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ABSTRACT: Hybrid catalyst systems to achieve acceptorless de-
hydrogenation of N-heterocycles and tetrahydronaphthalenes—
model substrates for liquid organic hydrogen carriers were de-
veloped. A binary hybrid catalysis comprising an acridinium pho-
to-redox catalyst and a palladium metal catalyst was effective for
the dehydrogenation of N-heterocycles, whereas a ternary hy-
brid catalysis comprising an acridinium photo-redox catalyst, a
palladium metal catalyst, and a thiophosphoric imide organo-
catalyst achieved dehydrogenation of tetrahydronaphthalenes.
These hybrid catalyst systems allowed for two-molar equivalent
hydrogen gas release from six-membered N-heterocycles and
tetrahydronaphthalenes under mild conditions, i.e., visible light
irradiation at room temperature. The combined use of two or
three different catalyst types was essential for the catalytic activ-

ity.

Catalytic acceptorless dehydrogenation (CAD) from saturated
organic compounds, such as N-heterocycles and hydrocarbons,
to produce unsaturated molecules and hydrogen gas is a funda-
mentally important chemical process with numerous applications
in organic synthesis1 as well as for a potential future “hydrogen
society”.2 This process is generally very difficult, however, be-
cause desaturation of organic compounds is generally unfavora-
ble in terms of the enthalpy factor. Iridium complexes are preva-
lent catalysts for dehydrogenation of N-heterocycles.3 Crabtree
and Jones independently reported base metal (nickel,43 iron,4b
and cobalt4°)-catalyzed dehydrogenation of N-heterocycles.4
Further, Grimme and Paradies™ and our groupSb recently
achieved organocatalyzed dehydrogenation of N-heterocycles by
a Lewis acidic borane.? Despite the significant progress, forcing
conditions with a reaction temperature higher than 100 °C are
often required, except for Crabtree’s electrocatalytic example.4a
For CAD from hydrocarbons, iridium—pincer complexes provide a
privileged catalyst platform.6 Beller recently reported that Vaska-
type rhodium complexes [Rh(PR3),(CO)CI] exhibit improved reac-
tivity.7 Nevertheless, CAD from hydrocarbons generally requires
even harsher conditions than N-heterocycles, such as high tem-

perature (up to 200 °C) or UV light irradiation. This is partly due
to the great energy barrier for initiating the catalytic cycle, i.e.,
C(sp3)—H metalation through oxidative addition to iridium or
rhodium complexes. Sorensen reported the first example of
room-temperature CAD from alkanes by combining two sequen-
tial hydrogen atom-transfer steps mediated by tetrabutylammo-
nium decatungstate and cobaloxime pyridine chloride catalysts,
respectively, under near-UV irradiation conditions.? This pioneer-
ing base metal CAD from hydrocarbons has room for improve-
ment, however, especially with regard to its efficiency (up to 19%
yield based on substrates). Here we developed binary and ter-
nary hybrid catalyst systems, enabling CAD from N-heterocycles
and tetrahydronaphthalenes, respectively, at room temperature
under visible light irradiation conditions.

Our approach for realizing room-temperature CAD is based on
facilitating the initiation step in the overall catalytic cycle, i.e.,
formation of metal amide or organometallic species from N-
heterocycles or hydrocarbons. This is possible through one-
electron oxidation of the substrates directly or indirectly mediat-
ed by a photo-redox catalyst,9 followed by capture of the result-
ing radical with a metal catalyst.m'11 Based on this idea, we first
studied CAD from N-heterocycles using 1-
phenyltetrahydroisoquinoline (1a) as a model substrate.

Ph hv

Metal M“*H

catalysis

Mn+1 H+
C i C i \’ H2

Figure 1. Working hypothesis for CAD of 1-
phenyltetrahydroisoginoline (1a) by binary hybrid catalysis.

