes are formed,
which are characterized by elongated and, thus, activated
Si—H bonds, for example, in Cr(CO)s(7*-H,SiPh,)? (A in
Figure 1). The terminus of this reaction coordinate is reached
upon formation of classical silyl hydride species (e.g. Fe-
(PMe,Ph)(CO);(H)(SiPh,)P that display two-center, two-
electron (2c2e) M—Si and M—H bonds (D in Figure 1).
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Figure 1. Salient theoretical structural parameters (distances in A) and
J(Si,H) spin—spin coupling constants of benchmark systems for o-
silane complexes (A), asymmetric and symmetric oxidative addition
products (ASOAP (B) and SOAP (C), respectively), and classical silyl
hydride species (D). Red spots denote bond critical points (BCPs).
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Intermediates of this process can be considered as asymmetric
and symmetric oxidative addition products (ASOAP and
SOAP, respectively), which both display residual Si—H
bonding interactions and 2c2e M—H bonds (Figure 1).[
The ASOAP and SOAP complexes differ, however, in the
extent of the formation of the covalent M—Si bond, which is
still at an early stage in the first case (e.g. Cp"Mn(CO),-
(H,SiPh,)"! (B), where Cp*=MeCp), but close to comple-
tion in the latter case (e.g. Ni(iPr,Im),(HSiMePh,)® (C),
where iPr,Im = 1,3-diisopropylimidazolin-2-ylidene). Numer-
ous related nonclassical interactions have been proposed,
which include a-agostic silyl complexes,”” secondary inter-
actions between a silicon and a hydrogen atom (SISHA),!""
and complexes displaying interligand hypervalent interac-
tions (IHIs).'") Main group complexes displaying Si—
H--B['"" and Si—H--Si"' interactions have also been isolated
in the meantime. These types of interactions are, however,
beyond the scope of the current study. We have recently
shown on the basis of experimental and theoretical charge
density studies that nonclassical transition-metal silane spe-
cies display a continuum of electronic structures along the
oxidative addition reaction coordinate and can, therefore, be
described by a unifying bonding concept.[*”? Herein we will
show that the sign and the magnitude of the J(Si,H) spin—spin
coupling constants as well as characteristic charge density
features can be employed to reveal the extent of the addition
of Si—H bonds to metal atoms.

Indeed, the pioneering NMR studies by Corriou and co-
workers in 1982["%1 identified the magnitude of J(Si,H) spin—
spin coupling constants as a versatile tool to analyze the Si—H
bond activation process in transition-metal silane complexes.
This is illustrated in Figure 1 by the calculated individual
J(Si,H) coupling constants of our model systems A-D, which
cover a rather wide range from —109 Hz (A) to + 16 Hz (D)
and appear to decrease systematically in magnitude as the
degree of Si—H bond activation increases from A to D. At this
stage of our analysis we focus on values obtained from DFT
calculations," since they are unbiased by solvation and
crystal-packing effects and also allow a direct comparison of
salient benchmark systems in cases where a time-demanding
experimental determination of NMR properties (i.e. the sign
of the J(Si,H) coupling constants) was hindered by the
inherent chemical instability of the respective samples.['” The
computational study suggests that the large Si—H bond length
in the silyl hydride species D (>2.5 A) is reflected by a small
magnitude of the respective |J(Si,H)| coupling constant
(<20 Hz; Figure 1). In contrast, nonclassical silane complexes
(e.g. A-C in Figure 1) form three- or multicenter bonds,
where the bridging hydrido ligand interacts simultaneously
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with the metal and the silicon atom. As a consequence of the
residual Si—H interaction, larger | J(Si,H) | coupling constants
are predicted by DFT calculations relative to those of D.
Since the first systematic studies of these systems by Schubert
in 1990, it has been proposed that bridging [M,H,Si] entities
in nonclassical silane complexes can be identified by short
Si—H bond lengths (< 2.2 A) and | J(Si,H) | coupling constants
significantly larger than 20 Hz. However, the transition
between classical and nonclassical silane complexes is
a rather continuous one and is mainly controlled by the
electronic influence of the substituents at the silicon atom and
the local electronic situation at the transition metal.”! Hence,
the characteristic interval of | J(Si,H) | coupling constants (20—
70 Hz), which was originally proposed by Schubert! to
identify nonclassical silane complexes with residual covalent
Si—H bonds, still remains a matter of intense debate.!'")

