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through Selective Hydrogen Atom Transfer for Si—H Activation
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Abstract: Although there has been significant progress in the
development of transition-metal-catalyzed hydrosilylations of
alkenes over the past several decades, metal-free hydrosilyla-
tion is still rare and highly desirable. Herein, we report
a convenient visible-light-driven metal-free hydrosilylation of
both electron-deficient and electron-rich alkenes that proceeds
through selective hydrogen atom transfer for Si—H activation.
The synergistic combination of the organophotoredox catalyst
4CzIPN with quinuclidin-3-yl acetate enabled the hydrosilyla-
tion of electron-deficient alkenes by selective Si—H activation
while the hydrosilylation of electron-rich alkenes was achieved
by merging photoredox and polarity-reversal catalysis.

Organosilanes are versatile intermediates and products in
medicinal chemistry and materials science. The hydrosilyla-
tion of alkenes, a 100% atom-efficient transformation,
represents one of the most important reactions in the silicone
industry.!! The direct activation of Si—H bonds for subsequent
hydrosilylation has been effectively accomplished through the
use of the platinum catalysts developed by Speier and
Karstedt in industrial-scale manufacturing.””! Intensive efforts
in this research field have led to the discovery of complexes
based on earth-abundant metals, such as iron, nickel, and
cobalt, as effective hydrosilylation catalysts.** In addition,
recent advances have shown that Lewis acid catalysts,
especially electron-deficient boranes, can also catalyze hydro-
silylations in a rare-metal-free manner (Scheme 1 A).P! Nev-
ertheless, successful examples have been mostly limited to
electron-rich alkenes as these catalysts generally show poor
reactivity and selectivity toward electron-deficient alkenes
(0- vs. B-adducts, 1,2- vs. 1,4-addition).””! To the best of our
knowledge, a practical method for the effective catalytic
hydrosilylation of both electron-deficient and electron-rich
alkenes has not been realized, particularly in a metal-free
manner.
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Scheme 1. Hydrosilylation of alkenes.
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Significant developments have occurred in photocatalysis
over the past decade, which have enabled previously impos-
sible transformations.”) Aside from single electron transfer
(SET) and energy transfer, hydrogen atom transfer (HAT) is
frequently involved in photocatalysis, offering enormous
opportunities for C—H activation.® In the context of HAT,
polarity plays a vital role to enable selective hydrogen atom
abstraction beyond the control of the relative bond dissoci-
ation energies (BDEs).!

Fagnoni, Ravelli, and co-workers recently disclosed an
elegant hydrosilylation of electron-poor alkenes through the
use of tetrabutylammonium decatungstate as a direct HAT
catalyst under UV light (310 nm) irradiation.'”! Notably,
mixtures of the Si—-H and C—H activation products were
obtained with trialkylsilanes (Scheme 1B), likely owing to the
similar BDEs of the Si-H and C—H bonds in these

Wiley Online Library

dte

Chemie

16621


http://dx.doi.org/10.1002/ange.201711250
http://dx.doi.org/10.1002/anie.201711250
http://orcid.org/0000-0002-9865-180X
https://doi.org/10.1002/anie.201711250

GDCh dte

16622 www.angewandte.org

philic quinuclidinium radical cation HAT catalyst for selec-
tive Si—H activation. Replacing the photocatalyst with Ir[dF-
(CF5)ppylo(dtbpy)PF,, which has a similar redox potential as
4CzIPN, delivered a comparable result. Other photocatalysts,
including Ir(ppy),(dtbpy);PFs, Ir(ppy)s, Ru(bpy);Cl,, and
eosin Y, failed to afford the desired product. Among the
range of solvents examined, the use of MeCN resulted in the
best reactivity. Finally, no hydrosilylation product was
detected in the absence of either photocatalyst 1, quinuclidi-
nium catalyst 2, or light, demonstrating the need for all of
these components.

