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有機高分子化学基礎論
典型元素触媒反応の分類
Lewis酸触媒反応
Lewis塩基触媒反応

酸化還元触媒反応

レポート課題
新規な典型元素触媒分子の構造を考案し、従来の触媒分子との違いを説明しながら 
どのような反応に適用できると期待しているのかを 
根拠となる文献(適切な出発物からの合成経路や触媒デザインのコンセプト)と共に述べよ。 
A4用紙2枚程度でまとめること。従来の論文を模倣しても良いので少しでも独自アイデアを出そう。
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Caputo, C. B.; Hounjet, L. J.; Dobrovetsky, R.; Stephan, D. W., Science 2013, 341, 1374-1377.

例：触媒的Wittig反応＝ホスフィンオキシドを系内で還元 
　　　　　　　　　　→廃棄物R3P=Oを低減

O'Brien, C. J.; Tellez, J. L.; Nixon, Z. S.; Kang, L. J.; 
Carter, A. L.; Kunkel, S. R.; Przeworski, K. C.; Chass, G. A. 

Angew. Chem. Int. Ed. 2009, 48, 6836-6839.

・空のp軌道を持つ1,2,13族元素やカチオン種
・

・反応の途中で典型元素の酸化状態が変化する 
・



Lewis酸触媒反応①
基本：Friedel-Craftsアルキル化

応用：向山アルドール反応 CBS(Corey-Bakshi-Shibata)還元

Nakamura, E.; Kuwajima, I. 
Organic Syntheses, 1993, Coll. Vol. 8, 578. oxazaborolidine

enantioselective!

ジチオアセタール形成

BF3はOEtアニオンを捕捉して 
オキソニウム中間体を発生 
EtOSiMe3が脱離して反応が進行 
＝BF3は再生されるので触媒として利用可能

Corey, E. J.; Bakshi, R. K.; Shibata, S. 
J. Am. Chem. Soc. 1987, 109, 5551-5553.
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Lewis酸触媒反応②

Inoue, S.; Koinuma, H.; Tsuruta, T. 
Makromol. Chem. 1969, 130, 210-220.

二酸化炭素とエポキシドでポリ炭酸エステル 環状炭酸エステルの開環重合

Bi触媒によるアルケンのカルボアミノ化
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With the optimized conditions, we next studied the scope of
alcoholic enophiles (Table 2). Diaryl methanols 2b–d with
different substituents efficiently provided the tandem reaction
products 3b–d in good yields (entries 1–3). Although in the case
of monoaryl methanols 3e and 3f possessing electron-rich phenyl
rings were well tolerated (entries 4–6), electron-deficient phenyl

rings attached to halogen functions, Cl and F, at the para-
position did not participate in the reaction, wherein such benzyl
alcohols were recovered unchanged. It would indicate that
appropriate weakness of the benzylic C–O bond is necessary to
carry out the present tandem reaction. Unsymmetrical alkylaryl
methanols 2g–i were permitted to react with 1a, giving rise to
the corresponding products 3g–i with two diastereoisomers
(entries 6–8). Propargyl alcohols also worked well, leading to the
homo-propargyl pyrrolidines 3j and 3k (entries 9 and 10).

ð1Þ

This protocol could be applied to other types of amino-olefins
like one carbon-elongated amino-olefin 1b and trisubstituted
olefin 1c (Scheme 2). Interestingly, these reactions produced
piperidine skeletons 6a and 6e (from 1b), and 7a and 7e (from 1c)
in which the enophiles attached to the less hindered vinyl
position of the starting olefins.9 Additionally, we found that
the present reaction was capable of using vinyl ketone as an
enophile. Thus, the tandem reaction of 1a with methyl vinyl
ketone (8a) produced the pyrrolidyl ketone 9a (eqn (1)), whose
skeleton is reported to constitute an important building block
for indolizidine compounds.10

Based on these results, we postulated a mechanism for the
present tandem ene-reaction/hydroamination as shown in
Scheme 3. Considering the different reactivities of the bismuth
and Brønsted acid (entries 5 and 12 in Table 1), the bismuth
complex could coordinate to the enophile and the olefin moiety
of 1, efficiently leading to generation of the carbocation inter-
mediate A, in contrast, the Brønsted acid would activate only
enophiles. Sequential trapping of the cation A with the intra-
molecular N-nucleophile might give the desired products 3, 6,
and 9a (path a).11 However, formation of olefinA0 fromA (path b)
to sequent Bi-catalyzed hydroamination would not be ruled out.
Because, we confirmed that Bi(OTf)3-catalyzed ene-reactions
of a-methylstyrene with benzyl alcohol 2f or vinyl ketone 8a
smoothly proceeded to provide highly substituted styrenes under
same conditions (Scheme 4).12 In addition, hydroamination of

Table 2 Reaction of amino-olefin (1a) with alcoholic enophiles 2

Entry 2 Time/h Product Yielda (%)

1 R = OMe: 2b 6 3b 51
2 R = Cl: 2c 5 3c 45

3 5 3d 44

4 3 3e 51

5 7 3f 45

6 6 3g
77
[64 : 36]

7 R = Me: 2h 6 3h
64
[64 : 36]

8 R = cyclopropyl: 2i 3 3i
86
[62 : 38]

9 5 3j
44
[54 : 46]

10 3 3k 56

a Isolated yield.

Scheme 2
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similar amino-olefins 1a and 1b to A0 occurred by the Bi(OTf)3
catalyst in quantitative yield. In the case of 1c, tertiary carbo-
cations could appear at the highly substituted sp2-carbon of
olefin, and then followed by trapping with an amino group or by
cyclizations of generated amino-olefins to yield 7a and 7e.

Finally, we have applied this tandem reaction to amino-allene
10 with various vinyl ketones 8 (Table 3).13 The tandem reaction
products 11a–e were obtained in good yields (entries 1–5),
wherein the moiety of vinyl ketone was connected to the center
carbon of the starting allene function.14 Compared with the
amino-olefins, the tandem reaction of the amino-allene would
produce 11 via allyl cation B or diene B0 intermediates. Such
species are known to be good acceptors for N-nucleophiles.15

In summary, we have developed a new bismuth-catalyzed
tandem ene-reaction/hydroamination of amino-olefin and -allene
compounds with benzyl alcohols or vinyl ketones, leading to
the highly functionalized N-heterocycles in good yields under
mild conditions. In this reaction, the excellent catalytic activity

of the bismuth would be attributable to the unique activation
mode: s,p-dual chelation. In the initial step of the present
reaction, it would proceed via the carbocation intermediate,
thus it could be an ene reaction-like process. Further
investigation for the mechanistic detail and broadening the
synthetic application of this tandem reaction is currently
underway in our laboratory.
This work was supported by a Grant-in-Aid for Scientific

Research from the Ministry of Education, Culture, Sports,
Science and Technology of Japan. Finally, we thank Dr
H. Fukuoka for single crystal X-ray analysis of 11a.
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G. Lhommet, Tetrahedron: Asymmetry, 1996, 7, 2211.

11 L. A. Adrio and K. K. Hill, Chem. Commun., 2008, 2325.
12 G. Shibitha, R. E. Venkata and J. S. Yadav, Synthesis, 2002,

409.
13 When this reaction was tested in following solvents, DCE, MeCN,

THF, Et2O, and 1,4-dioxane, aza-Michael addition mainly
proceeded, leading to N-(6-methylhepta-4,5-dien-1-yl)-N-(3-oxobutyl)-
tosylamine in 28, 20, 100, 100, and 93% NMR yields, respectively.

14 The exact structure of 11a was determined by single crystal X-ray
analysis, see ESIw.

15 (a) H. Qin, N. Yamagiwa, S. Matsunaga and M. Shibasaki, Angew.
Chem., Int. Ed., 2007, 46, 409; (b) H. Qin, N. Yamagiwa, S. Matsunaga
and M. Shibasaki, J. Am. Chem. Soc., 2006, 128, 1611.

Scheme 3 A plausible reaction mechanism.

Scheme 4

Table 3 Reaction of amino-allene 10 with vinyl ketones 8

Entry 8 Time/h Products and yielda (%)

1b Me (8a) 4 11a 84
2 Ph (8b) 6 11b 62
3 4-MeC6H4 (8c) 1 11c 62
4 4-MeOC6H4 (8d) 2 11d 59
5 4-ClC6H4 (8e) 1 11e 49

a Isolated yield. b 25 1C.
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Al触媒による3+2付加環化
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although at the expense of exo selectivity (entry 7). The effect
of the solvent was also investigated (entries 8-10). When the
1,3-dipolar cycloaddition reaction of nitrone 4a with 5a was
carried out in THF the reaction had to proceed for 3 h before
4a was consumed, but the same diastereo- and enantioselectivity
was observed (entry 8). In toluene the reaction was finished
within 2 h and exo-6a was obtained with 92% ee and very high
exo selectivity, but with a lower isolated yield (entry 9). To
perform the reaction in a solvent with even lower polarity than
toluene, the reaction was first carried out in hexane, but
unfortunately the reaction did not proceed at all because of the
insolubility of the nitrone in this solvent. When the 1,3-dipolar
cycloaddition reaction of 4a with 5a in the presence of catalyst
8b was carried out in a mixture of toluene and hexane, the same
high diastereo- and enantioselectivity was found but with a
significant increase in isolated yield (entry 10).

To get more information about the nature of the intermediate
complex involved in this reaction, the reaction was also tested
for nonlinear stereochemical effects of the catalyst.15 A graphic
representation of the ee of exo-6a, obtained by reaction of
nitrone 4a with tert-butyl vinyl ether 5a using the (R)-BINOL-
AlMe complex 8b as the catalyst, as a function of the optical
purity of 8b is depicted in Figure 1.
A linear relation between the ee of the catalyst and ee of the

exo-6a is observed and it is therefore reasonable to believe that
the catalytic intermediate consists of a discrete complex in which
one (R)-BINOL-ALMe is involved (see the mechanistic discus-
sion).
To illustrate a more general application of the BINOL-AlMe

8b-catalyzed 1,3-dipolar cycloaddition reaction of nitrones with
electron-rich alkenes, the reaction was investigated using various
substrates. First, the variation of the substituents of the nitrone
was investigated. The presence of an aromatic substituent on
the nitrone nitrogen atom seems to be essential in the present
reaction, as no reaction occurred when benzylidenebenzylamine
N-oxide and benzylidene-N-propylamine N-oxide were used
under the same reaction conditions. The reaction of various
aromatic nitrones 4a-d with tert-butyl vinyl ether 5a, ethyl
vinyl ether 5b and benzyl vinyl ether 5c catalyzed by the
BINOL-AlMe complex 8b (eq 5) has been studied and the
results are given in Table 3.