As pointed out by Corriou and co-workers,"*! the situation
is further complicated by the fact that the observed total
coupling constants J(Si,H)="J(Si,H) 4-%/(Si,M,H) can be
considered the result of two competing mechanisms, which
provide coupling contributions of opposite sign to the total
J(Si,H) values. Indeed, as a consequence of the negative
gyromagnetic ratio of the #Si nucleus (y=-—53.2x
10°rads™' T™'), the corresponding signs of 'J(Si,H) and
2J(Si,M ,H) are assumed to be negative and positive, respec-
tively, in the simple Dirac vector model.'"”! Hence, the
magnitude of the observed J(Si,H) coupling constants might
even vanish if both coupling components are of equal
magnitude and cancel each other out. Therefore, the magni-
tude of the J(Si,H) coupling constants alone cannot be taken
as a measure of the o(Si-H) interaction strength™ and it is,
therefore, essential to also determine the sign of the J(Si,H)
coupling constant.

According to Ignatov et al., only a negative sign of J(Si,H)
should provide “conclusive evidence of the presence of
a direct Si—H bond”" and signals the predominance of the
'J(Si,H) contribution. On the basis of this simple criterion, the
asymmetric and symmetric oxidative addition products B and
C can be clearly differentiated, since only B is characterized
by a negative J(Si,H) coupling constant (—66 Hz), which
suggests a predominant 'J(Si,H) coupling character and, thus,
the presence of a highly activated, but still covalent, Si—H
bond. In contrast, C displays a positive J(Si,H) value of
+47Hz and can be classified as a symmetric oxidation
addition product since the Ni—Si and Ni—H bond-formation
process is almost complete, which implies that the %/(Si,M,H)
coupling mechanism dominates. As a consequence, the Si—H
bond in Cis nearly broken, as signaled by the large Si—H bond
length of 2.09 A and the lack of a Si—H bond critical point
(BCP) in combined experimental and theoretical charge
density analyses.”! The acute /(Si,Ni,H) valence angle of 65°
alone hints at best for elusive, residual Si--H bonding
interactions in C. In the case of B, however, a Si—H BCP
exists, but the density accumulation at the BCP is still small
(o(r) =0.56 ¢ A~*) compared to the o-silane species A (o(r) =
0.66 eA’3). The latter species is characterized by a covalent
Si—H bond (d(Si-H) = 1.57 A) that is activated relative to the
unperturbed covalent Si—-H bond in uncoordinated SiH,
(1.4798(4) A).") Hence, only A and D represent clear-cut
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benchmark systems in which either the 'J(Si,H) (in A) or the
2J(Si,M,H) coupling scenario (in D) dominate the J(Si,H)
coupling constants because of the presence or absence of
covalent Si—H bonds, respectively. The nonclassical silanes B
and C, thus, represent intermediate cases.

Since all the models A-D can be classified by their charge
density topology as well as their J(Si,H) values, we were
interested in exploring whether nonclassical silanes displaying
electronegative chlorine substituents can be grouped in the
same way. We outlined previously that electronegative
substituents X at the silicon atoms in a frans position with
respect to the bridging n(Si-H) entities enhance the M—
0*(H-Si-X) 7t back-donation, which again leads to an increase
in the M—Si bond strength in early transition-metal silane
complexes such as Cp,Ti(PMe;)(HSiMe,,,Cl,) (n=0-3) 1a-
1d and Cp,Ti(PMe;)(HSiHPhC)™> 1b’ (Figures 2-4).1 In
the charge density picture, the enhancement of the M—Si
bond strength leads to an increasing density at the Si—M BCP
with an increasing number of chlorine substituents in 1a-1d.
The same situation holds in the case of the Schubert-type
manganese complexes. Here, a Si—M BCP is lacking in model
B (Figure 1), but forms in the complex (Cp*)Mn(CO),-
(HSiFPh,) (B’), which has a fluorine substituent in the trans
position to the n'(Si-H) moiety.?! This observation is again
in line with an enhanced M —o%*(H-Si-X) mt back-donation in
B’ relative to B. The simultaneous presence of the M—Si,
Si—H, and M—H BCPs in the benchmark systems la-1d
might, therefore, hint at an intermediate electronic situation
between the scenarios displayed by B and C.

