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ABSTRACT: Described herein are two novel types of
double C(sp®)—H bond functionalizations triggered by a
sequential hydride shift/cyclization process: (1) construc-
tion of a bicyclo[3.2.2]nonane skeleton by a [1,6]- and
[1,5]-hydride shift sequence and (2) sequential [1,4]- and
[1,5)-hydride shift mediated construction of a linear
tricyclic skeleton.

he development of methodology for the direct function-
alization of relatively unreactive C—H bonds has become a
major topic of research interest." Recently, the C(sp>)—H bond
functionalization by a hydride shift/cyclization process, namely,
the “internal redox process,” has attracted much attention for its
unique features (Scheme 1).” The key feature of this trans-

Scheme 1. C(sp®)—H Functionalization by Internal Redox
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formation is the [1,5]-hydride shift of the C(sp*)—H bond a to
the heteroatom. Subsequent 6-endo cyclization to a cationic
species affords heterocycle 2.>

Because of the potential synthetic utility, several groups
including ours have developed new types of transformations and
constructed useful skeletons.*”® However, in contrast to the
dramatic advances in the process involving a [1,5]-hydride shift,
the processes involving [1,4]- and [1,6]-hydride shifts, which
would also offer various synthetically useful skeletons, have not
been well investigated.”'® Furthermore, the sequential utilization
of a [1,n]-hydride shift process (n = 4, S, 6) is also a promising
approach to construct complex polyheterocycles. Nevertheless,
to the best of our knowledge, there is no precedent for the
sequential hydride shift triggered double C(sp®)—H bond
functionalization.

We wish to report herein two types of double C(sp*)—H bond
functionalizations mediated by a sequential hydride shift/
cyclization process (Figure 1). The interesting feature is that
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Figure 1. Sequential hydride shift processes.

the reaction course ([1,4]- or [1,6]-hydride shift) is completely
controlled by the electrophilic moiety of the substrate. A
substrate with a trans-a,f-unsaturated trifluoroacetyl group (R' =
H) affords a bicyclo[3.2.2]nonane skeleton by a sequential [1,6]-
and [1,5]-hydride shift process (type I). On the other hand, a
[1,4]- and [1,5]-hydride shift occurred successively in a substrate
with a benzyl group at the position « to a trifluoroacetyl group
(type II). Theoretical studies have revealed that the resonance
stabilization in the benzylidene carbonyl moiety and the steric
repulsion of the a-substituent (R') are the key to changing the
reaction course.

To develop the desired sequential hydride shift/cyclization
system, we selected benzylamine derivative B because of the
potent hydride shift ability of the @-H of the N-atom (Figure 2).*
The main challenge is twofold: (1) control of the two potentially
competitive hydride shift processes ([1,4]-hydride shift vs [1,6]-
hydride shift) and (2) selection of the appropriate electron-
withdrawing group (EWG) that would trigger the second [1,5]-
hydride shift. We were plagued by the latter issue because most of
the internal redox reactions reported so far involve a 1,4-
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Figure 2. Two challenges in the reaction of benzylamine derivatives.
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Figure 3. Two types of sequential hydride shift mediated double
C(sp®)—H bond functionalizations.
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Figure 4. Effect of a-substituent of a,f-unsaturated trifluoroacetyl
group.

reduction type hydride shift, and the 1,2-reduction type reaction
is rare.'’ Model experiments revealed that the trifluoroacetyl
group had excellent reactivity for the 1,2-reduction type internal
redox process compared to aldehyde and methyl ketone (not
shown, see Supporting Information (SI)).

Based on the above discussion and our previous studies of
internal redox processes,” we selected a N,N-dibenzylbenzyl-
amine derivative with a trans-a,f-unsaturated trifluoroacetyl
group as the substrate (Figure 3)."” We found that the key initial
hydride shift process ([1,4]- or [1,6]-hydride shift) was
completely controlled by tuning the electrophilic moiety
(selection of the a-substituent of the trifluoroacetyl group).
When substrate 3a with a simple trans-a,f-unsaturated trifluoro-
acetyl group was subjected to the reaction conditions (S mol %
Yb(OTf);, toluene, reflux, 48 h), bicyclo[3.2.2]nonane-type
compound 4aa ([1,6]-hydride shift involved adduct) was
obtained as the sole product (90%) and no appreciable 4ab
([1,4]-hydride shift involved adduct) was observed. In sharp
contrast, a-benzyl substrate Sa underwent another sequential
hydride shift process ([1,4]- and [1,5]-hydride shift) smoothly to
furnish linear tricyclic compound 6ab in excellent chemical yield
(86%). Another interesting feature is that the three contiguous
stereogenic centers in 4aa and 6ab were completely controlled,
and the relative stereochemistries of each product were
ambiguously established by X-ray analysis."