The 1,3-dipolar cycloaddition reaction of the various nitrones
4a-d proceed well with the different aryl substituents on the
nitrone carbon atom (eq 5). In general, high diastereo- and
enantioselectivities are obtained as presented in Table 3. The
addition of tert-butyl vinyl ether 5a to the nitrones 4b or 4c in
the presence of 10 mol % catalyst 8b proceeds like the reaction
involving 4a, although with a slight decrease in diastereo- and
enantioselectivity (entries 2, 3). Full conversion of 4b and 4c
was obtained after 12 h and 2 h, respectively, and the
isoxazolidines exo-6b and exo-6c were isolated in 71-74%
yield. The same enantioselectivity was also found for nitrone

(15) See, e.g., (a) Girard, C.; Kagan, H. B. Angew. Chem. 1998, 110,
3088. (b) Avalos, M.; Babiano, R.; Cintas, P.; Jiménez, J. L.; Palacios, J.
C. Tetrahedron: Asymmetry 1997, 8, 2997.

Figure 1. Linear relation between the optical purity of isoxazolidine
exo-6a formed in the 1,3-dipolar cycloaddition reaction of nitrone 4a
and tert-butyl vinyl ether 5a and the ee of the employed catalyst 8b.

Table 3. 1,3-Dipolar Cycloaddition Reactions of Aromatic
Nitrones 4a-d with tert-Butyl Vinyl Ether 5a, Ethyl Vinyl Ether
5b, and Benzyl Vinyl Ether 5c in the Presence of 10 mol % of
BINOL-AlMe 8b Catalysta

entry
nitrone 4,
R1

alkene 5,
R2 product

yield/
reaction
time endo:exob

ee
exoc

1 Ph-4a t-Bu-5a 6a 84/1 h <5:>95 89
2 p-tolyl-4b t-Bu-5a 6b 71/12 h 16:84 81
3 p-ClPh-4c t-Bu-5a 6c 74/2 h 17:83 78
4 p-MeOPh-4d t-Bu-5a 6d 65/18 h 10:90 77
5 Ph-4a Et-5b 6e 79/1 h <5:>95 91
6 p-tolyl-4b Et-5b 6f 70/3 h <5:>95 90
7 p-ClPh-4c Et-5b 6g 78/2 h <5:>95 94
8d p-ClPh-4c Et-5b 6g 66/6 h <5:>95 97
9 p-MeOPh-4d Et-5b 6h 50/18 h <5:>95 88
10 p-ClPh-4d Bn-5c 6i 68/18 h <5:>95 85
a The reactions were performed on a 0.5-2.0 mmol scale in CH2Cl2

at room temperature. For further details see Experimental Section. b The
endo:exo ratio was determined by 1H NMR spectroscopy of the crude
product. c Ee of the exo isomer was determined by HPLC using a Daicel
Chiralcel OD column. d Toluene as the solvent.

(5)
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the first example of a catalytic 1,3-dipolar cycloaddition reaction
with inverse-electron demand of aromatic nitrones with vinyl
ethers catalyzed by chiral aluminum complexes giving isoxa-
zolidines in high yield, with diastereo- and enantioselectivity.

Results and Discussion

To activate the nitrone by a Lewis acid for the 1,3-dipolar
cycloaddition reaction with an electron-rich alkene, one has to
consider the interaction of the nitrone with the Lewis acid. To
activate simple nitrones such as benzylidenephenylamine N-
oxide 4a, the nitrone oxygen atom has to coordinate to the Lewis
acid, and thus chiral Lewis acids that allow a monodentate
coordination should be considered as the catalysts of choice.3a
By screening several chiral Lewis acid complexes we have found
that the combination of a chiral (R)-2,2′-dihydroxy-1,1′-binaph-
thyl (BINOL) derivative as the ligand with aluminum complexes
leads to catalysts that are very useful for the inverse-electron
demand 1,3-dipolar cycloaddition reaction of nitrones with
alkenes.

The 1,3-dipolar cycloaddition reaction of nitrone 4a with tert-
butyl vinyl ether 5a has been investigated as a model reaction
(eq 3) using chiral catalysts 8a-g obtained from the reaction
of AlMe3 with various (R)-BINOL derivatives 7a-f and (S)-
3,3′-bis(triphenylsilyl)BINOL 7g (eq 4).

The reaction of nitrone 4a with tert-butyl vinyl ether 5a gives
exclusively the 5-substituted isoxazolidine 6a, both with and
without catalyst (eq 3). This regioselectivity is normal for the
1,3-dipolar cycloaddition reaction of electron-rich alkenes, due
to the attack of the nitrone oxygen atom to the oxygen-
substituted alkene carbon atom.3a,5 In the absence of a catalyst
the reaction had to proceed at 50 °C in neat 5a for 18 h to give
complete conversion and gave the isoxazolidine exo-6a with
high exo selectivity (Table 1, entry 1). However, in the presence
of AlMe3 as the catalyst (20 mol %) the reaction was complete
within 4 h at ambient temperature, although with lower
diastereoselectivity (entry 2).

The results from the reaction of nitrone 4a with 5a in the
presence of AlMe3 as the catalyst stimulated the investigation
of several chiral aluminum complexes as the asymmetric
catalysts. Chiral aluminum catalysts, prepared by reacting AlMe3
or AlCl3 with chiral diols or bis(sulfonamides), have been used
successfully in Diels-Alder10 and hetero-Diels-Alder reac-
tions.11 The use of BINOL (7a) and a 3,3′-substituted BINOL
such as 3,3′-diphenyl BINOL 7b and 3,3′-bis(triphenylsilyl)-
BINOL 7g as ligands in combination with aluminum complexes

(4) (a) Murahashi, S.; Imada, Y.; Kohno, M.; Kawakami, T. Synlett 1993,
395. (b) Gothelf, K. V.; Jørgensen, K. A. J. Org. Chem. 1994, 59, 5687.
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1996, 61, 346. (e) Jensen, K. B.; Gothelf, K. V.; Hazell, R. G.; Jørgensen,
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Jørgensen, K. A. HelV. Chim. Acta 1997, 80, 2039. (h) Gothelf, K. V.;
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7889. (n) Kanemasa, S.; Tsuruoka, T.; Wada, E. Tetrahedron Lett. 1993,
34, 87. (o) Kanemasa, S.; Tsuruoka, T.; Yamamoto, H. Tetrahedron Lett.
1995, 36, 5019. (p) Kanemasa, S.; Tsuruoka, T. Chem. Lett. 1995, 49. (q)
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Commun. 1996, 2137. (r) Tokunaga, Y.; Ihara, M.; Fukumoto, K.
Tetrahedron Lett. 1996, 37, 6157. (s) Minakata, S.; Ezoe, T.; Nakamura,
K.; Ryu, I.; Komatsu, M. Tetrahedron Lett. 1998, 39, 5205. (t) Gilbertson,
S. R.; Dawson, D. P.; Lopez, O. D.; Marshall, K. L. J. Am. Chem. Soc.
1995, 117, 4431. (u) Gilbertson, S. R.; Lopez, O. D. J. Am. Chem. Soc.
1997, 119, 3399. (v) Ukaji, Y.; Taniguchi, K.; Sada, K.; Inomata, K. Chem.
Lett. 1997, 547.
(5) DeShong, P.; Dicken, C. M.; Staib, R. R.; Freyer, A. J.; Weinreb, S.

M. J. Org. Chem. 1982, 47, 4397.
(6) DeShong, P.; Dicken, C. M.; Leginus, J. M.; Whittle, R. R. J. Am.

Chem. Soc. 1984, 106, 5598.
(7) (a) Keirs, D.; Moffat, D.; Overton, K. J. Chem. Soc., Chem. Commun.

1988, 654. (b) Keirs, D.; Moffat, D.; Overton, K.; Tomanek, R. J. Chem.
Soc., Perkin Trans. 1 1991, 1041.
(8) Carruthers, W.; Coggins, P.; Weston, J. B. J. Chem. Soc., Chem.

Commun. 1991, 117.
(9) (a) Seerden, J.-P. G.; Scholte op Reimer, A. W. A.; Scheeren, H. W.

Tetrahedron Lett. 1994, 35, 4419. (b) Seerden, J.-P. G.; Kuypers, M. M.
M.; Scheeren, H. W. Tetrahedron: Asymmetry 1995, 6, 1441. (c) Seerden,
J.-P. G.; Boeren, M. M. M.; Scheeren, H. W. Tetrahedron 1997, 53, 11843.
(10) See, e.g., (a) Chapuis, C.; Jurczak, J. HelV. Chim. Acta 1987, 70,

436. (b) Corey, E. J.; Imwinkelried, R.; Pikul, S.; Xiang, Y. B. J. Am. Chem.
Soc. 1989, 111, 5493. (c) Corey, E. J.; Imai, N.; Pikul, S. Tetrahedron
Lett. 1991, 32, 7517.
(11) (a) Maruoka, K.; Itoh, T.; Shirasaka, T.; Yamamoto, H. J. Am. Chem.

Soc. 1988, 110, 310.