Our working hypothesis to achieve CAD from 1a is illustrated
in Figure 1. First, single electron transfer (SET) from 1a to an ex-
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cited photo-redox catalyst (*PC) would produce aminyl radical 3.
Then, 3 would be intercepted by a metal catalyst (M") to gener-
ate oxidized metal amide 4 bearing a metal with an n+1 oxidation
state (M™?), which in turn would be reduced by a photo-redox
catalyst acting as a reductant (PC), affording metal amide 5 1213
B-Hydride elimination from 5 would produce unsaturated 1-
phenyldihydroisoquinoline (6) and metal hydride species M"—H,
which would evolve hydrogen gas through reacting with the pro-
ton™ generated in the photo-oxidation step of 1a. Further dehy-
drogenation from 6 would produce 2a with a net generation of
two-molar equivalents of hydrogen gas from 1a.

Table 1. Optimization for CAD from 1a

Me

Ph 7 (5 mol %) Ph O
metal cat. (2.5 mol %) Me Me
g N
NH additive ‘ N N
CH,Cl, (0.125 M), rt Z

’®\‘/
430 nm LED, 21 h
1a 2a 7 Me CIO,
entry metal cat. additive (mol %) 2a (%)? 6 (%)?
1 FeCl, - <1 6
2 NiCl, - 6 20
3b NiCl, - <1 4
40 Cucl - <1 4
5 Pd(OAc), - 18 20
6 PdCl,-2MeCN - 19 19
7 Pd(BF4),-4MeCN - 37 7
8 Pd(BF4),"4MeCN KSbFs (5) 60 <1
[o Pd(BF4)p-4MeCN KSbF (25) 9 (96)°  <1]
10 T T UKSbRg (25) 1 <1
119 Pd(BFy4),-4MeCN KSbF (25) <1 9
12°  Pd(BF4); 4MeCN KSbFs (25) 5 <1

“NMR vyield using 1,1,2,2-tetrachloroethane as an internal stand-
ard. ”In the presence of 1,10-phenanthroline as a ligand for the
metal catalyst. ‘Isolated yield in the parenthesis. “The reaction
was run without 7. °The reaction was run without photoirradia-
tion.

Based on this scenario, we optimized CAD from 1a using com-
binations of photo-redox catalysts (5 mol %) and metal catalysts
(2.5 mol %) under 430 nm visible light irradiation at room tem-
perature (Table 1).2 Although first-row transition metal catalysts
were ineffective (entries 1-4), palladium catalysts afforded
promising results (entries 5-7); specifically, combining acridinium
photo-redox catalyst 7" and Pd(BF,),*4MeCN catalyst produced
moderate yield of isoquinoline 2a (37%; entry 7). A survey of
several photo-redox catalysts revealed that 7 produced the high-
est yield.13 To further improve the reactivity, we studied the ef-
fects of additives.”® The addition of 5 mol % KSbFg significantly
accelerated the reaction, affording 2a in 60% vyield (entry 8). Fi-
nally, in the presence of 5 mol % 7, 2.5 mol % Pd(BF,),*4MeCN,
and 25 mol % KSbFg, 2a was obtained in 96% vyield (entry 9).16
The binary hybrid catalyst system was essential for the CAD pro-
cess (entries 10-12). The yield of 2a decreased dramatically
when either of the two catalyst components was absent (11%
without the palladium catalyst; entry 10, and <1% without the
photo-redox catalyst; entry 11), or without photoirradiation (5%;
entry 12).

We examined the substrate scope of the binary catalysis for
CAD from N-heterocycles under the optimized conditions
(Scheme 1). Various tetrahydroisoquinolines 1a—1e containing an
electron-donating or -withdrawing group were converted to the
corresponding isoquinolines 2a-2e in generally high vyield
(Scheme 1-(1)). 1-Methyltetrahydroisoquinoline (1d) bearing

higher hydrogen density was also a good substrate, giving 2d in
41% vyield. In addition, indolines 8, either NH-free (8a—8b) or N-
methylated (8c-8e), were competent substrates for the binary
catalysis, affording indoles 9 in moderate to high yield (Scheme
1-(2)).