Investigation of the electrophilic moiety revealed that the
bulkiness of the a-substituent of the trifluoroacetyl group was the
key to controlling the reaction course (Figure 4). Subjection of
substrate 7, bearing a methyl group at the a-position, to the
optimum reaction conditions furnished bicyclo[3.2.2]nonane
derivative 9a in slight preference to linear tricyclic compound 9b
(93%, 9a:9b = 64:36). The [1,4]-hydride shift involving adduct
10b prevailed in substrate 8 with an a-ethyl group (73%, 10a:10b
=39:61). The structures and relative stereochemistries of 9a and
9b were determined by X-ray analysis.
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Figure S. Substrate scope of sequential hydride shift processes.

The substrate scope of the two sequential hydride shift
reactions is illustrated in Figure S. As regards the [1,6]-[1,5]-
sequential hydride shift process, bicyclo[3.2.2]nonane deriva-
tives 4b—fwith electron-donating groups (methyl, methoxy) and
an electron-withdrawing group (fluoro) were obtained in good
chemical yields (up to 96%). Naphthyl-type product 4g was
obtained in excellent chemical yield (94%). The hydride shift
occurred exclusively on the benzyl group in the presence of an
isopropyl group to furnish 4h in 30% yield. The acyclic nature of
the N,N-dialkylamine moiety is important for the sequential
hydride shift process; ie, an isoquinoline-type substrate 3i
afforded only 7-membered ring adduct 4i (single hydride shift
adduct) due to the restriction of the conformational mobility
required for the second hydride shift process by the ring structure
of the isoquinoline moiety. Furthermore, the use of at least one
benzyl group on nitrogen was crucial in this reaction: no
appreciable adduct was obtained from N,N-diallyl analogue 3j.

The [1,4]-[1,5]-sequential hydride shift process has proven
amenable to a range of substrates bearing a benzyl moiety,"*
affording tricyclic compounds (6b—d) in good to excellent
chemical yields (79—90%, Figure 4). Naphthyl product 6e was
also obtained as a single diastereomer, albeit in low chemical
yield (40%)." Interestingly, the second hydride shift ([1,5]-
hydride shift) occurred exclusively on an isopropyl group in
preference to a benzyl group (6f 64%), whereas benzylic
hydrogen migrated exclusively in the above sequential reaction.
In this case as well, the presence of a benzyl group on nitrogen
was essential and diallyl amine derivative 6g was not obtained.

To elucidate the major factor controlling the reaction course,
DFT calculations for the first hydride shift were carried out
(Figures 6 and 7). The transition states (TSs) of the [1,4]-
hydride shift (TS1) and the [1,6]-hydride shift (TS2) were
compared using the protonated chemical models for 3a (TSa),
Sa (TSd), 7 (TSb), and 8 (TSc). Increasing the bulkiness of the
a-substituent (R') induced the reversal of the relative stability of
TSs, in good agreement with the experimental results (Figure 6).
TSla (R' = H) was 2.7 kcal/mol less stable than TS2a. In
contrast, TS1d with a sterically demanding benzyl group at the a-
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Figure 6. Relative energy differences (kcal/mol in parentheses) between
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Figure 7. 3D structures of TS1 and TS2 in series a [R'=
Me), and d (R' = Bn). Bond lengths are shown in A.

H),b (R' =

position was 1.4 kcal/mol more stable than TS2d. Relatively
small energy differences between TS1 and TS2 were obtained in
series b (R! = Me) and ¢ (R! = Et).