(3)

Table 1. Diastero- and Enantioselectivity of the 1,3-Dipolar
Cycloaddition Reaction of Nitrone 4a with tert-Butyl Vinyl Ether
5a Catalyzed by Different BINOL-AlMe Complexes 8a-ga

entry catalyst
reaction
time conversionb endo-6a:exo-6ab

ee (exo-6a)c
(%)

1 18 hd >95 <5:>95 0
2 AlMe3 4 h >90 17:73 0
3 8a 3 h >90 73:27 <5
4 8b 45 min >95 <5:>95 89
5 8c 2 h >95 <5:>95 87
6 8d 18 h >90 21:79 79
7 8e 2.5 h >90 12:88 78
8 8f 3 h >95 10:90 80
9 8g 48 h 80 14:86 65e

a Reaction conditions: solvent: CH2Cl2; scale: 4 (0.1 mmol), 5a
(0.5 mmol), and 20 mol % 8a-g. For further details see Experimental
Section. b Determined by 1H NMR spectroscopy of the crude product.
c Ee of the exo isomer was determined by HPLC using a Daicel
Chiralcel OD column. d Performed in neat tert-butyl vinyl ether (1 mL)
at 50 °C. e Other enantiomer.
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Hydrosilation of carbon-oxygen double bonds is a mild
method for selective reduction of carbonyl functions. Although
the reaction is exothermic, a catalyst is generally required to
achieve adequate rates; consequently, many catalysts have been
developed for this important reaction.2 Nucleophilic/electro-
philic hydrosilation catalysis is characterized by a synergic
mechanism in which a nucleophile polarizes the Si-H bond of
the silane reagent, while a Lewis acid electrophile activates the
carbonyl by binding to oxygen. Among the nucleophiles that
have been employed are amines3 and halide ions,4 and Lewis
acids used include ZnCl25 and BF3‚Et2O.6
Tris(pentafluorophenyl)borane7 is a convenient, commercially

available Lewis acid of comparable strength to BF3 but without
the problems associated with reactive B-F bonds. Although
its primary commercial application is as a cocatalyst in
metallocene mediated olefin polymerization,8 its potential as a
catalyst for organic transformations is beginning to be appreci-
ated.9 Herein we report its use as a catalyst for mild addition
of Ph3SiH to aromatic aldehyde, ketone, and ester carbonyl
functions and the evidence we find for an unusual nucleophilic/
electrophilic mechanism by which the reduction takes place.
Aromatic aldehydes, ketones, and esters were hydrosilylated

at room temperature in the presence of 1-4 mol % B(C6F5)3
and 1 equiv of Ph3SiH; data for a selection of substrates are
shown in Table 1.10 For the aromatic substrates employed in
this study, B(C6F5)3 compares favorably with the best hydrosi-
lation catalysts in terms of conversion rates and selectivity.2
Limitation of the silane reagent to 1 equiv was essential for
clean reactions since further reduction of the silyl ether or silyl
acetal products was observed when excess silane was present.
So limited, isolated yields of the silyl ethers were excellent,
reflecting the >98% selectivity for product as determined by
gas-liquid chromatography. Ester reductions were extremely
rapid and were >90% selective for the acetal products; these
could subsequently be converted to aldehydes in synthetically
useful isolated yields.
For the unsubstituted substrates (X ) H, entries 1a, 2a, and

3a, Table 1), the order of reactivity was ethyl benzoate .

acetophenone > benzaldehyde. Since it is generally assumed
that coordination of the carbonyl oxygen to the electrophile is
the means by which Lewis acids activate carbonyl substrates,
this observation is surprising given that the strength of substrate
binding to B(C6F5)3 is in the opposite order. 1H NMR
experiments show that, in solution, binding of these substrates
to B(C6F5)3 is reversible and exchange between bound and free
substrate is rapid;11 the equilibria, however, strongly favor the
adducts 1. Equilibrium constants12 for eq 1 are 2.1(1) ⇥ 104,

1.1(1) ⇥ 103, and 1.9(1) ⇥ 102 for R ) H, Me, and OEt,
respectively. Furthermore, competitive binding experiments
revealed that the preferred order of binding is benzaldehyde >
acetophenone. ethyl benzoate,13 consistent with experimentally
determined binding energies of these compounds with BF3.14
Since these equilibria favor the adduct, isolation and full

spectroscopic and structural characterization15 of the acid-base

(1) Corresponding author: FAX: 403-289-9488. e-mail: wpiers@
chem.ucalgary.ca.
(2) (a) Ojima, I. In The Chemistry of Organic Silicon Compounds; Patai,

S., Rappoport, Z., Eds.; Wiley: New York, 1989. (b) Marciniec, B.
ComprehensiVe Handbook on Hydrosilation; Pergamon: New York, 1992.
(3) Boyer, J.; Breliere, C.; Corriu, R. J. P.; Kpoton, A.; Poirier, M.; Royo,

G. J. Organomet. Chem. 1986, 311, C39.
(4) Corriu, R. J. P.; Perz, R., Reye, C. Tetrahedron 1983, 39, 999.
(5) Calas, R. Pure Appl. Chem. 1966, 13, 61.
(6) (a) Fry, J. L.; Orfanopoulo, M.; Adlington, M. G.; Dittman, W. R.;

Silverman, S. B. J. Org. Chem. 1978, 43, 374. (b) Doyle, M. P.; West, C.
T.; Donnelly, S. J.; McOsker, C. C. J. Organomet. Chem. 1976, 117, 129
and other papers in this series.
(7) Massey, A. G.; Park, A. J. J. Organomet. Chem. 1966, 5, 218.
(8) (a) Yang, X.; Stern, C. L.; Marks, T. J. J. Am. Chem. Soc. 1994,

116, 10015. (b) Ewen, J. A.; Edler, M. J. Canadian Patent App 2,027,145,
1991; Chem. Abstr. 1991, 115, 136998g.
(9) (a) Ishihara, K.; Hananki, N.; Yamamoto, H. Synlett. 1993, 577. (b)

Ishihara, K.; Funahasi, M.; Hanaki, N.; Miyata, M.; Yamamoto, H. Synlett
1994, 963. (c) Ishihara, K.; Hananki, N.; Yamamoto, H. Synlett 1995, 721.
(d) Ishihara, K.; Hanaki, N.; Funahasi, M.; Miyata, M.; Yamamoto, H. Bull.
Chem. Soc. Jpn. 1995, 68, 1721.
(10) See supporting information for further details.

(11) Rates of exchange (kex ) /2¢Ó) between PhC(O)Xbound and PhC-
(O)Xfree as determined by VT 1H NMR spectroscopy: X ) H, 390 s-1,
290 K; X ) CH3, 119 s-1, 265 K; X ) OEt, 811 s-1, 203 K.
(12) Measured by 1H NMR according to: Drago, R. S. Physical Methods

for Chemists, 2nd ed.; Saunders: New York, 1992; p 257.
(13) Equilibrium constants for the competitive binding experiments: 1-H

+ PhC(O)CH3 T PhC(O)H + 1-Me, 5.45(5) ⇥ 10-2; 1-H + PhC(O)OEt
T PhC(O)H + 1-OEt, 9.5(7) ⇥ 10-3; 1-Me + PhC(O)OEtT PhC(O)CH3
+ 1-OEt, 1.8(2) ⇥ 10-1.
(14) Maria, P.-C.; Gal, J.-F. J. Phys. Chem. 1985, 89, 1296.
(15) Structurally characterized adducts of boron Lewis acids with

carbonyl compounds are rare: (a) Corey, E. J.; Loh, T.-P.; Sarshar, S.;
Azimioara, M. Tetrahedron Lett. 1992, 33, 6945. (b) Reetz, M. T.;
Hüllmann, M.; Massa, W.; Berger, S.; Radmacher, P.; Heymanns, P. J.
Am. Chem. Soc., 1986, 108, 2405.

Table 1. B(C6F5)3-Catalyzed Hydrosilation of Aromatic
Aldehydes, Ketones, and Esters

aMole percent of catalyst based on [Ph3SiH]. b For n ) 1, concentra-
tion ) 0.385 M. c Turnover frequency. d First-order rate constant.
e Isolated yield. f Reaction done at 0 °C. g Reactions too fast to follow
by GC. h Yield of benzaldehyde.
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the equilibrium shifted towards 2, the value for the 1JSi–H coupling
constant dropped smoothly from 177 Hz in free Et3Si–H to a value
of 107(2) Hz at 213 K (Fig. 3b). A lowering of this coupling constant
was expected47 as the Si–H bond weakens on interaction with the
boron centre. It was also anticipated that the stretching frequency
of the Si–H bond would be impacted on adduct formation and,
indeed, a broad band at 1,918 cm−1 was observed in solid samples
of 2 precipitated from solutions of 1 in neat Et3SiH at 195 K
(Supplementary Fig. 4). The νSi–H stretch for free silane is a sharp
band at 2,103 cm−1; the broadness of the band in 2 is typical of
such νasSi–H-E moieties48. Furthermore, when samples of d1-2 are
prepared using Et3Si–D, this band shifted from its position at
1,918 cm−1 to ∼1,400 cm−1 in the fingerprint region of the spectrum
(Supplementary Fig. 4).

That we were able to perform infrared spectroscopy on solid
samples of 2 encouraged us to pursue the compound’s crystalliza-
tion for the purpose of structural analysis by X-ray diffraction.
When neat Et3SiH was layered onto a toluene solution of bora-
indene 1 at −35 °C in a 5 mm glass tube and allowed to diffuse
slowly together, X-ray quality crystals were obtained and the struc-
ture determined; a thermal ellipsoid depiction of the molecular
structure is given in Fig. 4 along with selected metric parameters.
In 2, the silane binds the borane via the Si–H bond, to form a some-
what bent Si1–H1–B1 bridge (157°). The bridging hydrogen H1 was
found and refined on the difference map, which provided Si1–H1 and
B1–H1 bond distances of 1.51(2) and 1.46(2) Å, respectively. Thus,
the hydrogen remained mainly associated with silicon because
typical Si–H distances are ∼1.48 Å (ref. 47), whereas B–H distances
in perfluoroaryl hydridoborate anions are around 1.14 Å (ref. 49)
and 2 can be viewed as a Lewis acid/base adduct rather than an ion
pair of the form [Et3Si]

+[HB(ArF)3]
−. Although the interaction is

weak, the boron centre is significantly pyramidalized relative to the
planar boron in 146, with the sum of the C–B–C angles amounting
to 344.3(2)°. The adduct also appears stabilized by secondary C–
H···F van der Waals interactions as evidenced by close contacts
between F9 and C27 (3.138(3) Å) and F4 and C29 (3.262(2) Å).

Adduct 2 was studied further by density functional theory (see
the Supplementary Information). Most of the optimized structural

parameters of 2 correspond well with those in the crystal structure
(Fig. 4, caption), but the calculated Si1–H1 bond length and the
non-bonded distances between the F and C atoms are longer than
those in the X-ray structure. This can be explained by the uncer-
tainty in the location of the bridging hydrogen in the difference-
density map and crystal-packing effects that are not accounted for
in gas-phase calculations. An atoms-in-molecules analysis50 of the
Si1–H1 bond critical point in 2 yields properties comparable to
those for the Si–H bond in the free silane, which indicates locally
similar electronic structures. In contrast, the data for the B1–H1
bond critical point in 2 differ considerably from results obtained
for the anion [HB(C6F5)3]

−, which supports the view of 2 as a
Lewis acid/base adduct. The calculated enthalpy associated with
silane binding, ΔH°calc, is −21 kJ mol−1, which is in agreement
with the value obtained from the van’t Hoff analysis; the corre-
sponding ΔG°calc is 32 kJ mol−1.