Adopting the optimized metal-free conditions, we sought
to investigate the generality of this hydrosilylation. Our
recently developed “stop-flow” micro-tubing (SFMT) reac-
tor, with its enhanced light penetration efficiency, was applied
when the conversions were low in batch reactors.'¥ Employ-
ing Et;SiH and Me,PhSiH as two representative silane
reagents, a diverse range of electron-deficient alkenes were
examined. As depicted in Scheme 2 a, acrylates with different
steric and electronic properties were suitable substrates (4
12), and functional groups such as silane (10), ether (11), and
epoxide (12) moieties were tolerated. Dimethyl maleate and
a lactone were also viable substrates, readily affording the
corresponding hydrosilylation products in 84% and 37%
yield, respectively (13 and 14). Cyclic enones with different
ring sizes (15-17) and acyclic enones with either alkyl or aryl
substituents (18-20) were all hydrosilylated. Furthermore, the
hydrosilylation was successfully applied to other types of
electron-deficient alkenes such as acrylamides (21 and 22),
a vinyl sulfone (23), acrylonitrile (24), and methylene
malonates (25-27). Notably, activated C—H bonds adjacent
to heteroatoms, such as a-oxy (11 and 12), a-nitro (21 and 22),
and a-silyl (10) C—H bonds, were well tolerated in this
selective Si—H activation protocol. Experiments probing the
silane scope with benzyl acrylate (Scheme 2b) illustrated that
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compounds.!'! As silicon is more electropositive than carbon R S PC 1 (3 mol%) RZR!
(electronegativity 1.90 vs. 2.55 on the Pauling scale), Si—H Resi-H + ([ HATcal 2(10mol%) _ R-S  EWG
bonds are generally more hydridic than C—H bonds. We R® CHECN(0.LM); RT, 24:h ‘
speculated that by incorporating a highly electrophilic HAT - Fie L W)
catalyst, such as the quinuclidinium radical cation used by the aé Elsecm"'deﬁc'egt asl_ke"es I —
MacMillan group,'? the Si—H bond should be selectively - i e2 I\—\ e
activated in the presence of multiple C—H bonds with similar . BﬁZ’ZB” s BS%NB“ 6 BSS/OOZB“ , sgf/iztB“
bond strengths, therefore enabling selective hydrosilylation ’ ' ’
(Scheme 1C). Herein, we report the first visible-light-driven SiEt; o /4\8533\_( Et3s‘ ™S EtBSI\_gﬁ )
hydrosilylation of both electron-deficient and electron-rich '\/lko CO,Bn CO,Et
alkenes in a metal-free manner (Scheme 1D). 8,81% 9,69% 10, 50% 11, 85%l@

We commenced our study by evaluating the light-pro- Et;Si Et;;Sl Et;Si LS
moted hydrosilylation of benzyl acrylate with triethylsilane \_éﬁ /_<‘ \E; ’ \E>:
under blue LED irradiation (4,,,, =470 nm). After a careful Me.C COZMe
investigation of various photocatalysts and solvents (see the 12, 85%" 13, 84% 14,37% 15, 68%
Supporting Information, Table S1), the combination of a cat- Et,Si o E‘SS'\Q Me,PhSi —
alytic amount of the organophotoredox catalyst 1,2,3,5- U \_% PN
tetrakis(carbazol-9-yl)-4,6-dicyanobenzene  (4CzIPN, 1) 0 o
and quinuclidin-3-yl acetate (2) in acetonitrile (MeCN) was 1688 et " 47% e
found to provide the best result, and the hydrosilylation SiEt; O Mezphs' Etssl
product 4 was isolated in 81 % yield. Remarkably, unlike in /'\)J\ph J)L % 8 sozph
the study by Fagnoni and Ravelli,'! only the hydrosilylation 35,1555 21, 35% Mez Phi'z g591l 23, 65%8)
product was obtained, and C—H activation side products were ' EtSi.  COEt EnSi.  COEt
not detected, highlighting the effectiveness of the electro- Me,Phsi ELS.  COLEt

CO,Et CO,Et
CN  PH  COEt

Me 26, 519 Cl
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b) Silanes
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Scheme 2. Scope of the metal-free hydrosilylation of electron-deficient
alkenes. For details on the reaction conditions, see the Supporting
Information. Yields of isolated products for reactions conducted in
batch reactors are given. [a] Reaction conducted in an SFMT reactor.

a series of trialkylsilanes with different sizes underwent the
hydrosilylation to deliver products 28-34 in moderate to
excellent yields. Notably, only the monohydrosilylation prod-
uct 35 was obtained with para-phenylenebis(dimethylsilane).
The incorporation of heteroaryl (36) or phenyl (37 and 38)
substituents in the silane was also feasible. Tris(trimethylsi-
lyl)silane gave product 39 in excellent yield, likely owing to
the enhanced stability of the supersilyl radical intermediate.