The relative orientations between the olefin portion and the
phenyl moiety are nearly orthogonal in TS1 and parallel in TS2
(Figure 7). TS2a is energetically more favored than TS1a mainly
due to the resonance-stabilized structure in the benzylidene
moiety (C*—CP—C°—C). The steric repulsion between the a-
methyl and phenyl groups would cause the deformation of the
resonance-stabilized structure, thereby leading to a decrease in
the energy difference between TS1b and TS2b. The sterically
demanding benzyl group at the a-position would induce a large
steric repulsion with the phenyl group (shown in purple curves in
Figure 7) to overwhelmingly destabilize TS2d rather than TS1d.

The relative stereoselectivity in each sequential process could
be well rationalized based on the results of a theoretical study by
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Figure 8. Rationalization of stereoselective formation of 4 and 6.

Luo’® and Reinhoudt’s early investigation.* Luo suggested that
the hydride shift process is the rate-determining step and
subsequent cyclization occurred rapidly after the process
according to the computational study. The primary kinetic
isotope effects (ky/kp) of those two reactions (3.0 for [1,6]-
hydride shift process, 2.6 for [1,4]-hydride shift process) also
support this mechanism.'®™*® In addition, Reinhoudt’s work*®
and an enantloselectlve version of these types of processes
developed by us’* and Luo® S revealed the highly stereoselective
nature of the internal redox process; i.e., the stereochemistry of
the starting material was mostly transferred to the newly formed
stereogenic center of the product. Based on this information, the
stereoselectivity in both processes is explained as follows (Figure
8): the cyclization to the iminium cation, which was generated by
the [1,6]- or [1,4]-hydride shift, by enolate species occurred from
the same face of the transferred hydrogen to afford trans-E and
cis-H, respectively. The severe steric repulsion between the CF,
moiety and the adjacent substituent (Ph or Bn group) would
control the direction of the trifluoroacetyl group, leading to the
highly stereoselective [1,5]-hydride shift (reduction of trifluor-
oacetyl group). As a result, the corresponding adducts (4 and 6)
were obtained with excellent stereoselectivities.

In summary, we have developed two types of double C(sp*)—
H bond functionalizations triggered by a sequential hydride
shift/cyclization process. The interesting feature here is that
simply changing the electrophilic moiety altered the reaction
course. Theoretical studies revealed that the resonance
stabilization in the benzylidene carbonyl moiety and the steric
repulsion of the a-substituent (R') are the key to changing the
reaction course. Further investigation of the hydride shift/
cyclization sequence, particularly concerning the successive
hydride shift system, is underway in our laboratory.

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures, analytical and spectroscopic data for
new compounds, and copies of NMR spectra. This material is
available free of charge via the Internet at http://pubs.acs.org.

H AUTHOR INFORMATION

Corresponding Author
takahiko.akiyama@gakushuin.ac.jp

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was partially supported by a Grant-in-Aid for Scientific
Research on Innovative Areas “Advanced Transformationby
Organocatalysis” from the Ministry of Education, Culture,

dx.doi.org/10.1021/ja412706d | J. Am. Chem. Soc. 2014, 136, 3744—3747


http://pubs.acs.org
mailto:takahiko.akiyama@gakushuin.ac.jp
http://pubs.acs.org/action/showImage?doi=10.1021/ja412706d&iName=master.img-006.jpg&w=198&h=89
http://pubs.acs.org/action/showImage?doi=10.1021/ja412706d&iName=master.img-007.jpg&w=199&h=334
http://pubs.acs.org/action/showImage?doi=10.1021/ja412706d&iName=master.img-008.jpg&w=224&h=118

Journal of the American Chemical Society

Communication

Sports, Science and Technology, Japan, and a Grant-in-Aid for
Scientific Research from the Japan Society for the Promotion of
Science.

B REFERENCES

(1) For recent reviews on C—H activation, see: (a) Godula, K.; Sames,
D. Science 2006, 312, 67. (b) Bergman, R. G. Nature 2007, 446, 391.
(c) Alberico, D.; Scott, M. E.; Lautens, M. (ghgimiay 2007, 107, 174.
(d) Chen, X,; Engle, K. M.; Wang, D.-H.; Yu, ].-Q. Angew. Chem,, Int. Ed.
2009, 48, 5094. (e) Lyons, T. W.; Sanford, M. S. Chem. Rev. 2010, 110,
1147. (f) Davies, H. M. L.; Du Bois, J.; Yu, J.-Q. Chem. Soc. Rev. 2011, 40,
1855. (g) Briickl, T.; Baxter, R. D.; Ishihara, Y.; Baran, P. S. Acc. Chem.
Res. 2012, 45, 826.