To probe the stability of 2 further, calculations were carried out
to compare the bonding in 2 to that in the Et3SiH adduct with
B(C6F5)3 (that is, I in Fig. 1) and in the hypothetical adduct with
perfluoroarylborole V (denoted VI). The calculated enthalpies and
Gibbs energies (Table 1) show that adduct I is clearly the weakest
of the three, whereas adduct VI is predicted to be as strongly
bound as 2. A further decomposition of the borane–silane
bonding interaction allows quantification of the energy components
that arise from distortion of fragment geometries (ΔEdist) and elec-
tronic (bonding) effects that stabilize the adducts (ΔEinst). Adduct I
has the smallest distortion energy, but is nevertheless the least
bound because of it has the weakest bonding interaction.
Although the distortion energies in 2 and, in particular, VI are
greater than that in I, the difference is more than compensated by
stronger bonding interactions between the boraindene/borole and
silane. The data in Table 1 also suggest that the Lewis acidity of
the investigated boranes decreases in the series V > 1 > B(C6F5)3, a
notion corroborated by calculated hydride affinities of −593, −564
and −538 kJ mol−1, respectively. Thus, a fine balance between
steric and electronic effects, rather than the high Lewis acidity of
1 alone, explains the stability of adduct 2.

The characterization of 2 in both solution and the solid state rep-
resents the first direct evidence for the long-proposed activation of
silane by perfluoroarylboranes7. Although intramolecular Si–H···B
interactions have been noted51, the intermolecular silane borane
adduct 2 is explicitly relevant to metal-free, FLP20-mediated hydro-
silylations of unsaturated functions. To demonstrate that adduct 2
reacts in ways that are consistent with the mechanistic proposals
in Fig. 1, we examined its reactivity towards a simple nucleophile
(Fig. 5). Boraindene 1 and silane were dissolved in toluene and
cooled to −78 °C, and then 1 equiv. of dry bis(triphenylphosphine)
iminium chloride, [PPN]+[Cl]−, added to form, immediately and
quantitatively, the [PPN]+ salt of the hydridoborate anion, 3, and
Et3SiCl (Fig. 5a). The latter was identified by comparison with an
authentic sample, whereas 3 exhibited 11B NMR (−16.2 ppm) and
1H NMR (1.6 ppm, 1JBH = 90 Hz) data consistent with the
formation of a hydridoborate49. The chloroborate 4 that might be
expected to form competitively (Fig. 5a) was not observed; this
was confirmed by synthesizing it separately from 1 and

B1

Si1

H1

F4

C29

F9

C27

C9

C8

C1

Figure 4 | Crystal structure of boraindene–silane adduct 2 (50%
probability ellipsoids). For hydrogen, only the bridging hydrogen atom H1 is
shown. Boron, silicon, carbon, fluorine and hydrogen atoms are in pink,
light green, charcoal grey, lime green and grey, respectively. Red dashes
indicate the close non-bonded contacts. Selected bond lengths (Å),
non-bonded distances (Å) and bond angles (°) [calculated values]:
B1–C1 = 1.616(3) [1.607], B1–C8 = 1.608(3) [1.594], B1–C9 = 1.605(3)
[1.597], B1–H1 = 1.46(2) [1.402], Si1–H1 = 1.51(2) [1.608], F4–C29= 3.262(2)
[4.717], F9–C27= 3.138(3) [3.171], C1–B1–C8 = 100.58(15) [100.91],
C1–B1–C9 = 122.89(16) [121.06], C8–B1–C9 = 120.84(17) [122.57],
B1–H1–Si1 = 157 [154.45].

Table 1 | Calculated bonding parameters of the adducts 2,
I and VI.

Adduct ΔH°calc
(kJ mol−1)

ΔG°calc
(kJ mol−1)

ΔEdist
(kJ mol−1)*

ΔEinst
(kJ mol−1)*

2 −21 32 75 −102
I −6 56 68 −79
VI −20 42 103 −129

*The sum of ΔEdist and ΔEinst equals ΔHcalc at 0 K.
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(refs 26,34), but still rather weak, and the unfavourable entropic
term renders the equilibrium approximately thermoneutral at
room temperature (Fig. 2d, inset), completely consistent with
our macroscopic and spectroscopic observations.

We depict the adduct as being bonded via a Si–H···B bridge; this
is consistent with computed structures for adducts that involve

B(C6F5)3 (refs 26,34). The variable-temperature 1H NMR and infra-
red spectra for 2 provide experimental support for this assignment.
As the temperature was lowered from 298 to 213 K, the signal for the
silane hydrogen in the 1H NMR spectrum moved more than 1 ppm
upfield (Fig. 3a). An expansion of this signal to render the 29Si sat-
ellites visible shows clearly that, as the temperature was lowered and

F5C6

F5C6 B

C6F5

F

F

F

F
+    Et3Si–H

Keq2 Keq2
B

F5C6

F5C6
C6F5

F

F
F

F

H
Si

2

a b

dc

1

0

–0.01

0.0028

200 250

T (K)

300

0.0038 0.0048

–0.02

–0.03
0

–4

–8

–12
–0.04–R

In
K

eq
2 

(k
J 

K
–1

 m
ol

–1
)

∆G
° 

(k
J 

m
ol

–1
)

1/T (K–1)

–0.05

–114 –118 –122 –126 –130 –134 –138

f1 (ppm)

–142 –146 –150 –154 –158 –162 –166

C6F6

298 K 195 K

275 K

300 K

259 K

243 K

227 K

211 K

195 K

Figure 2 | Equilibrium formation of borane–silane adduct 2. a, Schematic representation of adduct formation between 1,2,3-tris(pentafluorophenyl)-4,5,6,7-
tetrafluoro-1-boraindene, 1, and triethylsilane, an example of equilibrium Keq2 as depicted in Fig. 1. b, The visible colour change observed on cooling solutions
of 1 and Et3SiH from room temperature to 195 K with dry ice/acetone; on warming, the red colour of 1 returns. c, Variable-temperature 19F NMR spectra of
this mixture, internally referenced to C6F6, illustrate the significant perturbation in the chemical shift of the fluorine atom ortho to the boraindene boron
atom (resonance marked by the red circle). d, Van’t Hoff analysis of the equilibrium, which yields thermodynamic parameters ΔH° = −29.7(3) kJ mol−1 and
ΔS° = −100(1) J mol−1 K−1 for Keq2; inset gives a plot of ΔG° versus temperature.
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Figure 3 | Partial proton NMR spectrum of solutions of 1 and Et3Si–H. a, Region of the spectrum showing the upfield shift for the Si–H resonance as the
temperature is lowered and the equilibrium Keq2 favours adduct 2. b, Overlaid and expanded resonance showing the steady contraction in the one-bond Si–H
coupling constant as the equilibrium shifts towards adduct 2.
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ヒドロシラン・ボラン錯体
Si-H----B相互作用を 
X線結晶解析で確認

14族2価ヒドリドでC=Oのヒドロホウ素化14族2価化学種はLewis酸性あり

thanks to 笹森貴裕 教授(名古屋市立大学)

2 rapidly hydrometallate the bulky, unactivated ketone, O
C(Pri)2, at ambient temperature, (DipNacnac)GeH reacts only
slowly (over 12 h) with activated ketones (e.g., OC(Ph)-
(CF3)),

13 and forcing conditions (110 °C, 12 h) are required for
(DipNacnac)SnH to hydrostannylate the bulky aliphatic ketone,
OC(cyclopropyl)2.

14 Undoubtedly, the empty p-orbital
available at the metal centers of 1 and 2 give rise to their
markedly enhanced reactivity, relative to intramolecularly base
stabilized (DipNacnac)MH. The two-coordinate nature of 3−6 is
also the most likely reason why they subsequently react cleanly
with 1 equiv of HBpin at ambient temperature (though at slower
rates than the hydrometalation reactions) to give the borate
esters, pinBOC(H)(Pri)2 and pinBOC(H)2(PhOMe-4)2, and to
regenerate the metal hydrides, 1 and 2. Furthermore, the
generated borate esters are unreactive toward regenerated 1 or 2.
These results gave a strong indication that 1 and 2 could act as
efficient catalysts for the hydroboration of carbonyl compounds.
This was systematically explored, though given the fact that 2

slowly decomposes in solution at ambient temperature (over 2
days),3a the thermally stable, monomeric precatalyst, L†SnOBut

(see Supporting Information (SI)) was used for the tin based
studies. Prior to the catalytic runs, it was confirmed that this does
not itself react with the carbonyl substrates, but does react rapidly
and cleanly with excess HBpin to generate 2 in situ. One other
advantage of the use of L†SnOBut is that it is considerably more
moisture and oxygen tolerant than 2. With regard to the
hydroboration of aldehydes (see Table 1), (pre)catalyst loadings
of only 0.05 mol % were typically required to generate the borate
ester product, essentially quantitatively, and often in under 1 h.
As the experiments were carried out in NMR tubes and
monitored by 1H NMR spectroscopy, a number of the tin
catalyzed reactions (i.e., those marked time <0.15 h) were
complete before the reaction mixture could be analyzed. Indeed,
a qualitative visual assessment of all such reactions suggested that
they were complete in <1 min and, therefore, that their turnover
frequencies are likely to be considerably higher than the already
impressive quoted lower limit of 13 300 h−1.

Chart 1. Catalysts Used in This Study

Figure 1. Thermal ellipsoid plot (20% probability surface) of (a)
L†GeOC(H)(Pri)2 3 and (b) L†GeOC(H)2(PhOMe-4) 5 (hydrogen
atoms omitted). Selected bond lengths (Å) and angles (deg) for 3/5:
Ge(1)−N(1) 1.883(3)/1.877(2), Ge(1)−O(1) 1.797(3)/1.8120(19),
N(1)−Ge(1)−O(1) 99.44(14)/97.49(9).

Table 1. Hydroborations of Aldehydes, RC(H)O, Catalyzed
by 1 or 2 (see Scheme 1)

cat.a loading (mol %) R time (h)b yield (%)c TOF (h−1)d

2 0.05 Ph 2.5 >99 800
2 0.05 PhBr-4 4.5 >99 450
2 0.05 PhOMe 5 >99 400
2 0.05 Et <0.15 >99 >13 300e

2 0.05 Pri <0.15 >99 >13 300e

2 0.05 Cy <0.15 >99 >13 300e

1 1 Ph 1.5 >99 67
1 1 PhBr-4 4 >99 25
1 1 PhOMe 6 >99 17
1 0.05 Et 1 >99 2000
1 0.05 Pri 0.4 >99 5000
1 0.05 Cy 0.33 >99 6000

aCatalyst 2 generated in situ using the precatalyst, L†SnOBut. bAll
reactions carried out in d6-benzene at 20 °C using 1 equiv of HBpin.
cObtained by integration of RCH2OBpin signal against tetramethylsi-
lane internal standard. dTurnover frequency - average value for
complete reaction. eTOF lower limit.

