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Abstract: A catalytic system for titanocene-catalyzed epoxide
hydrosilylation is described. It features a straightforward
preparation of titanocene hydrides that leads to a reaction
with low catalyst loading, high yields, and high selectivity of
radical reduction. The mechanism was studied by a suite of
methods, including kinetic studies, EPR spectroscopy, and
computational methods. An unusual resting state leads to the
observation of an inverse rate order with respect to the epoxide.

Epoxide hydrosilylations are virtually unexplored reactions
that offer a simple access to alcohols.!! Epoxidation and
titanocene-catalyzed® epoxide hydrosilylation (Scheme 1)
provide a two-step approach to the formal anti-Markovnikov
addition of H,O to olefins that circumvents hydroboration.
However, it also highlights the difficulties associated with the
reactive and relatively unstable titanocene(III) hydrides
([Cp,TiH] hereafter). Their generation is capricious and
requires either harsh conditions® or the syntheses of sensitive
complexes.[! Herein, we report a reliable and easy procedure
for catalyst generation from titanocene dichlorides, mecha-
nistic key features of the reaction, and EPR data for the
species involved.

Our starting point was the in situ generation of [Cp,TiH].
[Cp,TiR] complexes are attractive in this context because of
the weak Ti—C bond.”! We studied o-bond metathesis of these
complexes with PhSiH; and (EtO);SiH computationally
(Figure 1).[
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Scheme 1. Titanocene-catalyzed epoxide hydrosilylation.!'®

AG, values for the o-bond metathesis indicate that
[Cp,TiH] formation is favorable for R =Me, thermoneutral
for R=Allyl, and endergonic for R=Ph with PhSiH,.
(EtO);SiH was predicted to be inferior. In practice,
[Cp,TiAllyl] is especially attractive since it can be prepared
insitu by stirring Cp,TiCl, (1equiv) and AllyIMgBr
(2.2 equiv) in THF (1-10 min, purple reaction mixture).”!
After the addition of PhSiH; (1.5 equiv with respect to the
epoxide), the generation of [Cp,TiH] (the “allyl activation”)
is complete in 1-10 min (green reaction mixture).

Examples of the hydrosilylation are shown in Scheme 2.
The reaction of 1 with 3 leads to an excellent result. With
1mol% 3, 97% 5 was obtained (86% 5 with 0.5 mol%
(Cp,TiOEt),, that is 1 mol % of Ti, and 78 % 5 with 1 mol %
Cp,TiMe,).l"*

We then turned our attention to mechanistic issues and
investigated whether EPR-active species'’) are present in the
solution after “allyl activation”. To this end, the activation

PhSiH, PhSiH,R
CpsTi-R*THF  +

or [(EtO)3SiH]

——> Cp,Ti-H*THF +
or [(EtO);SiR]

R=Me R=Ph R = allyl
42 +25 +06

PW6B95-D3 e ) e
38 +32 +06

B3LYP-D3 (+5.2) (+16.4) (+10.1)

Figure 1. Computed AG at 298.15 K for [Cp,TiH] generation by o-bond
metathesis in THF in kcalmol™". Values in parentheses refer to
(EtO),SiH. For comparison, data for two dispersion-corrected density
functionals are given.
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Scheme 2. Titanocene-catalyzed epoxide hydrosilylation after “allyl acti-
vation” (“allyl activation”: Titanocene dichloride (1 equiv) and
AllylMgBr (2.2 equiv with respect to [Ti]) in THF for 1-10 min (purple
reaction mixture), then PhSiH; (30-150 equiv with respect to [Ti],

1.5 equiv with respect to the epoxide) for 1-10 min (green reaction
mixture).

was conducted under the standard reaction conditions with
either PhSiH; or PhSiD;. The resulting X-band EPR spectra
and their simulations are shown in Figure 2. Two dominating
signals were observed when using PhSiH;. The first signal is
centered at g quinet = 1.9970 and shows a quintet hyperfine
coupling (hfc) structure with an hfc constant of 8.75 MHz. We
suggest that the observed quintet is the result of adduct
formation between PhSiH; and Cp,TiH (Figure 2 and Sup-

e H Br e H.
CpaTi_. Mg, CpgTi_ ,SiHyPh
H THF H
1or2
leads to triplet leads to quintet
* H * H,
CpgTi, + PhSiH; _— CpaTi_ SiH,Ph  + THF
[¢] H

Q PW6B95-D3: AG =-23.8 B3LYP-D3: AG=-20.7

a)

349 350 351 352 353 354 355 356
magnetic field [mT]
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magnetic field [mT]

Figure 2. Proposed structures present in solution and corresponding
experimental (solid lines) and simulated (dashed lines) EPR spectra
after “allyl activation” at X-band (a) and Q-band (b). At X-band,

PhSiH; (A) and PhSiD; (B) were used during the activation. Free
energies are given in kcalmol ™.
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porting Information for details). Calculations show that this
process is strongly exergonic. The calculated hfc constants are
in qualitative agreement with the experimental values (see
the Supporting Information). The other signal shows a triplet
hfc structure with an hfc constant of 20.50 MHz and is
centered at g, yipier = 1.9930. The hfc structure of both signals
is absent when PhSiD; is used. For the species resulting in the
observed triplet, we propose a complex of solvated HMgBr
with Cp,TiH or its dimer (see Figure 2 and the Supporting
Information for details). The groups of Brintzinger and Mach
have postulated, isolated, and characterized closely related
complexes.>® Therefore, all species detected contain Ti—H
bonds.