Scheme 1. Substrate Scope of CAD from N-Heterocycles Us-
ing Binary Hybrid Catalysis

R2 7 (5 mol %) R2
R Pd(BF 4)2'4MeCN (2.5 mol %) g1
I I NH KSbFg (25 mol %) I I‘ \:N
+ 2H, (1)
R! CH,Cl (0.125 M), rt R! F
1 430 nm LED, 21 h 2
substrates products: yield?
1a:R'=H, R =Ph 2a: 96%
1b: R' = H, R? = 4-Me-CgHy 2b: 84%
1c: R' = H, R? = 4-CF3-CgHy 2c: 67%
1d: R' =H, R? = Me 2d: 41%®
1e:R' = OMe, R? = 2-Me-CgH, 2e: 68%

7 (20 mol %)
Pd(BF 4),-4MeCN (5 mol %) R2

KSbF¢ (100 mol %) mRs
N + Hy (2)

CH,Cly (0.125 M), rt

R2
T
N

\

g R 430 nm LED, 45 h g R
substrates products: yield?
8a:R'=H,R2=H,R®=H 9a: 61%°
8b: R' =H, R?=H, R®=Me 9b: 91%
8c:R'=Me, R2=Me, R®=H 9c: 62%
8d: R' = Me, R?=OMe, R®=H 9d: 57%
8e:R'=Me, R2=Ph, R®=H %e: 61%

“Isolated yield. ®The reaction was run for 70 h. “The reaction was
run for 21 h.

We next examined CAD from a more difficult substrate, tetra-
hydronaphthalene (10a). It was previously reported that rhodi-
um’“ and iron* catalysts were applied to the dehydrogenation
of 10a, but only trace amounts of naphthalene (11a) were pro-
duced. We examined the binary hybrid catalysis conditions opti-
mized for N-heterocycles with 10a, but 11a was not obtained at
all.® The lack of reactivity using the binary hybrid catalysis was
likely due to the inability to generate a benzyl radical species (see
12 in Figure 2) from 10a. Therefore, we attempted to further
hybridize a third catalysis, an organocatalysis that would abstract
a hydrogen atom from the benzylic C(sps)fH bond (10a to 12)."
For this purpose, we selected a sulfur-centered radical RS®, which
would be generated from a sulfur-containing organocatalyst
(RSH) by photo-redox catalyzed one-electron oxidation. RSH
bears a bond dissociation energy high enough to cleave the ben-
zylic C(sps)fH bond of 10a.’®

SPi S seNse
se

\\, 15
Organo- Metal
catalysis M , catalysis

/ol e
K

H*

Figure 2. Working hypothesis for CAD of tetrahydronaphthalene
(10a) by ternary hybrid catalysis.

Our hypothesis for CAD from a hydrocarbon substrate 10a is
illustrated in Figure 2. The sulfur-centered radical RS®, generated
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by SET from RSH to an oxidizing excited photo-redox catalyst
(*PC"), would abstract the benzylic hydrogen atom of 10a, pro-
ducing benzyl radical 12. Radical 12 would combine with a metal
catalyst (M") to generate organometallic species 13 bearing a
metal with an n+1 oxidation state (M™?), which in turn would be
reduced by photo-redox catalyst acting as a reductant (PC), af-
fording organometallic species 14."° B-Hydride elimination from
14 would produce unsaturated dihydronaphthalene (15) and
metal hydride species M"-H, which would evolve hydrogen gas
through a reaction with the proton14 generated in the photo-
oxidation step of the organocatalyst RSH. Repeating this cycle
from 15 would produce 11a with a net generation of two-molar
equivalents of hydrogen gas from 10a.

Based on this hypothesis, we surveyed organocatalysts (5
mol %) in the presence of 7 (5 mol %) and Pd(BF,),*4MeCN (2.5
mol %) upon 430 nm LED irradiation at room temperature
(Scheme 2).13'19 The CAD reaction from 10a did not proceed using
benzenethiol, thiobenzoic acid, or methyl 2-mercaptoacetate
(16), whose thiyl radical generated via SET oxidation under pho-
to-redox conditions was previously reported to generate a benzyl
radical from benzyl ether substrates through C(sps)—H abstrac-
tion.”® On the contrary, thiophosphoric acid organocatalyst 18
exhibited moderate reactivity (35% yield). The observed reactivi-
ty of 18 was likely due to the high hydrogen atom abstraction
ability of the electron-deficient sulfur-centered radical generated
from 18.%° The binaphthyl backbone and SH functionality proved
to be critical elements for the catalytic activity of 18; almost no
reaction proceeded using thiophosphoric acid 17 or phosphoric
acid 19. We studied the effects of substituents at the 2-positions
of the binaphthyl backbone of 18; reactivity was significantly
decreased by introducing an electron-withdrawing group (20:
15%), an electron-donating group (21: 12%), or a sterically-
demanding group (22: 4%). Finally, we found that thiophosphoric
imide 23 was a better organocatalyst than 18, producing 11a in
41% vyield. After optimizing the catalyst loadings, reaction tem-
peratijsre, time, and concentration, 11a was obtained in 84%
yield.