Table 2. Hydroborations of Ketones, (R1)(R2)CO, Catalyzed
by 1 or 2 (see Scheme 1)

cat.a
loading
(mol %) R1 R2

time
(h)b

yield
(%)c

TOF
(h−1)d

2 0.5 Ph CF3 <0.15 >99 1330
2 0.5 Ph Ph 2.5 95 80
2 0.5 PhOMe Me 0.25 98 800
2 0.5 PhEt-4 Me 0.25 >99 800
2 0.5 Ph C(O)Phe 0.33 96 600
2 0.5 Cyf 1.75 96 115
2 1 CyMe-2g 0.5 99 200
2 0.5 2-cyclohexenee,h 0.5 >99 400
2 0.5 Adi 2.5 95 80
2 2 Pri Pri 24 95 1.7
1 2.5 Ph CF3 0.25 >99 160
1 1.25 Ph Ph 48 >99 1.7
1 2.5 PhOMe Me 1.33 >99 30
1 2.5 PhEt-4 Me 1 >99 40
1 5 Ph C(O)Phe 0.4 94 50
1 5 Cyf <0.15 >99 130
1 5 CyMe-2g 0.5 >99 40
1 2.5 2-cyclohexenee,h 1 >99 40
1 1.25 Adi 4 >99 20
1 1.25 Pri Pri 168 80 0.47

aCatalyst 2 generated in situ using the precatalyst, L†SnOBut. bAll
reactions carried out in d6-benzene at 20 °C using 1 equiv of HBpin
(unless stated otherwise). cObtained by integration of R2CHOBpin
signal against tetramethylsilane internal standard. dTurnover frequency
- average value for complete reaction. e2 equiv of HBpin.
fCyclohexanone. g2-Methylcyclohexanone. h2-Cyclohexen-1-one.
iAdamantanone.

Scheme 1. Proposed Cycle for the Hydroboration of Carbonyl
Compounds, (R1)(R2)CO (R1/R2 = Alkyl, Aryl or H),
Catalyzed by L†MH (M = Ge or Sn)
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B-Hとのトランスメタル化で進行
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silicon ether in good yield (2a - 13a, Table 1, entry 1). No
defunctionalisation was detected. Conversely, benzophenone
was not participating in the catalysis at all (2b, Table 1,
entry 2). This rather unexpected result might be explained by

the relative hydride affinities of silylcarboxonium ions 12a and
12b (cf. Scheme 3): two phenyl groups (as in 12b) lend more
stabilization to such intermediates than just one (as in 12a).
The same rationale applies to naphthyl- and other electron-
rich phenyl-substituted ketones (2c–2f, Table 1, entries 3–6).
Only 2g–2i displayed the reactivity of 2a (2g–2i - 13g–13i,

Table 1, entries 7–9), and the slightly more hindered substrates
2g and 2i showed a low level of diastereocontrol. The lack
of facial selectivity might be interpreted in support of the
hypothesis that silicon-to-carbon hydride transfer passes
through an acyclic transition state (12 - 13, Scheme 3),15

not involving the oxygen atom (cf. 4 - 5 - 6, Scheme 1).
The poor reactivity of ketones 2b–2f might be overcome at

elevated reaction temperatures. The upper temperature limit of
!30 1C is set by the chemical stability of silylium ion 11 in
CH2Cl2.

12 However, even an increase from !60 1C to !45 1C
partially resulted in ipso alkylation of the ferrocene in several
cases (10 - 14, Scheme 5). We further analyzed this finding in
the reduction of acetophenone at !45 1C: the silicon ether
formed in the carbonyl-to-hydroxy reduction (2a - 13a) was
readily converted into the alkylated ferrocene in 55% isolated
yield (13a - 14a). Treatment of an independently prepared
sample of 13a under the standard reaction conditions at!45 1C
afforded 14a in 38% isolated yield. This set of data indicates to
us that reduction occurs at higher reaction temperatures,
followed by carbenium ion formation (cf. Scheme 1). The
thus formed strong electrophile is then attacked by any of
the present silylated ferrocenes, e.g., 13 or (tBuFcMeSi)2O
(Fc = ferrocenyl), to undergo a Friedel–Crafts reaction.
These experiments clearly reveal that the stability or, more

precisely, the hydride affinity of the intermediate silylcarboxonium
ion profoundly effects this catalysis. Electron-rich 4-MeOC6H4

(as in 2e) is deactivating, electron-poor C6F5 (as in 2h) is
activating (Table 1, entries 5 and 8). The majority of aryl-
substituted substrates forms unreactive 12 (Scheme 3 and
Table 1). Based on this understanding, we expected 12 derived
from purely alkyl-substituted carbonyls to be less stable and
more reactive, and this is indeed the case. All dialkyl ketones
surveyed performed very well (2j–2p - 13j–13p, Table 2).
Diastereoselectivity was again low (vide supra).15

These results are in contrast to the work of Kira et al.;8

silylium ion-catalysed reduction of cyclododecanone (2l)
afforded neither 13l nor cyclododecane but cyclododecene in
high yield.11

To recap, we disclosed here an unprecedented silylium ion-
catalysed reduction of carbonyl compounds, in which any
of the previously reported deoxygenation pathways8,9 are
suppressed. The hydride donor strength of our ferrocenyl-
substituted silane is the decisive feature, allowing for the

Scheme 3 Proposed silylium ion-catalysed reduction of carbonyl

compounds. Counteranion [B(C6F5)4]
! is omitted for clarity.

Scheme 4 Silylium ion-catalysed carbonyl reduction.

Table 1 Reduction of alkyl aryl and diaryl ketones 2a–2ia

Entry

Carbonyl compound 2 Silicon ether 13

No. R1 R2 No. drb Yieldc (%)

1 2a Ph Me 13a 51 : 49 82
2 2b Ph Ph 13b — No reaction
3 2c 2-C10H7 Me 13c — Tracesd

4 2d 1-C10H7 Me 13d — No reactione

5 2e 4-MeOC6H4 Me 13e — No reaction
6 2f 4-MeC6H4 Me 13f 52 : 48 10d

7 2g 2-ClC6H4 Me 13g 78 : 22 97
8 2h C6F5 Me 13h 52 : 48 85
9 2i Ph Et 13i 78 : 22 82

a All reactions were conducted using [Ph3C]
+[B(C6F5)4]

! (5.0 mol%) to
generate 11, and silane (1.2 equiv.) and carbonyl compound (1.0 equiv.)
with a ketone concentration of 0.2 M in CH2Cl2 at !60 1C. Reactions
were terminated after 212 h.

b Diastereomeric ratio determined by GLC
analysis prior to purification. c Combined yield of analytically pure
mixture of diastereomers after flash chromatography. d Details are
discussed in the text (Scheme 5). e Poor reactivity also due to steric
factors.

Scheme 5 Deoxygenation—Friedel–Crafts sequence {[Ph3C]
+[B(C6F5)4]

!

(5.0 mol%) was used to initiate the reaction}.
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Arylation of hydrocarbons enabled by
organosilicon reagents and weakly
coordinating anions
Brian Shao,* Alex L. Bagdasarian,* Stasik Popov, Hosea M. Nelson†

Over the past 80 years, phenyl cation intermediates have been implicated
in a variety of C–H arylation reactions. Although these examples have inspired
several theoretical and mechanistic studies, aryl cation equivalents have received
limited attention in organic methodology. Their high-energy, promiscuous reactivity
profiles have hampered applications in selective intermolecular processes. We
report a reaction design that overcomes these challenges. Specifically, we found
that b-silicon–stabilized aryl cation equivalents, generated via silylium-mediated
fluoride activation, undergo insertion into sp3 and sp2 C–H bonds. This reaction
manifold provides a framework for the catalytic arylation of hydrocarbons,
including simple alkanes such as methane. This process uses low loadings of
Earth-abundant initiators (1 to 5 mole percent) and occurs under mild conditions
(30° to 100°C).

S
ince 1891, when Merling unknowingly pre-
pared an aromatic tropylium ion (1), carbo-
cations have played a substantial role in
the development of organic chemistry as
a field of scientific and practical endeav-

or (2). Conceptually, carbenium ions serve as
retrons, guiding the design of retrosynthetic
analyses and elucidating the selection of synthet-
ic equivalents (3). Practically, carbocations are
equally important, as stabilized variants are rou-
tinely generated and used in standard synthetic
transformations (4). On the other hand, carbo-

cations that are divalent, and/or are not stabilized
by resonance donating groups or hyperconju-
gation, are not easily manipulated or used in
routine transformations (5). Although exquis-
ite fundamental studies of these more reactive
species have revealed remarkable reactivity pro-
files (6), studies aimed at methodological advances
in this area are rare (7, 8). This is particularly
true for phenyl cations. Their reactive nature has
thwarted characterization in the condensed phase,
and even their existence as reactive intermediates
remains a matter of debate (9–11).

We sought to discover a phenyl cation equiva-
lent that could be used in catalytic, intermolecular
C–H arylation reactions. We were inspired by
seminal reports of analogous reactivity over the
past 80 years. In the 1930s, Mascarelli reported
that the thermolysis of aryl diazonium salt 1 led
to the formation of fluorene 2, presumably via
C–H insertion of a phenyl cation intermediate
(Fig. 1A) (12). More recently, reports from Albini’s
group (13, 14) suggested that photogenerated
phenyl cations participate in intramolecular C–H
insertion reactions; Siegel and co-workers (15, 16)
proposed the intermediacy of phenyl cations
in the silylium-mediated intramolecular Friedel-
Crafts reaction of aryl fluorides (Fig. 1B); and
Reed and co-workers (17) presented evidence
for incipient aryl cations, where the structure
of a phenyl halonium salt of undecachlorinated
monocarba-closo-dodecaborate anion (3; Fig. 1C)
was elucidated by x-ray crystallography (17).
Despite these fundamental breakthroughs, cata-
lytic intermolecular reactions of phenyl cation
equivalents have been elusive. Considering
these seminal efforts, as well as the frontier
molecular orbital analogy that can be made
with singlet carbene species (18, 19), we pursued
the application of phenyl cation equivalents
in catalytic, intermolecular C–H functional-
ization reactions such as those depicted in
Fig. 1C.
We envisioned that b-silylated aryl fluorides