To understand the mechanism of this reaction, a series of
rate experiments were performed on the hydrosilylation of 4
through “allyl activation” of 6 with PhSiH;. The reaction was
monitored in real time through in situ IR Spectroscopy or Vis
spectroscopy. Each experiment was repeated at least once.
Initial experiments were designed to examine the stability of
the catalyst under synthetically relevant conditions.”'*) The
conversion of 4 into 5 in the presence of 10 mol % catalyst was
monitored by following [5] and subsequently plotting [4] as
a function of time (Figure 3). A higher catalyst loading was
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Figure 3. “Same excess” experiment. Profile of Run 1 plotted as [4] vs.
time and the time-adjusted profile of Run 2 as [4] vs. adjusted time
(see the Supporting Information for details).

employed to ensure reproducible detection of the titanocene
species and to obtain fast turnover. When the reaction reaches
the first half-life with respect to [4], an equivalent amount of
PhSiH; should be consumed and [Ti] should remain constant
under ideal conditions. A second run was initiated under
identical conditions to the first half-life of the first reaction.
When the concentration data for the second run are plotted
versus time and time-adjusted accordingly, the overlay is
good, showing only a very slight inhibition or deactivation at
the early stages of the reaction.!"

The rate orders with respect to the catalyst, 4, and PhSiH;
were determined by using the “initial rate” method. The
reaction was approximately first order with respect to the
catalyst, but surprisingly showed inverse order with respect
to 4.
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The rate order with respect to the silane was established
by varying [PhSiH;] and monitoring [Cp,TiH] through in situ
Vis spectroscopy at 601 nm because of interfering silane
bands in the IR spectrum. The overlap of the graphs was
consistent with a rate order of zero with respect to the silane.
To confirm these findings, two further sets of experiments
were carried out. First, the rate order with respect to silane
was additionally determined using “different excess” experi-
ments (Supporting Information). The experiment examining
the impact of [PhSiH;] confirmed that the rate order with
respect to the silane is indeed zero. Second, an experiment on
the hydrosilylation of 7 (Scheme 3) also established an inverse
rate order with respect to the epoxide (Table 1).

Clearly, the mechanism of epoxide hydrosilylation is
rather intricate. Neither epoxide opening, nor the intra-
molecular hydrogen atom transfer (HAT), nor o-bond meta-
thesis can be the rate-determining step. The formation of
a resting state of the catalyst that reversibly binds the epoxide
substrate without inducing ring opening must thus be
responsible for the observed reaction orders. A plausible
scenario is epoxide binding by Cp,TiOR (OR is formed
through epoxide opening followed by HAT, Scheme 1).

Ph 5 mol% 3, Ph
RT, 16 h
0 7 8
89% OH
d.r.>99:1
1 mol% 3,
o reflux, 72 h OH
R e
coriex 87% cHex
1 mol% 3,
o RT, 72 h HO
11 P~ 12
Ph o
dr.=96:4 Ph
5mol% 3,
Ph RT 16 h HO Ph
O 13 j/ 14
Ph 95% Ph”

d.r.=95:5

Scheme 3. Titanocene-catalyzed epoxide hydrosilylation with 3 after
“allyl activation” in the presence of 1.5 equiv (second example
2.3 equiv) PhSiH,.

Table 1: Rate orders with respect to the different reactants for the
titanocene-catalyzed hydrosilylation of 4 after “allyl activation”. Values in
parentheses refer to 7.

Reaction component Rate order
[Ti] 1.2+£0.39
PhSiH, 0.1+0.4%

Epoxide 4 (and 7) ~1.440349 (—1.3+£0.2)¥

[a] Conditions: Initial rate method. [Ti] 3.3-13 mm, 67 mm epoxide 4,
103 mm PhSiH;. [b] Owing to interfering silane bands in the IR spectrum,
this rate order was determined by in situ monitoring of the [Ti] species
through Vis spectroscopy. Conditions: Initial rate method. [Ti] 2 mm,
37.5 mm epoxide 4, 38.0-47.6 mm PhSiH;. [c] Conditions: Initial rate
method. [Ti] 6.7 mm, 67-267 mm epoxide 4, 103 mm PhSiH;. [d] Con-
ditions: Initial rate method. [Ti] 6.7 mm, 67-183 mm epoxide 7, 103 mm
PhSiH;.
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Our calculations (Figure 4) show that [Cp,Ti-OEt] forms
a more stable epoxide complex than [Cp,Ti-H]. The opening
of the [Cp,Ti-OEt] epoxide complex to the f-metaloxy radical
is distinctly slower. In agreement with this prediction, we
found that [Cp,TiOEt], does not open 4 (see the Supporting
Information). Therefore, it seems that an epoxide complex of
titanocene(III) alkoxides is indeed the resting state of this
catalyst.