Scheme 2. Effects of Organocatalyst in CAD of 10a°

¢

7 (5 mol %)
Pd(BF4)2*4MeCN (2.5 mol %)
organocatalyst (5 mol %)

2 H,
CH,Cl, (0.5 M), rt
10a 430 nm LED, 19 h 11a
organocatalyst R
e, COn, OO
PhCOSH: <1% o 0 O NTF
0 > R

_P. _
YT eyt

HSQKOMe

16: <1% R -
- 18:X =S, R = H: 35%
0. 0 19:X = 0, R = H: <1%
oy 20:X=8/R=Ci 15%
Ph” 21:X =S, R = OMe: 12%
17: <1% 22:X = §, R = 4-PhCgHy: 4%

“ield was determined by GC analysis because the product is
volatile. *The yield in parenthesis is for the reaction performed
using 5 mol % 7, 2.5 mol % 23, and 2.5 mol % Pd(BF,),*4MeCN for
60 h under temperature control (ca. 27-29 °C) with a 0.125 M
concentration of 10a.

To confirm that the ternary hybrid catalysis manifold is essen-
tial for the CAD process, we also conducted several control ex-
. 13 .
periments.”” Almost no reactions occurred when any one of the
three catalyst components was absent: the photo-redox catalyst,
the metal catalyst, or the organocatalyst. Furthermore, exciting
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the photo-redox catalyst 7 with visible light was also indispensa-
ble: no reaction proceeded under thermal conditions without
light irradiation. These results indicate that the three different
types of catalysis cooperatively played critical roles. Moreover, in
contrast to the Beller’s result using a rhodium catalyst,h inter-
mediate dihydronaphthalene (15) was not detected at any point
during the reaction course, indicating that the initial dehydro-
genation from 10a to 15 is more difficult than the second dehy-
drogenation from 15 to 11a.

Under the optimized conditions, we investigated the substrate
scope of this ternary hybrid catalysis (Scheme 3).2! Various sub-
stituents on the phenyl ring of tetrahydronaphthalenes were
tolerated, including a methyl group (10b), an aryl group (10c), a
halogen atom (10d), a keto group (10e), an ester group (10f), and
an amide group (10g). The reactions of tetrahydronaphthalenes
10h and 10i bearing a methyl group at a saturated carbon also
proceeded in high yield. Dihydronaphthalene 15 was a suitable
substrate, giving 11a in 86% yield in a shorter reaction time (19
h) than starting from 10a. The results support our hypothesis
that the two-molar hydrogen evolution proceeds in a stepwise
manner through an intermediary of 15 (Figure 2). Dehydrogena-
tion of 3-methylcyclohexene (24), albeit in moderate yield (17%),
is a current limitation of this method. The result is still notewor-
thy, however, and demonstrates the potential of this ternary
hybrid catalyst system for application in room-temperature CAD
from aliphatic liquid organic hydrogen carriers containing higher
hydrogen-per-molecular weight ratios.

Scheme 3. Substrate Scope of CAD from Tetrahydronaphtha-
lene Derivatives and 3-Methylcyclohexene Using Ternary
Hybrid Catalysis

7 (5 mol %)
R? 23 (2.5 mol %)
. Re  PABF.)24MeCN
_ (@5mol%) OO ‘. oh
CH,Cl, (0.125 M), g
10 430 nm LED, 47 h

substrates products. yield?
10a:R'=R?2=R3%=H 11a: 56% (84%)>°
10b: R'=Me, R2=R%=H 11b: 82% (>99%)?
10c: R'=Ph, R2=R3=H 11c: 59%
10d:R'=CI,R?=R%=H 11d: 70%
10e: R' = COMe, R2=R%=H 11e: 46%%°
10f: R' = CO,Me, R2=R®=H 11f: 59%%
10g: R' = CONHBu, R?=R%®=H 11g: 64%°
10h: R'=H, R?=Me, R®=H 11h: 55% (76%)?
10i: R'=R?=H, R®= Me 11i: 52% (75%)P