Indeed, the theoretical J(Si,H) coupling constants of 1a—
1d change their signs from negative (1a) to positive (1d) as
the number of chlorine substituents increases, which simulta-
neously reduces the Ti—Si bond length and enhances the
completion of the oxidative addition process (Figure 2). Note
that the Ti—H bond lengths of complexes 1a-1d are virtually
identical, since the Ti—H bond-formation process in these
asymmetric oxidative addition products is already nearly
completed. The Si—H bond lengths and the /(Si,Ti,H) valence
angle do not provide a good measure of the extent of the
oxidative addition process in 1a-1d, since metal-mediated
Si—H as well as C—H bond-activation processes are mainly
controlled by the presence and extent of a local Lewis-acidic
site at the metal center? ¥ in analogy with a vacant d orbital
in the MO picture.”*! As we concluded in a previous study,
“the spatial extent of this local Lewis-acidic center is funda-
mentally linked with the size of the d-orbitals involved in the
M —o*(X-Si-H) n back donation” and, therefore, rather
invariant in 1a-1d."

These clear trends in the theoretical J(Si,H) coupling
constants of 1a-1d are, however, at first glance in conflict
with the corresponding values determined by Ignatov et al. by
spin tickling experiments.'® This experimental study pro-
posed negative J(Si,H) values of —22 Hz and —34 Hz for the
nonclassical titanium silane complexes 1¢ and 1d, respec-
tively, which are at clear variance with our theoretical
predictions (+34Hz (1¢), +58Hz (1d); Figure2 and
Ref. [5]). These findings let Ignatov et al. conclude that 1¢
and 1d are characterized by covalent Si—H bonds, and the
authors coined the expression interligand hypervalent inter-
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Figure 2. Influence of electronegative chlorine substituents on the
calculated J(Si,H) coupling constants and Ti—Si bond length in the
metal complexes Cp,Ti(PMe;) (HSiMe;,Cl,) Ta-1d and Cp,Ti(PMe;)-
(HSIHPhCI) 1b'. Red spots denote bond critical points (BCPs). See S4
in the Supporting Information for more detailed information. Only
coupling contributions from the Fermi contact (FC) spin—spin coupling
mechanism are considered. These values change marginally

(< £2 Hz) when the spin—dipole, paramagnetic orbital, and diamag-
netic orbital terms are also included.

actions (IHIs)!"® as the bonding scenario for 1b-1d. However,
1c and 1d appear to be rather unsuitable benchmark systems
for an unequivocal determination of the sign of J(Si,H) (see
the Supporting Information for further details). We, there-
fore, decided to synthesize Cp,Ti(PMe;)(H,SiHPhCI) (1b’),
which is electronically closely related to our benchmark
systems 1b-1d. 1b’ displays a noncoordinating terminal Si—H,
moiety characterized by a negative 'J(Si,H,) coupling con-
stant, which can be used as an internal reference for an
unequivocal sign determination of J(Si,H,) of the bridging
Si—H, group. Indeed, analysis of the individual J coupling
contributions to the cross-peak multiplet of the three-spin
system ("H,, 'Hy, ’Si; Figure 3) finally allowed determination
of the sign of J(Si,H,,).y, (+ 15 Hz) in the case of 1b’, which is
in agreement with the DFT predictions (+ 24 Hz; Figure 2).

To clarify which electronic control parameters determine
the sign of J(Si,H) coupling constants in nonclassical silane
complexes we also analyzed the individual molecular orbital
(MO) contribution to the isotropic coupling resulting from
the Fermi-contact mechanism. In these studies, we used
a density functional method™ developed by Ziegler and
Autschbach!! for the analytic calculation of nuclear spin-spin
coupling constants which employs the relativistic zeroth-
order regular approximation (ZORA).’” With this approach,
it is also possible to decompose the J(Si,H) coupling constants
of our benchmark systems into individual contributions from
pairs of interacting occupied and virtual MOs. This is
illustrated schematically in Figure 4 for the case of the Ti
complex 1d.