(2) For recent reviews on the internal redox process, see: (a) Tobisu,
M.; Chatani, N . 2006, 45, 1683. (b) Pan, S. C.

. 2012, 8, 1374. (c) Wang, M. ChemCatChem 2013,
S, 1291. (d) Peng, B.; Maulide, N. (iissitsnd. 2013, 19, 13274.

(3) These reactions are classified under the term “tert-amino effect”.
For reviews, see: (a) Meth-Cohn, O.; Suschitzky, H. Adv. Heterocycl.
Chem. 1972, 14, 211. (b) Verboom, W.; Reinhoudt, D. N. Recl. Trav.
Chim. Pays-Bas 1990, 109, 311. (c) Meth-Cohn, O. Adv. Heterocycl.
Chem. 1996, 65, 1. (d) Matyus, P.; Elias, O.; Tapolcsanyi, P.; Polonka-
Balint, A.; Halasz-Dajka, B. Synthesis 2006, 2625.

(4) (a) Nijhuis, W. H. N.; Verboom, W.; Reinhoudt, D. N.; Harkema,
S 1957, 109, 3136. (b) Nijhuis, W. H. N.; Verboom,
W.; Abu El-Fadl, A.; Harkema, S.; Reinhoudt, D. N. J. Org. Chem. 1989,
54, 199. (c) Nijhuis, W. H. N.; Verboom, W.; Abu El-Fadl, A;; Van
Hummel, G. J; Reinhoudt, D. N. juniiegesisiss 1989, 54, 209.
(d) Murarka, S.; Zhang, C.; Konieczynska, M. D.; Seidel, D. Org. Lett.
2009, 11,129. (e) Ruble, J. C.; Hurd, A. R;; Johnson, T. A.; Sherry, D. A,;
Barbachyn, M. R.; Toogood, P. L.; Bundy, G. L.; Graber, D. R.; Kamilar,
I 2009, 131,3991. (f) McQuaid, K. M.; Long, J. Z.;
Sames, D. Qugalelf 2009, 11, 2972. (g) Shinkai, D.; Murase, H.; Hata,
T.; Urabe, H. insinunfiiammmiy. 2009, 131, 3166. (h) Dunkel, P.; Ttrés,
D.; Bényei, A; Ludanyi, K; Matyus, P. Tetrahedron 2010, 2331.
(i) Jurberg, 1. D.; Odabachin, Y.; Gagosz, F. juinumiismmiiy. 2010, 132,
3543. (]) Cao, J.; Yang, X.; Hua, X.; Deng, Y.; Lai, G. Org. Lett. 2011, 13,
478. (k) Bolte, B.; Gagosz, F. [miimmmiay. 2011, 133, 7696.
(1) Sugiishi, T.; Nakamura, H. jnmiuumiimiy. 2012, 134, 2504.
(m) Han, Y.-Y.; Han, W.-Y,; Hou, X.; Zhang, X.-M.; Yuan, W.-C. Org.
Lett. 2012, 14,4054. (n) Chen, D.-F.; Han, Z.-Y.; He, Y.-P.; Yu, ] ; Gong,
L.-Z. . 2012, 51, 12307. (o) Shaaban, S.; Maulide,
N. Synlett 2013, 1722. (p) Cera, G.; Chiarucci, M.; Dosi, F.; Bandini, M
Adv. Synth. Catal. 2013, 335, 2227. (q) Dieckmann, A.; Richers, M. T.;
Platonoova, A.Y.; Zhang, C,; Seidel, D.; Houk, N. K. J. Org. Chem. 2013,
78, 4132. (r) Alajarin, M; Bonillo, B; Marin-Luna, M.; Sanchez-
Andrada, P.; Vidal, A. sl 2013, 19, 16093.