7 (5 mol %), 23 (2.5 mol %)

Pd(BF 4);*4MeCN (2.5 mol %)
+ Hy (2)
CH,Cl, (0.125 M), rt

15 430 nm LED, 19 h 11a: 86%

7 (5 mol %), 23 (2.5 mol %)

Me PA(BF 4)p4MeCN (2.5 mol %)  M©
+ 2H, (3)
CH,Cl, (0.125 M), rt
24 430 nm LED, 47 h 25: 17%"

“Isolated yield is shown unless otherwise noted. bGe yield in the
parenthesis. “The reaction was run for 60 h. 5 mol % 23 was
used. “The reaction was run for 72 h.’GC yield.

In summary, we developed a binary hybrid catalyst system
comprising an acridinium photo-redox catalyst and a palladium
metal catalyst for CAD from N-heterocycles. Moreover, we
achieved CAD from tetrahydronaphthalenes, devising a ternary
hybrid catalyst system by combined use of an acridinium photo-
redox catalyst, a palladium metal catalyst, and a thiophosphoric
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imide organocatalyst. These are the first molecular catalysts for
acceptorless dehydrogenation of N-heterocycles and hydrocar-
bons at room temperature and under visible light irradiation
conditions. The complete release of two-molar equivalents of
hydrogen gas from tetrahydroisoquinolines and tetrahydronaph-
thalenes is also unique in these processes. This study demon-
strates that proper hybridization of different catalyst types ena-
bles CAD from N-heterocycles and hydrocarbons under mild con-
ditions. Detailed studies to elucidate the reaction mechanism are
ongoing in our laboratories.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge via the
Internet at http://pubs.acs.org.

Experimental details and characterization data (PDF)

AUTHOR INFORMATION

Corresponding Author
kanai@mol.f.u-tokyo.ac.jp

Author Contributions

hese authors contributed equally.

Notes
The authors declare no competing financial interests.

ACKNOWLEDGMENT

This work was supported in part by ERATO from JST (MK) and a
Grant-in-Aid for Scientific Research (B) (No. 16H04125) from JSPS
(S. Masaoka). SK and M. Kojima thank JSPS for the fellowship. M.
Kojima thanks the Graduate Program for Leaders in Life Innova-
tion (GPLLI) for fellowships. We also thank Jun Ozawa for initially
providing 18.

REFERENCES

(1) (a) Dobereiner, G. E.; Crabtree, R. H. Chem. Rev. 2010, 110, 681. (b)
Gunanathan, G.; Milstein, D. Science 2013, 341, 249.

(2) (a) Armaroli, N.; Balzani, V. ChemSusChem 2011, 4, 21. (b) Preuster,
P.; Papp, C.; Wasserscheid, P. Acc. Chem. Res. 2017, 50, 74.

(3) (a) Yamaguchi, R.; Ikeda, C.; Takahashi, Y.; Fujita, K. J. Am. Chem.
Soc. 2009, 131, 8410. (b) Wu, J.; Talwar, D.; Johnston, S.; Yan, M.; Xiao, J.
Angew. Chem. Int. Ed. 2013, 52, 6983. (c) Fujita, K.; Tanaka, Y.; Kobayashi,
M.; Yamaguchi, R. J. Am. Chem. Soc. 2014, 136, 4829. (d) Manas, M. G.;
Sharninghausen, L. S.; Lin, E.; Crabtree, R. H. J. Organomet. Chem. 2015,
792, 184. (e) Talwar, D.; Gonzalez-de-Castro, A.; Li, H. Y.; Xiao, J. Angew.
Chem. Int. Ed. 2015, 54. 5223.

(4) (a) Luca, O. R.; Huang, D. L.; Takase, M. K.; Crabtree, R. H. New J.
Chem. 2013, 37, 3402. (b) Chakraborty, S.; Brennessel, W. W.; Jones, W.
D.J. Am. Chem. Soc. 2014, 136, 8564. (c) Xu, R.; Chakraborty, S.; Yuan, H.;
Jones, W. D. ACS Catal. 2015, 5, 6350.