(4a; Fig. 2A) would be particularly well suited
as phenyl cation precursors for several reasons:
(i) We anticipated that b-silicon stabilization
would lower the barrier for fluoride abstrac-
tion and temper the s-electrophilicity of the
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Fig. 1. Reactions involving putative phenyl cations. (A) Mascarelli’s reaction (12). (B) Siegel’s intramolecular Friedel-Crafts reaction of aryl fluorides (15).
(C) Our dual C–F/C–H functionalization strategy. R = ethyl or triisopropyl; R1 = aryl, alkyl, halide, or silyl ether; WCA, weakly coordinating anion; TMS,
trimethylsilyl; Mes, mesityl; Me, methyl; cat., catalytic.
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Lewis塩基触媒反応
Morita-Baylis-Hillman反応

3+2 付加環化

アルコールアシル化の動的速度論分割
(20 mol %) in the coupling of cyclic enones and aliphatic
aldehydes using THF as the solvent.[27] The mild Brøn-
sted acid additive improved yields from 23% to near
quantitative. While optically active (R)-BINOL failed
to induce enantioselectivity in the reaction of hydrocin-
namaldehyde and 2-cyclopentenone, a calcium Lewis
acid cocatalyst [Caþ2-(R)-BINOL, 16 mol %] with
PBu3 (10 mol %) gave the desired Morita–Baylis–Hill-
man adduct in 62% yield and 56% ee.
Recently Schaus and coworkers reported the applica-

tion of partially saturated BINOL derivatives substitut-
ed at the 3/3’ positions as cocatalysts in the coupling of 2-
cyclohexenone and various aldehydes in the presence of
triethylphosphine [Eq. (16), Scheme 2.8].[28] Good
yields and good to excellent enantioselectivities (67–
96% ee) were obtained with several aldehydes, with ali-
phatic aldehydes giving higher selectivity than unsatu-
rated or aromatic aldehydes. Presumably the Brønsted
acid stabilizes the enolate formed from the Michael ad-
dition of the phosphine and then remains hydrogen-
bound for the subsequent enantio-determining addition
to the aldehyde. Catalysts with two hydrogen bonding
partners are necessary as the mono-O-methylated cata-
lysts gave low conversion and <4% ee.
Amodification to the traditional Morita–Baylis–Hill-

man reaction was developed by Shi and coworkers
wherein aldehydes are replaced by more reactive N-ar-
ylidene-4-methylbenzenesulfonamides, giving a-alkyli-
dene-b-amino carbonyl compounds (Scheme 2.9).[29] 2-
Cyclopentenone [Eq. (17)] or methyl vinyl ketone
[Eq. (18)] reacted in the presence of a phosphine cata-
lyst and activated imines deriving from a variety of elec-
tronically-rich and electronically-deficient aromatic al-
dehydes to give the coupling products in good yield.
Phosphine catalysts were generally superior to tertiary
amine catalysts for these reactions. However similar re-
action with 2-cyclohexenone [Eq. (19)] gave a mixture
of products, the Morita–Baylis–Hillman product, and
two diastereomeric bicyclic products resulting from ini-
tial aldol reaction at C-6 followed by intramolecularMi-
chael addition of the sulfonamide. Morita–Baylis–Hill-
man reactions with chiral non-racemic N-sulfinimines
[Eq. (20)] gave a ca. 9 :1 diastereomeric ratio of allylic
amines using dimethylphenylphosphine as the catalyst.
Use of PBu3 gave only a 3 :1 diastereomeric ratio, while
PPh2Me or DABCO did not catalyze the reaction.[30]

Following the discovery that the aza-Morita–Baylis–
Hillman reaction of methyl vinyl ketone with N-tosyl-
benzaldimines can be catalyzed by triphenylphosphine,
Shi and coworkers sought a chiral phosphine for an
asymmetric version of this reaction. They found that
the 2’-diphenylphosphanyl-[1,1’]binaphthalenyl-2-ol
catalyst shown in Scheme 2.10 catalyzed the reaction
with a variety of N-tosylbenzaldimines at "30 8C with
good to excellent enantiomeric excess (81–92% ee).[31]

The reaction was much slower with acrylate esters, re-
quiring a reaction temperature of 40 8C in CH2Cl2 to af-

Scheme 2.6. Discovery of the Morita–Baylis–Hillman reac-
tion, Morita (1968).

Scheme 2.7. Intramolecular Morita–Baylis–Hillman reaction.

Scheme 2.8. A catalytic asymmetric Morita–Baylis–Hillman
reaction.

Nucleophilic Phosphine Organocatalysis REVIEWS
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In general, there has been only very limited progress to
date in the development of effective phosphine-based meth-
ods for asymmetric nucleophilic catalysis.[6] We recently
reported that phosphepine 2, which was originally designed
as a ligand for metal-catalyzed processes,[7] catalyzes [4+2]
annulations of allenes with imines to generate piperidine
derivatives with good enantioselectivity.[6c,8] Since that initial
study, we have been exploring the utilization of this phos-
phepine for a wide array of nucleophile-catalyzed reactions.
Herein, we establish that 2 catalyzes enantioselective [3+2]
cycloadditions of allenes with a variety of b-substituted a,b-
unsaturated enones to produce highly functionalized cyclo-
pentenes that contain two contiguous stereocenters [Eq. (3)].

In a preliminary investigation, we surveyed the use of
phosphepine 2 and a variety of commercially available mono-
and bisphosphines as catalysts for the asymmetric cyclo-
addition of ethyl-2,3-butadienoate and chalcone (Table 1).
Whereas 2 furnishes the target cyclopentene in good yield, ee,
and regioselectivity (Table 1, entry 1), the other phosphines
are either ineffective as catalysts (Table 1, entries 2–4) or
provide relatively poor enantiomeric excess (Table 1,
entries 5–7).

Phosphepine 2 catalyzes the asymmetric [3+2] cyclo-
addition of allenes with a wide array of enones (Table 2).[9] It
is worth noting that these are the first such processes that
employ b-substituted a,b-unsaturated carbonyl compounds
(other than diethyl maleate)[10] and that the opposite regio-
isomer is produced preferentially as compared with substrates
that lack a b substituent [cf. Eq. (1)].[4,5]

The desired cyclopentene is generated in good enantio-
meric excess for both electron-rich and electron-poor chal-
cone derivatives (Table 2, entries 2–6), although cycloaddi-

tions of electron-rich substrates proceed somewhat less
efficiently and therefore require additional allene (2.0
equivalents, rather than 1.2; Table 2, entries 4 and 6). The
method tolerates heterocyclic substituents in either the b
position (Table 2, entries 7 and 8) or attached to the carbonyl
group (Table 2, entries 9 and 10) of the enone.

Table 1: Survey of chiral phosphine catalysts for the [3+2] cycloaddition
of allenes with enones.[a]

Entry Phosphine[b] Yield [%][c] ee [%][d] A :B

1 (R)-2 64 88 13:1
2 (S)-binapine 0 – –
3 (R)-binap 2 50 >20:1
4 (R)-nmdpp 4 !4 11:1
5 (R,R)-Me-bpe 61 !4 6:1
6 (R,R)-ferrotane 64 11 7:1
7 (R,R)-Et-DuPhos 61 58 7:1

[a] All data are the average of two experiments. [b] binap = 2,2’-
Bis(diphenylphosphanyl)-1,1’-binaphthyl, nmdpp = neomenthyldiphe-
nylphosphine. Molecular structures of (S)-binapine, (R,R)-Me-bpe, (R,R)-
ferrotane, and (R,R)-Et-DuPhos are shown in Ref. [17]. [c] Yield of
isolated A and B. [d] Enantiomeric excess of A. A negative value for ee
signifies that the shown enantiomer of cyclopentene A is the minor
product, rather than the major.

Table 2: Synthesis of functionalized cyclopentenes through catalytic
asymmetric [3+2] cycloadditions.[a]

Entry R R1 Yield [%][b] ee [%][c] A :B

1 Ph Ph 64 88 13:1
2 Ph 4-chlorophenyl 76 82 7:1
3 Ph 4-methylphenyl 61 87 20:1
4 Ph 4-methoxy-

phenyl
54 88 >20:1

5 4-chlorophenyl Ph 74 87 9:1
6 4-methoxy-

phenyl
Ph 67 87 10:1

7 2-furyl Ph 69 88 3:1
8[d] 2-quinolyl Ph 52 88 20:1
9[d] 4-chlorophenyl 2-(5-methyl-

furyl)
54 89 >20:1

10 Ph 2-thienyl 74 90 6:1
11 C"CC5H11 Ph 65 85 6:1
12 C"CTES Ph 70 87 >20:1
13 C5H11 Ph 39[e] 75 >20:1

[a] All data are the average of two experiments. All cycloadditions
employed 1.2 equiv of allene, except for entries 4, 6, 7, and 13, for which
2.0 equiv was used. [b] Yield of isolated A and B. [c] Enantiomeric excess
of A. [d] Because of the low solubility of the enone in toluene, CH2Cl2 was
employed as a co-solvent. [e] The enone can be recovered in 56% yield.
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ods for asymmetric nucleophilic catalysis.[6] We recently
reported that phosphepine 2, which was originally designed
as a ligand for metal-catalyzed processes,[7] catalyzes [4+2]
annulations of allenes with imines to generate piperidine
derivatives with good enantioselectivity.[6c,8] Since that initial
study, we have been exploring the utilization of this phos-
phepine for a wide array of nucleophile-catalyzed reactions.
Herein, we establish that 2 catalyzes enantioselective [3+2]
cycloadditions of allenes with a variety of b-substituted a,b-
unsaturated enones to produce highly functionalized cyclo-
pentenes that contain two contiguous stereocenters [Eq. (3)].

In a preliminary investigation, we surveyed the use of
phosphepine 2 and a variety of commercially available mono-
and bisphosphines as catalysts for the asymmetric cyclo-
addition of ethyl-2,3-butadienoate and chalcone (Table 1).
Whereas 2 furnishes the target cyclopentene in good yield, ee,
and regioselectivity (Table 1, entry 1), the other phosphines
are either ineffective as catalysts (Table 1, entries 2–4) or
provide relatively poor enantiomeric excess (Table 1,
entries 5–7).

Phosphepine 2 catalyzes the asymmetric [3+2] cyclo-
addition of allenes with a wide array of enones (Table 2).[9] It
is worth noting that these are the first such processes that
employ b-substituted a,b-unsaturated carbonyl compounds
(other than diethyl maleate)[10] and that the opposite regio-
isomer is produced preferentially as compared with substrates
that lack a b substituent [cf. Eq. (1)].[4,5]

The desired cyclopentene is generated in good enantio-
meric excess for both electron-rich and electron-poor chal-
cone derivatives (Table 2, entries 2–6), although cycloaddi-

tions of electron-rich substrates proceed somewhat less
efficiently and therefore require additional allene (2.0
equivalents, rather than 1.2; Table 2, entries 4 and 6). The
method tolerates heterocyclic substituents in either the b
position (Table 2, entries 7 and 8) or attached to the carbonyl
group (Table 2, entries 9 and 10) of the enone.