Note that the HOMO in Figure 4 represents a Ti—o*(H-
Si-Cl) mt back-donation and HOMO-33 the o(Si-H) bonding
orbital of 1d. The corresponding coupling contributions from
the mixing of HOMO and HOMO-33 with the vacant
0*(Si-H) orbital (LUMO +4) have been denoted J,(Si,H)
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Figure 3. a) Section of the 500 MHz 'H-"H-COSY spectrum of 1b’

(Ref. [15a]). The red solid line interconnects the centers of the two #Si
satellites next to the 'H signal of the bridging Ti-H,-Si moiety. From its
negative slope, one can conclude that the individual 'J(Si,H,) and
J(Si,Hy) coupling constants are of opposite sign (Ref. [15c]). Since
'J(Si,H) <0 (Ref. [17]), the sign of J(Si,H,) must be positive (+15 Hz),
in line with the DFT predictions (424 Hz). b) ORTEP representation
(ellipsoids set at 50% probability) of 1b" at 100(2) K (Ref. [15d]).
Salient bond distances are specified in A and only hydrogen atoms
attached to the silicon atom are drawn.

a) b)
€ 0g+(Si) cge(H)
""" LUMO+4
R1,, S
R2 A @usit) | gl i
Si~ (+92 Hz)
/ \ -~ H .
R3 \ £ Ti
O HOMO © JU,(SiH)
cs®
. o—O0
HOMO-33

Figure 4. a) Nonclassical silane complexes Ta-1d. 1a:
R1=R2=R3=Me; 1b: R1=R2=Me, R3=Cl; Tc: R1=Me,
R2=R3=Cl; 1d: R1=R2=R3=Cl; 1b": R1=H, R2=Ph, R3=Cl.

b) Schematic representation of the decomposition of the J(Si,H)
coupling constant of Cp,Ti(PMe;) (HSiCl;) (1d) into individual J,(Si,H)
and J(Si,H) contributions from pairs of interacting occupied and
virtual MOs. Only major orbital interactions contributing to the Fermi
contact terms are considered. See Table 1 and the Supporting Informa-
tion for a detailed analysis.

and J,(Si,H), respectively. In the following, we will employ
approximation (1) to determine the sign of the J,(Si,H) and
J,(S1,H) coupling contributions.

Jox(S1LH) ~ (=1) x const x [c,(Si)c, (Si) x ¢,(H)e,(H)]/(g,—¢,) (1)

In approximation (1), ¢,(X) and ¢, (X) (X=Si or H) are
the coefficients of the atomic orbitals of the silicon and
hydrogen atom in the occupied and virtual MO, respectively.
The negative prefactor (—1) in approximation (1) considers
the negative gyromagnetic ratio of the silicon atom. In the
case of the mixing of HOMO-33 and LUMO + 4, the orbital
overlap term [c,(Si)c,(Si) x ¢,(H)c,(H)] and the energy differ-
ence term (&,-¢,) are both negative. The resulting coupling
constant (denoted J,,(Si-H) in Figure 4) is negative—provided
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the Fermi contact mechanism is the dominant one.

This is actually the case for all model systems (1a-1d, 1b’)
considered in this study (Table 1). In the same way, the mixing
of HOMO and LUMO +4 yields a positive coupling con-
tribution (denoted J,(Si,H) in Figure 4). The positive sign of
J.(Si,H) is a direct consequence of the presence of a nodal

Table 1: Contributions to the Fermi contact term J(Si,H) from the mixing
of occupied and virtual orbitals in Ta-1d and 1b’

J(Si,H) [Hz] 1a 1b  1b 1c 1d
Jotorar (S, H) —-67 —58 —50 —64 —658
Jrtotat(Si,H) +51 471 +72 499 1448
remaining orbital interactions  —8 +11 +2 -1 =21

all FC terms —24 424 +24 +34 458

[a] Note that in Figure 4, only the MO interactions with one single virtual
MO (LUMO +4) have been considered.