(5) (a) Maier, A. F. G.; Tussing, S.; Schneider, T.; Florke, U.; Qu, Z-W.;
Grimme, S.; Paradies, J. Angew. Chem. Int. Ed. 2016, 55, 12219. (b) Koji-
ma, M.; Kanai, M. Angew. Chem. Int. Ed. 2016, 55, 12224.

(6) (a) Choi, J.; Roy, M. H. A.; Brookhart, M.; Goldman, A. S. Chem. Rev.
2011, 111, 1761. (b) Crabtree, R. H.; Mihelcic, J. M.; Quirk, J. M. J. Am.
Chem. Soc., 1979, 101, 7738. (c) Crabtree, R. H.; Mellea, M. F.; Mihelcic, J.
M.; J. Am. Chem. Soc. 1982, 104, 107. (d) Burk, M. J.; Crabtree, R. H.;
McGrath, D. V. J. Chem. Soc., Chem. Commun. 1985, 1829. (e) Xu, W.-W.;
Rosini, G.P.; Gupta, M.; Jensen, C. M.; Kaska, W. C.; Krogh-Jespersena, K.;
Goldman, A. S. Chem. Commun. 1997, 2273. (f) Kusumoto, S.; Akiyama,
M.; Nozaki, K. J. Am. Chem. Soc. 2013, 135, 18726.

(7) (a) Nomura, K.; Saito, Y. J. Chem. Soc., Chem. Commun. 1988, 161.
(b) Maguire, J. A.; Boese, W. T.; Goldman, A.S. J. Am. Chem. Soc. 1989,
111, 7088. (c) Chowdhury, A. D.; Weding, N.; Julis, J.; Franke, R.; Jackstell,
R.; Beller, M. Angew Chem. Int. Ed. 2014, 53, 6477. (d) Chowdhury, A. D.;
Julis, J.; Grabow, K.; Hannebauer, B.; Bentrup, U.; Adam, M.; Franke, R.;
Jackstell, R.; Beller, M. ChemSusChem 2015, 8, 323.

(8) West, J. G.; Huang, D.; Sorensen, E. J. Nat. Commun. 2015, 6, 10093.

(9) For recent reviews of photo-redox catalysis in organic synthesis,
see; (a) Eckenhoff, W. T.; Eisenberg, R. Dalton Trans. 2012, 41, 13004. (b)
Prier, C. K.; Rankic, D. A.; MacMillan D. W. C. Chem. Rev. 2013, 113, 5322.
(c) Xi, Y.; Yi, H.; Lei, A. Org. Biomol. Chem. 2013, 11, 2387. (d) Schultz, D.
M.; Yoon, T. P. Science 2014, 343, 985.

(10) For recent representative reports of binary hybrid catalysis com-
prising photo-redox catalysis and transition metal catalysis, see; (a) Kal-
yani, D.; McMurtrey, K. B.; Neufeldt, S. R.; Sanford, M. S. J. Am. Chem. Soc.
2011, 133, 18566. (b) Ye, Y.; Sanford, M. S. J. Am. Chem. Soc. 2012, 134,
9034. (c) Sahoo, B.; Hopkinson, M. N.; Glorius, F. J. Am. Chem. Soc. 2013,
135, 5505. (d) Shu, X.; Zhang, M; He, Y.; Frei, H.; Toste, F. D. J. Am. Chem.
Soc. 2014, 136, 5844. (e) Tellis, J. C.; Primer, D. N.; Molander, G. A. Sci-
ence 2014, 345, 433. (f) Zuo, Z.; Ahneman, D. T.; Chu, L.; Terrett, J. A,;
Doyle, A. G.; MacMillan, D. W. C. Science 2014, 345, 9195. (g) Cheng, W.-
M.; Shang, R.; Yu, H.-Z.; Fu, Y. Chem. Eur. J. 2015, 21, 13191. (h) Joe, C. L.;
Doyle, A. G. Angew. Chem. Int. Ed. 2016, 55, 4040. (i) Heitz, D. R.; Tellis, J.
C.; Molander, G. A. J. Am. Chem. Soc. 2016, 138, 12715. (j) Shields, B.
J.; Doyle, A. G. J. Am. Chem. Soc. 2016, 138, 12719.