(5) Examples of enantioselective reactions: (a) Murarka, S.; Deb, 1;
Zhang, C.; Seidel, D. jnsinmmiiiammiiag. 2009, 131, 13226. (b) Kang, Y. K;
Kim, S. M; Kim, D. Y. jinnitay. 2010, 132, 11847. (c) Cao, W.
Liu, X.; Wang, W,; Lin, L.; Feng, X. Qugalgf. 2011, 13, 600. (d) Zhou,
G.; Liu, F.; Zhang, jmissiiss 2011, 17, 3101. (¢) He, Y.-P; Du,
Y.-L.; Luo, S.-W.; Gong, L. [ 2011, 52, 7064. (f) Chen,
L.; Zhang, L,; Lv, Z.; Cheng, J.-P.; Luo, S. (issssltssd 2012, 18, 8891.
(g) Zhang, L.; Chen, L; Ly, Z.; Cheng, J.-P.; Luo, S. Chem.—Asian J.
2012, 7,2569. (h) Jiao, Z.-W.; Zhang, S.-Y.; He, C; Tu, Y.-Q.; Wang, S.-
H.; Zhang, F.-M.; Zhang, Y.-Q; Li, H. Angew. Chem., Int. Ed. 2012, 51,
8811. (i) Kang, Y. K; Kim, D. Y. jinnimissie. 2013, 355, 3131. See
also ref 7f.

(6) For the reaction without electronic assistance from a heteroatom,
see: (a) Tobisu, M.; Nakai, H.; Chatani, N. juisgminlgeg. 2009, 74, 5471.
(b) Yang, S.; Li, Z.; Jian, X.; He, C. . 2009, 48, 3999.
(c) Mahoney, S. J.; Moon, D. T.; Hollinger, J.; Fillion, E. Tetrahedron
Lett. 2009, 50, 4706. (d) Bajracharya, G. B.; Pahadi, N. K; Gridnev, L. D.;
Yamamoto, Y. inilsgnialigis 2006, 71, 6204. (&) Alajarin, M.; Bonillo, B
Ortin, M.-M.; Sanchez-Andrada, P.; Vidal, A.; Orenes, R.-A. Org. Biomol.
Chem. 2010, 8, 4690. See also refs 7c—e.

3747

(7) For the internal redox reaction developed by our group, see:
(a) Mori, K; Ohshima, Y.; Ehara, K.; Akiyama, T. Chem. Lett. 2009, 38,
524. (b) Mori, K.; Kawasaki, T.; Sueoka, S.; Akiyama, T. Org. Lett. 2010,
12, 1732. (c) Mori, K; Sueoka, S.; Akiyama, T. J. Am. Chem. Soc. 2011,
133, 2424. (d) Mori, K.; Sueoka, S.; Akiyama, T. Chem. Lett. 2011, 40,
1386. (e) Mori, K.; Kawasaki, T.; Akiyama, T. Qugalalt 2012, 14, 1436.
For an enantioselective version catalyzed by chiral phosphoric acid: see
(f) Mori, K.; Ehara, K.; Kurihara, K; Akiyama, T. J. Am. Chem. Soc. 2011,
133, 6166.

(8) For other types of internal redox reactions, see: (a) Pahadi, N. K;;
Paley, M.; Jana, R,; Waetzig, S. R.; Tunge, J. A. J. Am. Chem. Soc. 2009,
131, 16626. (b) Zhang, C.; Seidel, D. jusinuiSismmiig. 2010, 132, 1798.
(c) Zhang, C.; Das, D.; Seidel, D. ghgiamgi 2011, 2, 233. (d) Mao, H
Xu, R; Wan, J,; Jiang, Z; Sun, C.; Pan, Y. Chem.—Eur. ]. 2010, 16,
13352. (e) Mao, H.; Wang, S.; Yu, P.; Lv, H,; Xu, R;; Pan, Y. J. Org. Chem.
2011, 76, 1167. (f) Ma, L.; Chen, W.; Seidel, D. J. Am. Chem. Soc. 2012,
134, 15305. (g) Das, D; Sun, A. X; Seidel, D. Angew. Chem., Int. Ed.
2013, 52, 376S. (h) Das, D.; Seidel, D. Qugalt. 2013, 15, 43S8.