As shown in Scheme 3, a plausible mechanism for the
hydrosilylation of electron-deficient alkenes was proposed
based on several control experiments. No reaction was
detected when the radical scavengers TEMPO or hydro-
quinone were added, suggesting a radical-based process."”!
Stern—Volmer quenching studies supported the occurrence of
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ewe RZR! K,CO; also resulted in an efficient transformation (85%
R RS, ield).
RZSiF y
/ |||F'< IV EwG With optimized reaction conditions in hand, the scope was
R [ A\\//OAC 9 \ investigated with respect to electron-rich alkenes (Sche-
L Ly \/ PET™N me 4a). A broad range of aliphatic terminal alkenes were
R ® SET RZR!
I R3—‘Si\_(3 found to be good substrates, delivering the corresponding
AJ/OAC SET vV Ewe silane products in moderate to excellent yields (40-49).
yA N /\ PC 1 ®
H \\ ﬂ\\//OAC o 1\_/ ReR! +H
! -H® [';' =— o DTPCE:\((ssnrglzz)) RZR!
EWG , R . EDG  HAT cat. 3 (5 mol%) R3Si
Scheme 3. Plausible mechanism for the hydrosilylation of electron- . E;H W dioxane or THF (0.1 M) EDG
poor alkenes. blu:Ié:DZ%h‘”'ﬁ‘
a) Electron-rich alkenes
a SET from 3-acetoxyquinuclidine (E,=+1.22 V vs. SCE in L VS e o i MesPhSi 7N
MeCN)!'®! to the light-activated photocatalyst 1% [E,,(*P/ 40.95% Ao 42,35%
P)=+135V vs. SCE in MeCN]™ to afford the reduced ~ MePiSiao~orp, 2 0 SN OF MEPISINA A~
photocatalyst 1’ and amine radical cation I. No obvious 43,72% as, 8% ° as.02%
quenching of 1* by the silane or benzyl acrylate was Me,PhSi Me,PhSi ?
observed.”! Owing to its high electrophilicity, radical cation i \/\(\/[\O ’ \/\%
I should selectively abstract a hydrogen atom from the more 46,90% 47.77% 48, 64%
hy(.iridic.: SrH bonftl to deliver silyl -r'fldical .II.I, along .With MezPhSIae ~ A~ oaMePISIN g o, MeaPhSiag ~_-SiMe;Ph
quinuclidinium cation II. Nucleophilic addition of silane a5 5.8 61, 76%
radical III to an electron-deficient alkene forms a transient T
radical adduct I'V. Single-electron reduction of radical adduct _
IV by 1 [E»(P/P")=—121V vs. SCE in MeCN]!"! affords B siory,  TSINS gy PRSIy
the hydrosilylation product after protonation!"*! while regen- 6} 0% 53, 45% B4, 45%
erating photocatalyst 1. Deuterium labeling experiments BusSinspy MBS, MePhSi
indicated that anion V would most likely abstract a free B8y ok 56, 61% 51, 80%
proton from the solvent.'” The BDE difference between the £ IS AP i el O R,
N—H bond of the quinuclidinium cation (BDE(N'—H)= 58, 70% 59,00% O 60, 83%
100 kcalmol ")l and the C—H bond o to the electron- o .
withdrawing group of the hydrosilylation product (BDE(C— Scheme 4. Scope. of the metal-fr.ee hydro§|.|y|at|on of eIectron-nc'h
N . 1] s 1 N R alkenes. For details on the reaction conditions, see the Supporting
H) =852 kealmol™" for 4)"" indicates that a radical chain Information. Yields of isolated products for reactions conducted in
process between radical IV and cation II is unlikely. Fur-  patch reactors are given. [a] Reaction conducted in an SFMT reactor.
thermore, both a light on/off experiment and the calculated
quantum yield (@ = 0.048) excluded the possibility of a chain
mechanism.['>1°] Functional groups such as ester (44 and 49), ketone (45),
We next attempted to extend this visible-light-promoted  chloride (46), epoxide (47), and amide (48) moieties were well
metal-free hydrosilylation protocol to electron-rich alkenes.  tolerated. Both vinyl silanes and allyl silanes could be applied
However, no product was formed with 1-octene under the to generate disilane products (50 and 51). Different silane
reaction conditions optimized for electron-deficient alkenes  reagents were examined as well (Scheme 4b). Trialkylsilanes
(Table S2, entry 1). This might be due to the fact that the such as triethylsilane, tripropylsilane,triisopropylsilane, trib-
radical adduct generated from the addition of silyl radical IIl  utylsilane, and benzyldimethylsilane all afforded the corre-
to an electron-rich alkene is not oxidizing enough to oxidize 1’ sponding hydrosilylation products in good yields (52-56).
to turn over the catalytic cycle. We envisioned that combining  Moreover, the hydrosilylations proceeded smoothly with aryl-
the photoredox catalyst with a polarity-reversal catalyst for  substituted silanes such as diphenylmethylsilane and triphe-
hydrogen atom abstraction might solve this problem.’™  nylsilane (57 and 58). Tris(trimethylsilyl)silane gave the
Employing dimethylphenylsilane and 1-octene as the model  hydrosilylation product 59 in excellent yield. Notably, this
substrates, a series of thiol catalysts,” additives, and solvents  protocol could be expanded to secondary silanes to give
were examined under the photoredox conditions (Table S2).  product 60 with one Si—H bond.
It was found that the combination of PC 1 (3 mol%), N,N- Mechanistically, as shown in Scheme 5, the hydrosilylation
diisopropylethylamine (DIPEA, 5 mol %), and triisopropyl-  of electron-rich alkenes is initiated by the formation of thiyl
silanethiol (5 mol %) in dioxane under blue LED irradiation = radical VI via SET between excited photocatalyst 1* and
delivered the hydrosilylation product 40 in excellent yield. triisopropylsilanethiol 3 (E;,*=+0.28V vs. SCE in
Control experiments showed that the reaction proceeded ~MeCN)!M™ followed by deprotonation. Stern—Volmer quench-
smoothly even without DIPEA, albeit with lower efficiency  ing studies illustrated that 3 can quench the excited catalyst 1*
(60% yield). Replacing DIPEA with a catalytic amount of =~ whereas both the silane and electron-rich alkenes cannot. The
Angew. Chem. Int. Ed. 2017, 56, 16621-16625 © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 16623