L] O . R
CpsTi-R + VAN . CpaTi.
i
R=H R = OEt
PW6B95-D3 AG=-59 AG=-135
B3LYP-D3 AG=-41 AG=-154
: /R L] /R
CraTiy e CpaTi,
0\7 o .
R=H R = OEt
AG=-6.1 AG=+19
PW6B95-D3 AG = +16.5 ol A
AG=-14.0 AG =41
B3LYP-D3 AG* = +12.3 iG omis

Figure 4. Computational analysis of epoxide complexation and open-
ing by [Cp,Ti-H] and [Cp,Ti-OEt]. Free energies are given in kcal mol™".

To validate this conclusion, a solution of Cp,TiAllyl was
mixed with PhSiH; and 4 and immediately shock-frozen with
liquid N, (Figure 5, black lines). Sample preparation was
repeated using PhSiH; and 2,2-D,-4 (red lines), PhSiD; and 4
(green lines), and PhSiD; and 2,2-D,-4 (blue lines). The
frozen solutions were subjected to pulsed Q-band EPR and
electron nuclear double resonance (ENDOR) spectroscopy
(Figure 5a).'” The EPR spectra of the different samples are
all similar and cover a field range of approximately 30 mT,
with intense maxima at g-values of 1.9857 and 1.9651 (see the
Supporting Information). The values are in the typical range
for titanocenes.*'*! The spectra are the result of the presence
of several paramagnetic species.

ENDOR spectroscopy of these samples yielded the 'H
hyperfine coupling patterns shown in Figure Sa. When 2,2-
D,-4 was used instead of 4, the proton resonance at an
approximate hfc constant of 2.5 MHz was no longer observed.
Similarly, resonances at an approximate hfc constant of
1.0 MHz were not detected with PhSiD;, although the
magnitude of the observed effect appeared to be weaker.
The smaller hfc constant indicates a larger electron—nucleus
separation. Finally, both resonances are suppressed when
both reagents are deuterated. Additionally, deuteron reso-
nances at corresponding hfc constants were observed when
deuterated reagents were used (Figure 5b). The observed
effects in the ENDOR spectra indicate that one of the ligands
at the Ti"" center is the alkoxide formed after epoxide opening
and HAT. Whether or not an additional epoxide is also bound
to the Ti' center cannot conclusively be answered by using
ENDOR spectroscopy. However, the obtained spectra do not
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Figure 5. Q-band Davies ENDOR spectra of the protons!'®! (a) and
Mims ENDOR spectra of the deuterons!'?d (b) of the reaction mixture
using different degrees of deuteration. Black: no deuteration, red: 2,2-
D,-4, green: PhSiD;, blue: 2,2-D,-4, PhSiD;. The asterisks in (b) indi-
cate higher harmonics of the proton resonances.

contradict this interpretation. All of the computational and
experimental data thus hint at the epoxide complex of the
corresponding [Cp,TiOR] as the resting state of this catalyst.

Finally, we investigated the efficiency of our reaction for
the substrates shown in Scheme 3. In all cases, we obtained
high yields and diastereoselectivity (when applicable).

In summary, we have designed and developed an in situ
method for the generation of [Cp,Ti-H] from Cp,TiCl, or
substituted titanocenes, AllyIMgBr, and PhSiH;. The system
provides highly active and diastereoselective epoxide hydro-
silylation and constitutes an atom-economical radical reac-
tion." By combining kinetic, EPR, and synthetic experi-

Cp,TiCl, (6)
1) 2.1 equiv AllylMgBr
with respect to [Ti]
2) 1.5 equiv PhSiH;
with respect to epoxide

[ ]

H [CpoTi-H | o
" /}"\/OSIPth VAN

R Rn

PhSiH,
1-5mol% [Ti]
H H R'
o.* = _ o.* e

R./R)“\/ T'sz R /R)“\/ iCp, R" TiCPz

o} H

AN
R
Resting State

Figure 6. The catalytic cycle for epoxide hydrosilylation after “allyl
activation” of 6.

www.angewandte.org

Communications

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

An dte

Chemie

Internatic

ments with theoretical methods, we have shown that the
catalytic cycle is rather unusual in having a resting state that
leads to an inverse reaction order with respect to the epoxide
(Figure 6).
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