Table 1: Survey of chiral phosphine catalysts for the [3+2] cycloaddition
of allenes with enones.[a]

Entry Phosphine[b] Yield [%][c] ee [%][d] A :B

1 (R)-2 64 88 13:1
2 (S)-binapine 0 – –
3 (R)-binap 2 50 >20:1
4 (R)-nmdpp 4 !4 11:1
5 (R,R)-Me-bpe 61 !4 6:1
6 (R,R)-ferrotane 64 11 7:1
7 (R,R)-Et-DuPhos 61 58 7:1

[a] All data are the average of two experiments. [b] binap = 2,2’-
Bis(diphenylphosphanyl)-1,1’-binaphthyl, nmdpp = neomenthyldiphe-
nylphosphine. Molecular structures of (S)-binapine, (R,R)-Me-bpe, (R,R)-
ferrotane, and (R,R)-Et-DuPhos are shown in Ref. [17]. [c] Yield of
isolated A and B. [d] Enantiomeric excess of A. A negative value for ee
signifies that the shown enantiomer of cyclopentene A is the minor
product, rather than the major.

Table 2: Synthesis of functionalized cyclopentenes through catalytic
asymmetric [3+2] cycloadditions.[a]

Entry R R1 Yield [%][b] ee [%][c] A :B

1 Ph Ph 64 88 13:1
2 Ph 4-chlorophenyl 76 82 7:1
3 Ph 4-methylphenyl 61 87 20:1
4 Ph 4-methoxy-

phenyl
54 88 >20:1

5 4-chlorophenyl Ph 74 87 9:1
6 4-methoxy-

phenyl
Ph 67 87 10:1

7 2-furyl Ph 69 88 3:1
8[d] 2-quinolyl Ph 52 88 20:1
9[d] 4-chlorophenyl 2-(5-methyl-

furyl)
54 89 >20:1

10 Ph 2-thienyl 74 90 6:1
11 C"CC5H11 Ph 65 85 6:1
12 C"CTES Ph 70 87 >20:1
13 C5H11 Ph 39[e] 75 >20:1

[a] All data are the average of two experiments. All cycloadditions
employed 1.2 equiv of allene, except for entries 4, 6, 7, and 13, for which
2.0 equiv was used. [b] Yield of isolated A and B. [c] Enantiomeric excess
of A. [d] Because of the low solubility of the enone in toluene, CH2Cl2 was
employed as a co-solvent. [e] The enone can be recovered in 56% yield.
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50.1% conv. 94.9% ee 95.3% ee
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CO2Et
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+

PPh3
(10 mol%)

CO2Et

CO2Et

CO2Et

R = Ph, R1 = 4-MeOC6H4, 54%, 88% ee, A:B = >20:1

反応機構は左と同じ
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This perspective article discusses developments of metal-free hydrogenation catalysts derived from
“frustrated Lewis pair” (FLP) systems. The range of catalysts uncovered and the applications to reductions
of imines, aziridines, enamines, silyl enol ethers, diimines, metallocene derivatives and nitrogen-based
heterocycles are described. In addition, FLP aromatic reduction of aniline derivatives to the
cyclohexylamine analogs is discussed. The potential applications of these metal-free reductions are
considered.

Introduction

Five years ago, the term “frustrated Lewis pairs” (FLPs) was first
used to describe combinations of Lewis acids and bases in which
steric demands precluded the formation of classical Lewis acid–
base adducts.1 Although the phenomenon of steric demands pre-
cluding adduct formation had been previously recognized by
Brown et al.,2 Wittig and Benz3 and Tochtermann4 as early as 70
years ago, the implications for further reactivity was not con-
sidered at that time.

In 2006, we discovered that sterically encumbered phosphorus
and borane acids and bases could activate H2.

5,6 This first metal-
free heterolytic cleavage of H2 prompted a variety of further
studies demonstrating the unique reactivity of FLPs and their
ability to activate a variety of small molecules. Several compre-
hensive reviews7–10 have chronicled the rapid growth of FLP
chemistry over the last few years; each in turn describing the
growing knowledge of FLP reactivity. We have now reached a
point in the development of this emerging field where some
aspects of FLP chemistry may be of synthetic utility to the
organic chemist. Specifically, this perspective article focuses on
FLP hydrogenations. Herein, we illustrate the variety of FLP cat-
alysts that have been studied and discuss the range of substrates
where FLP reductions have been shown to be effective in cata-
lyzing hydrogenation. It is our hope that this review will stimu-
late both the application and further development of new
synthetic strategies that exploit the paradigm of FLP reductions.

Mechanism of FLP hydrogenations

The ability of simple combinations of sterically encumbered
Lewis acids and bases (i.e. an FLP) to heterolytically cleave H2

generated the following question: Can one effect consecutive
delivery of proton and hydride to an organic substrate? If so, this
would yield a metal-free hydrogenation system that would regen-
erate the FLP to further activate H2, yielding a catalytic process.
Indeed, this hypothesis was first demonstrated to be true for
nitrogen-based unsaturated molecules. The mechanism of such
metal-free imine reductions has been shown to proceed via
initial protonation of the imine, followed by hydride transfer
from the hydridoborate to the iminium carbon (Scheme 1).11,12

This net transfer of proton and hydride from the phosphonium-
borate to the imine regenerates the Lewis acid–base pair, which
are then available for subsequent activation of H2 regenerating
the phosphonium-borate. This mechanism is consistent with the
observed reactivity trends in which the electron-rich imine,
tBuNvCPh(H) is reduced significantly faster than the electron-
poor imine, PhSO2NvCPh(H). In addition, the phosphonium-
borate (Cy3P)(C6F4)BH(C6F5)2

13 was shown not to react with
imine. These results are consistent with initiation of the imine
reduction via protonation.

Scheme 1 Mechanism for FLP hydrogenation of imine.
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to potential herbicides, the N-propyl and benzyl analogs of the
antidepressant sertraline, and CF3C6H4CMevNCH2Ph, a pre-
cursor to anti-cancer and herbicide candidates were readily
reduced using this FLP strategy (Scheme 8). In contrast,
reduction of fentanyl, a potent analgesic narcotic was low yield-
ing; presumably a result of coordination of the amine center in
the substrate to the boron center of the catalyst.

Functional group tolerance testing for FLP hydrogenation
using either phosphine-boranes, (1) or the borane (2) showed
that these catalysts remained active in the presence of naphtha-
lene, bulky ethers, n-hexyl acrylate, bulky amines and alkyl and
aryl halides.30 However, the activity was reduced in the presence
of PhNMe2, tBuNH2, carbamate esters, ketones or aldehydes.
Moreover, these catalysts were not functional in the presence of
2,4,6-Me3C6H2OH, but tolerated the presence of 2,6-
tBu2C6H3OH. These data suggest that the first generation of FLP
reduction catalysts have functional group tolerance that is limited
to either non-polar substituents or sterically encumbered donor
functionalities. Nonetheless, optimization of the conditions for
imine reduction showed that using highly pure imine substrates,
FLP reduction can be effected with as little as 0.1 mol% catalyst
at 130 °C and 120 atm H2.

In early efforts to adapt FLP reductions to catalytic asym-
metric hydrogenations, Chen and Klankermayer32 reported the
reduction of PhNvCPh(Me) to the corresponding chiral amine
using (α-pinenyl)B(C6F5)2 (9) to give a 13% enantiomeric
excess in the product. However, building on this strategy, they
subsequently developed other derivatives of these chiral
boranes35 (10, 11) which afforded hydrogenation of prochiral
imines with enantiomeric excesses as high as 83%. In our own
efforts,36 we have employed 2 to catalyze the hydrogenation of
chiral imines with diastereoselectivity. While phenethylamine
derivatives gave varying diastereomeric excesses ranging from
0 to 68%, camphor or menthone derived imines were reduced
with >95% diastereomeric excess.

To broaden the scope of substrates, our group has applied FLP
hydrogenations to substituted nitrogen-heterocycles including
substituted quinolines, phenanthroline, acridine and several
indole derivatives (Scheme 9). For example, using a catalytic

amount of (2) under H2,
31,37–39 the substituted quinolines and

phenanthroline are reduced in 4 h at 25 °C. These species take
up two equivalents of H2 thus saturating the nitrogen-containing
ring. In the case of indole derivatives, higher pressures of H2

(103 bar) and 80 °C for 18 h were required.
It is noteworthy that in a recent paper Soos and co-workers34

have also employed the sterically encumbered borane
B(C6F5)2(C6H2Me3) to effect the FLP hydrogenation of a series
of nitrogen-based heterocycles in yields generally exceeding 80%.

Aniline reductions

Consistent with FLP activation of H2, the combination of the
amine tBuNHPh with an equivalent of (2) in C6D5Br or pentane
solutions under H2 (4 atm) at 25 °C for 12 h resulted in the for-
mation of [tBuNH2Ph][HB(C6F5)3].

40 However, we have
recently reported that subsequent heating of the above reaction
mixture to 110 °C for 96 h under H2 results in the reduction of
the N-bound aromatic ring affording [tBuNH2Cy][HB(C6F5)3]
(Scheme 10). This remarkable reduction has also been achieved
with a variety of other aniline derivatives. For example, hydro-
genation with an equivalent of B(C6F5)3 of iPrNHPh afforded
[iPrNH2Cy][HB(C6F5)3] while hydrogenation of PhCyNH or
Ph2NH gave [Cy2NH2][HB(C6F5)3]. In a similar fashion, iPrNH
(2-MeC6H4), iPrNH(4-RC6H4) (R = Me, OMe), iPrNH(3-
MeC6H4) and iPrNH(3,5-Me2C6H3) were reduced with B(C6F5)3
in toluene under H2 (4 atm) at 110 °C affording the arene-
reduced products [iPrNH2(2-MeC6H10)][HB(C6F5)3], [iPrNH2(4-
RC6H10)][HB(C6F5)3] (R = Me, OMe), [iPrNH2(3-MeC6H10)]-
[HB(C6F5)3] and [iPrNH2(3,5-Me2C6H9)][HB(C6F5)3] in yields
ranging from 61–82%.40

This same strategy was applied to cis-1,2,3-triphenylazirdine.
Treatment with one equivalent of B(C6F5)3 at 110 °C for 96 h,
yielded the salt [CyNH2CHPhCH2Ph][HB(C6F5)3].

40 It is noted

Scheme 8 FLP hydrogenations of several imine substrates.