http://www.angewandte.org

16624 www.angewandte.org

Communications Ayl .
RZR' iPrysisH3  RER! cesses benefit from their superior atom and redox economy,
rEDG RS’S'\_-\ R*-Si mild conditions, and broad substrate scopes, and are easily
R! / Vi EDG . EDG scaled up by using continuous-flow technology. Our study also
R? 22 .o i provides convenient approaches for the generation of silicon
n o ® PC 1™ radicals under visible-light conditions, which will likely find
\/’Pra\?,'s' *H Skl further application for the synthesis of functionalized silicon-

HAT \ iprsis © containing molecules.

7 SEN @
Rz»ziH A l+ "
R PdE PCJ b Acknowledgements

Scheme 5. Plausible mechanism for the hydrosilylation of electron-rich
alkenes.

presence of a catalytic amount of base (DIPEA or K,CO;)
presumably promotes the deprotonation to facilitate the
formation of thiyl radical VL' The electrophilic thiyl radical
VI then abstracts the hydrogen atom of the hydridic Si—H
bond to deliver silyl radical III while regenerating thiol 3.
Regioselective addition of the silyl radical III to the sterically
less hindered site of the electron-rich alkene affords radical
adduct VIL. The nucleophilic radical VII then undergoes
another polarity-matched HAT process to generate the
hydrosilylation product, along with the formation of thiyl
radical VI. The BDE difference between the S—H bond of 3
(BDE(S—H) =88.2 kcalmol ') and the C—H bond a to the
electron-donating group of the hydrosilylation product
(BDE(C—H) =93.2 kcalmol ' for 40) indicates that HAT is
indeed feasible."!! Thus thiol 3 behaves as a polarity-reversal
catalyst to enable the efficient transformation. However, both
a light on/off study and quantum yield measurements (& =
0.02)"! did not support a chain process.” The ineffectiveness
of several photoredox catalysts with higher oxidation poten-
tials also indicated that catalyst 1 plays other roles aside from
being a simple radical initiator."” Therefore, in addition to
abstracting a hydrogen atom from the silane, the thiyl radical
VI (E,,*"=—0.82 V vs. SCE in MeCN)!"*l may preferentially
oxidize 1" [E,(P/P7)=-121V vs. SCE in MeCN] to
regenerate the photocatalyst 1 to close the catalytic cycle.
However, we are currently unable to exclude the possibility of
a chain process with quick termination triggered by HAT
between radical VI and the silane.!""!

To further demonstrate the synthetic utility of this
method, we conducted hydrosilylations of both electron-rich
and electron-poor alkenes on gram scale in flow reactors
(Scheme S1). Notably, the reaction efficiency was improved in
the continuous microflow system compared to the batch
reactor, enabling effective reactions at a lower catalyst
loading (1 mol% 1 and 5 mol % HAT catalyst).!"™]

In summary, we have developed the first visible-light-
mediated metal-free hydrosilylation of both electron-defi-
cient and electron-rich alkenes through the synergistic
combination of photoredox and HAT catalysis. By combining
the organophotoredox catalyst 4CzIPN with the HAT catalyst
quinuclidin-3-yl acetate, Si—H activation exclusively occurred
over C-H activation to achieve the hydrosilylation of
electron-deficient alkenes. On the other hand, the hydro-
silylation of electron-rich alkenes was realized by dual
organophotoredox and polarity-reversal catalysis. Both pro-
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