(11) Reviews of hybrid catalysis merging photo-redox catalysts and
other catalysts: (a) Hopkinson, M. N.; Sahoo, B.; Li, J.-L.; Glorius, F. Chem.
Eur. J. 2014, 20, 3874. (b) Levin, M. D.; Kim, S.; Toste, F. D. ACS Cent. Sci.
2016, 2, 293. (c) Skubi, K. L.; Blum, T. R.; Yoon, T. P. Chem. Rev. 2016, 116,
10035.

(12) (a) A similar approach for the generation of amidyl metal species
from amides under ambient conditions in the absence of strong base was
reported by Knowles. For a review, see: Nguyen, L. Q.; Knowles, R. R. ACS
Catal. 2016, 6, 2894. (b) An alternative possibility involving a benzyl radi-
cal generated from 3, followed by interception with the metal catalyst,
cannot be excluded.

(13) See Supporting Information (SI) for more details.

(14) (a) Brooks, E. H.; Glockling, F. J. Chem. Soc. A, 1967, 1030. (b) Ger-
ber, R.; Fox, T.; Frech, C. M. Chem. Eur. J. 2010, 16, 6771.

(15) (a) Kotani, H.; Ohkubo, K.; Fukuzumi, S. J. Am. Chem. Soc. 2004,
126, 15999. (b) Fukuzumi, S.; Ohkubo, K.; Suenobu, T. Acc. Chem. Res.
2014, 47, 1455. (c) Nicewicz, D. A.; Nguyen, T. M. ACS Catal. 2014, 4, 355.

(16) Generation of two-molar equivalents of hydrogen gas was con-
firmed by a two-pot transfer hydrogenation experiment, connecting the
reaction atmosphere of the dehydrogenation reaction to a rhodium-
catalyzed hydrogenation reaction of cyclododecene performed in anoth-
er vessel. For detailed experiments, see SI.

(17) During preparation of this manuscript, MacMillan and coworkers
reported a cross-coupling reaction between aliphatic substrates and aryl
bromides by developing a triple catalysis involving an iridium photo-
redox catalyst, a quinuclidine hydrogen atom transfer organocatalyst,
and a nickel catalyst. See, Shaw, M. H.; Shurtleff, V. W.; Tarrett, J. A,;
Cuthbertson, J. D.; MacMillan, D. W. C. Science 2016, 352, 1304.

(18) (a) Qvortrup, K.; Rankic, D. A.; MacMillan, D. W. C. J. Am. Chem.
Soc. 2014, 136, 626. (b) Cuthbertson, J. D.; MacMillan, D. W. C. Nature
2015, 519, 74. (c) Jin, J. MacMillan, D. W. C. Nature 2015, 525, 87. (d)
Jeffrey, J. L.; Terrett, J. A.; MacMillan, D. W. C. Science 2015, 349, 1532.

(19) A combination of 7 and Pd(BF;),*4MeCN was also optimum in the
case of CAD from 10a. See SI.

(20) Electrochemical and photochemical studies indicated that sulfur-
centered radical species RS® would be generated from thiophosphate 18
via a single electron oxidation of 18 by the excited state of photo-redox
catalyst 7. SET from 18 to photo-excited 7 is also thermodynamically
feasible, based on their oxidation potential values. See Sl for details.

(21) The ternary hybrid catalyst system produced less satisfactory re-
sults than the binary system in CAD from N-heterocycles (see Scheme 1):
CAD from 1a using 7 (5 mol %), 18 (2.5 mol %), and Pd(BF,),*4MeCN (2.5
mol %) for 20 h afforded products 2a and 6 in 15% and 12% vyields, re-
spectively.

ACS Paragon Plus Environment

Page 4 of 5



Page 5 of 5

Journal of the American Chemical Society

©CoO~NOUTA,WNPE

visible light

- f

+ 2H,
D
N
R
I photo-redox metal ________ 'f_"_'f____
H catalysis catalysis
H organo- +2H,
catalysis

binary or ternary hybrid catalysis for acceptorless dehydrogenation at rt

ACS Paragon Plus Environment