plane in the Ti—o*(H-Si-Cl) bonding orbital (HOMO)
yielding a positive numerator in approximation (1). More
detailed DFT calculations show that the sum of the compo-
nents J,(Si,H) (492 Hz) and J,(Si,H) (—40 Hz) already yields
a value of + 52 Hz, which is close to the total J(Si,H) coupling
constant of + 58 Hz for 1d (see Table 1 for a more detailed
analysis). Accordingly, the interplay of the J,(Si,H) and
J,(Si,H) components in the MO model of transition-metal
silane complexes might play a similar role as the 'J(Si,H) and
2J(Si,M ,H) components in the classical picture (see above).
However, we wish to point out that, already at this stage, the
terms 'J(Si,H) and %/(Si,M,H) are poorly defined in the case
of the delocalized electronic structures established by the
[Si,M.H] entities in transition-metal silane complexes. We
will, therefore, probe the more sophisticated MO model and
clarify whether it provides a direct linkage between J(Si,H)
coupling constants and the progress of the oxidative addition
of Si—H bonds to metal atoms.

In the next step we have, therefore, analyzed whether the
J(Si,H) and J,(Si,H) coupling contributions also determine
the sign and magnitude of the J(Si,H) coupling constants for
the remaining members of the 1a-1d series. For this purpose
we will consider all coupling contributions emerging from the
interactions between the occupied o(Si-H) and Ti —o*(H-Si-
Cl) orbitals with the complete set of virtual orbitals. These
interactions will be denoted J ;. (Si,H) and J,; ., (Si,H) in the
following. We learn from Table 1 that the J,,,(Si,H) coupling
contributions remain rather constant and do not change
significantly when the number of chlorine substituents is
reduced (—65 Hz (1d,n=3); —64 Hz (1¢,n=2); —58 Hz (1b,
n=1); —67Hz (1a, n=0)). The rather constant coupling
contributions arising from these MO interactions might be
connected with the trends observed in structural and charge
density studies. As explained above, the Si—H bond lengths in
1la-d are rather independent of the individual degree of
substitution n (1.848 A in 1d (n=3); 1.822 A in 1¢ (n=2);
1.822/1.808 A in 1b/1b’ (n=1); and 1.826 A in 1a (n=0)),
and the charge density at the Si—H bond critical points also
remains rather constant (0.51 e A in1d (n=3);0.52e A in
lc (n=2);0.50/0.52e A2 in 1b/1b’' (n=1); and 0.50 e A* in

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1a (n=0)). Hence, the insignificant changes in the Si—H
bonding and activation in the series 1a-1d is reflected by
their rather constant J,,(Si,H) coupling parameters.

A rather different trend is, however, evident from Table 1
for the J,(Si,H) interactions. This is manifested in the
sharp increase in the J, ., (Si,H)-type contributions to the
J(Si,H) coupling constants upon an increase in the degree of
substitution n (+51 Hz in 1a (n=0); +71 Hz in 1b (n=1);
+99Hzin1l¢ (n=2); + 144 Hz in 1d (n=3)). The degree of
oxidative addition, which increases as the Ti—o*(H-Si-Cl) 7t
back-donation increases, appears to be reflected by increasing
J10(S1,H) coupling contributions. Hence, the trend of the
total J(Si,H) coupling constants as displayed in Figure 2 might
be explained simply by inspection of the individual negative
Jotora(S1,H)-type and positive J,.i(Si,H)-type contributions
alone.

In summary, a simple structure—property relationship
emerges from our study: The positive sign of J(Si,H) coupling
constants in the series of Cp,Ti(PMe;)(HSiMe,,,Cl,) (withn =
1-3) 1b-1d is due to the increase in the J (Si,H) coupling
contributions which emerge from the increasing dominance of
the Ti—o*(H-Si-Cl) & back-donation between the metal and
the silane ligand as the number of electron-withdrawing
ligands at the silicon atom increases.”'? This trend does not
depend on the presence of additional IHI interactions, which
would be characterized by a pronounced o(Ti-H)/o*(Si-Cl)
orbital interaction mechanism. According to our DFT studies,
the latter interaction provides (if at all) only a minor coupling
contribution (< 3 Hz) to the total J(Si,H) coupling constants
and, in contrast to earlier suggestions ™™ can be safely
ignored.
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