(9) For examples of 1,4-hydride shift mediated C—H bond
functionalizations, see: (a) Yang, S.; Li, Z; Jian, X; He, C. Angew.
Chem., LutEd 2009, 48, 3999. (b) Alajarin, M.; Martin-Luna, M.; Vidal,

. 2011, 353, 557.

(10) For examples of [1,6]-hydride shift mediated C—H functionaliza-
tion, see: (a) Verboom, W.; Reinhoudt, D. N.; Visser, R.; Harkema, S. J.
Sigaminligisi 1984, 49, 269. (b) Reinhoudt, D. N.; Visser, G. W,;
Verboom, W.; Benders, P. H.; Pennings, M. L. M. J. Am. Chem. Soc.
1983, 105, 4775. (c) De Boeck, B.; Jiang, S.; Janousek, Z.; Viehe, H. G.
Tetrahedron 1994, 50,7075. (d) De Boeck, B.; Janousek, Z.; Viehe, H. G.
Tetrahedron 1995, S1, 13239. (e) Zhang, C.; Kanta De, C.; Mal, R;
Seidel, D. jinunfiiammiin. 2008, 130, 416. (f) Che, X; Sheng, L.; Dang,
Q.; Bai, X. Synlett 2008, 2373. (g) Foldi, A. A.; Ludanyi, K; Bényei, A.
C.; Matyus, P. Synlett 2010, 2109.

(11) For examples of 1,2-reduction-type internal redox process, see:
(a) Verboom, W.; van Dijk, B. G.; Reinhoudt, D. N. Tetrahedron Lett.
1983, 24, 3923. (b) Verboom, W.; Hamzlnk M.R.]J; Reinhoudt, D. N.;
Visser, R. jinminsimin. 1984, 25, 4309. (c) Wolfing, J.; Frank, E;
Schneider, G.; Tietze, L. F. | j i GG 1999, 38, 200.
(d) Wélfing, J.; Frank, E; Schnelder, G.; Tietze, L. F. Eur. ]. Org. Chem.
1999, 3013. (e) Wolfing, J.; Frank, E; Schnelder, G.; Tietze, L. F. Eur. J.
Org. Chem. 2004, 90. (f) Kaval, N.; Halasz-Dajka, B.; Vo-Thanh, G;
Dehaen, W.; van der Eycken, J.; Matyus, P.; Loupy, A.; van der Eycken,
E. Tetrahedron 2008, 61,9052. (g) Pastine, S.; Sames, D. Org. Lett. 2008,
7, 5429. (h) Zhang, C.; Murarka, S.; Seidel, D. inifsgmislitag. 2009, 74,
419. (i) Jurberg, I. D.; Peng, B.; Wostefeld, E.; Wasserloos, M.; Maulide,
N. . 2012, 51, 1950. See also refs 7a, 7e, and 10f.

(12) The large coupling constant (J = 16.0 Hz) suggests the E-
configuration of 3a.

(13) Attempts to extend the present reaction to the catalyzed,
enantioselective reaction with a chiral Yb-complex (with several Py-
BOX ligands) were unsuccessful.

(14) The E-configuration of Se was determined by X-ray analysis, and
those of other substrates were assigned by analogy.

(15) The low chemical yield of 6e was ascribed to the formation of
byproduct 11 (58%), which was produced by olefin isomerization
followed by the Friedel—Crafts reaction.

o Ph O O Ph
9 P FsC Ph
P CR O CFs FC Y HO ‘
- e J—
A, w0 — O — O
N\ isomerization W\ W\ N\
) Ph ) Ph ) Ph ) Ph
sa PN PR Ph g PN

(16) The results of the examination of the kinetic isotope effect were
described in the SI.

(17) Subjecting products (4aa and 6ab) under the optimum
conditions led to complete recovery of starting materials, which ruled
out the reversibility of these reactions.

(18) Crossover experiments for each sequential reaction suggested that
the hydride shift occurred intramolecularly. See SI for details.

dx.doi.org/10.1021/ja412706d | J. Am. Chem. Soc. 2014, 136, 3744—3747


http://pubs.acs.org/action/showImage?doi=10.1021/ja412706d&iName=master.img-009.png&w=215&h=36