Scheme 7 FLP hydrogenation of a diimine.

Scheme 9 FLP hydrogenations of nitrogen-based heterocycles.

Scheme 10 Hydrogenation of t-butylaniline.
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酸化還元触媒①
基本コンセプト
重い典型元素は酸化されやすく還元されやすい
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アレーンの酸化的アミノ化

delight, we found that 2,2’-diiodo-4,4’,6,6’-tetramethylbi-
phenyl (3), which was obtained in one step by oxidative
dimerization[10e, 11] of 1-iodo-3,5-dimethylbenzene, catalyzes
the intramolecular amination at an even lower catalyst
loadings, resulting in a shorter reaction time and a better
yield of 2a (Table 2, entry 11). Furthermore, we could
increase the yield of 2a to 77 % by optimization of the
solvent and the amount of the oxidation reagent (Table 2,
entry 13). A further decrease in the catalyst loading resulted
in lower product yields. However, it is impressive that
2 mol% of simple, cheap, and easily accessible organic
substance is sufficient to catalyze intramolecular C!H
amination at room temperature (Table 2, entry 15). The by-
products of the developed methodology are just acetic acid
and water. The desired carbazole was not formed in the
absence of catalyst.[12]

With the optimized reaction conditions in hand, we then
explored the scope and generality of the method. We first
examined the effect of substituents in the aniline part of 2-
acetaminobiphenyl (Scheme 1, products 2a–2 i). In general,
we found that the presence of substituents with different
electronic and steric properties in various positions did not
have an effect on the formation of the carbazole. However,
the reaction of 2-acetamino-3-benzoylbiphenyl required
higher catalyst loading and additional peracetic acid
(Scheme 1, product 2 i). Afterwards, we examined the sub-
stituents in the phenyl part of 2-acetaminobiphenyl
(Scheme 1, products 2 j–2r). To our delight, various groups
with different electronic properties are tolerated and the
developed methodology could be used to construct unsym-
metrically, polysubstituted carbazoles. In the case where two
regioisomers could be formed (Scheme 1, product 2 l), one
product was obtained with good selectivity.

After the development of intramolecular organocatalytic
C!H bond amination, we focused on the intermolecular
version of this reaction. Interestingly, intermolecular amina-
tion had not been reported previously; the corresponding
transition-metal-catalyzed reactions of aniline derivatives
with unactivated arenes led to the formation of C!C bonds
through C!H activation.

In preliminary experiments we tested metal-free condi-
tions using stoichiometric amounts of hypervalent iodine(III).
We were pleased to find that in the test reaction 2H-1,4-
benzoxazin-3(4H)-one reacts smoothly with mesitylene to
give the cross-amination product at room temperature
(Scheme 2, product 6 a). However, our subsequent attempts
to develop organocatalytic transformations using various aryl
iodides and oxidation reagents were unsuccessful. Applica-
tion of 10 mol% of 3 in the presence of AcOOH led to the

Table 2: Optimization of the organocatalytic reaction conditions.[a]

Entry RI RI [mol%] t [h] Yield [%][b]

1[c] PhI 25 15 51
2 PhI 25 16 52
3 4-MeC6H4I 25 16 55
4 3,5-Me2C6H3I 25 16 55
5 4-MeOC6H4I 25 16 <10
6 4-FC6H4I 25 16 48
7 4-IC6H4I 25 16 41
8 nBuI 25 24 traces
9 nBu4NI 25 45 <20
10 NIS 25 45 traces
11 3 10 8 63
12[d] 3 10 8 76
13[d,e] 3 10 8 77
14[d,e] 3 5 16 71
15[d,e] 3 2 30 56

[a] Conditions: RI (2–25 mol%), AcOOH (2.2 equiv), HFIP (0.05m).
NIS= N-iodosuccinimide. [b] Yield of isolated product after column
chromatography. [c] mCPBA (2.2 equiv) was used. [d] Solvent: CH2Cl2/
HFIP (1:1). [e] AcOOH (2.0 equiv) was used.

Scheme 1. Scope of organocatalytic C!H bond amination. Conditions:
acetaminobiphenyl (1a–1r), 3 (10 mol%), AcOOH (2.0 equiv), in
CH2Cl2/HFIP (1:1; 0.05m). Yields are given for isolated products after
column chromatography. Newly formed C!N bonds are shown in bold.
[a] Using 3 (20 mol%); additional AcOOH (2.0 equiv) was added after
36 h and the reaction was complete after 40 h. [b] Isomer ratio is 7:1
by 1H NMR analysis; structure and yield given for the isolated major
regioisomer.
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oxidant: AcOOH 
HFIP: (F3C)2CHOH

formation of trace amounts of the product (6a) and after 20 h
the starting material was recovered in 95 % yield. Further-
more, with stoichiometric amounts of aryl iodide 3, 6a was
obtained in 32 % yield and the starting material was isolated
in 64% yield. Therefore, we focused on investigating the
generality of the discovered metal-free cross-amination using
stoichiometric amounts of (diacetoxy)iodobenzene. Once
again, numerous aniline derivatives having different elec-
tronic and steric properties were tolerated (Scheme 2). Addi-
tionally, diverse mono- and polysubstituted unactivated
arenes underwent the desired transformation without the
use of a large excess. Unfortunately, arenes bearing electron-
withdrawing groups were not reactive. Interestingly, product
6 f, from the cross-amination with meta-xylene, was formed as
single regioisomer.

Finally, we performed experiments on a larger scale to
demonstrate the practicability of the developed methodology.
Applying 5 mmol of 1a and lowering the organocatalyst
loading to 5 mol%, we obtained the desired carbazole (2a) in
75% yield. Additionally, 92 % of the catalyst (3) was
recovered from the reaction. Moreover, we performed the
cross-amination of 2-oxindole with ortho-xylene at high
concentrations. The desired product, N-aryl-2-oxindole (6h),
was isolated as a single regioisomer (Scheme 2, product 6 h).

Mechanistically, we assume that aryl iodide 3 is oxidized
by peracetic acid to generate the active form of the catalyst, 7,
which facilitates the amination of 1 to give the desired product
2 (Scheme 3). The structure of the m-oxo-bridged reactive
hypervalent iodine(III) species 7 was confirmed in a control
experiment (see the Supporting Information). Furthermore
product 2 a was obtained from 1a in 90% yield when a
stoichiometric amount of 7 was used (see the Supporting

Information). Application of 2,6-di-tert-butyl-4-methylphenol
as a radical scavenger was unsuccessful because in a control
experiment the radical trap reacted with (diacetoxy)iodoben-
zene. However, we found that N-tert-butyl-a-phenylnitrone
can be used as a radical scavenger in the presence of
iodine(III), and it does not affect the formation of the desired
intra- and intermolecular products. This finding indicates that
radical species do not play a role in the C!H amination. Based
on these results, we believe that the reaction proceeds as
follows (Scheme 4). Initially (diacetoxy)iodobenzene reacts
with the amide to give intermediate 8, which is then trans-
formed into nitrenium ion 9 through an oxidative process. The
nucleophilic arene attacks the electron-deficient nitrenium
ion 9 to give the desired product.

In conclusion, we have developed a highly efficient, atom-
economical, environmentally friendly organocatalytic method
for the preparation of carbazoles through intramolecular C!
H amination. Our method can be used to synthesize various
carbazoles without any additives such as bases, acids, tran-
sition metals, and alkali metals. Since the desired products
form smoothly at ambient temperature, the reaction mixture
must not be cooled or heated, which would require additional
energy. Moreover, the developed methodology has been
extended to the unprecedented metal-free cross-amination of
nonactivated arenes with various aniline derivatives. Further
work is in progress.
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hypervalent compounds · iodine · organocatalysis
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Scheme 2. Scope of metal-free cross-amination. Conditions: acetani-
line 4 (1 equiv), arene 5 (2 equiv), (diacetoxy)iodobenzene (1.5 equiv),
0.10m HFIP. Yields are given for isolated products after column
chromatography. Newly formed C!N bonds are shown in bold. [a] 2-
Oxindole (10 mmol), ortho-xylene (5 equiv) (diacetoxy)iodobenzene
(1.5 equiv), HFIP (0.5m), 1 h.

Scheme 3. Proposed catalytic cycle.

Scheme 4. Proposed mechanism of C!H bond amination. PIDA = (dia-
cetoxy)iodobenzene.
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ヨウ化物イオン不斉触媒

Uyanik, M.; Okamoto, H.; Yasui, T.; Ishihara, K. 
Science 2010, 328, 1376-1379.

under the present oxidation.We detected no phenol
oxidation products, which are well known to form
in reactions with aryl-l3-iodanes (1–9).

To render the catalysis asymmetric, we exam-
ined N-spiro–type quaternary ammonium iodide
precatalysts (3) bearing chiral 3,3′-disubstituted
1,1’-binaphthyl skeletons, analogous to Ooi and
Maruoka’s chiral phase-transfer catalysts (Fig.
2B) (25). As a result, we found that a 1-phenyl-1H-
imidazol-2-yl moiety (Z) at the 1-position of the
substrates (4a) was effective for inducing high
enantioselectivity (26) (Fig. 2B and table S3).
The oxidation of 4a with two equivalents of hy-
drogen peroxide (30 wt % in water) in the pres-
ence of 10 mol % of 3a in mixed toluene/water
solvent (5/1, v/v) gave 2a in 54% yield, but with
very low enantioselectivity [2% enantiomeric ex-
cess (ee)] (Fig. 2B, entry 1). The substituents at
the 3,3′-positions of the binaphthyl moiety were

crucial for increasing not only the enantioselec-
tivity but also the chemical yield of 5a (Fig. 2B,
entries 1 to 4). Ammonium cations bearing bulky
and electron-deficient substituents {Ar = 3,5-
[3,5-(CF3)2C6H3]C6H3} at the 3,3′-positions gave
the best results (1 hour, 99% yield, 88% ee) (Fig.
2B, entry 4). The use of mono(1,1′-binaphthyl-
2,2′-dimethyl)ammonium iodides such as 3e and

3f in place of bis(1,1′-binaphthyl-2,2′-dimethyl)
ammonium iodide (3c) gave moderate enantio-
selectivities (Fig. 2B, entries 5 and 6 versus entry
3). Notably, moderate-to-high enantioselectivities
were observed, regardless of the polarity of the
solvent (table S3). In particular, 5a was obtained
in 99% yield with 90% ee in mixed diethyl ether/
water solvent (5/1, v/v) (Fig. 2B, entry 7). 1.1 equiv-

Fig. 2. (A) Oxidative cycloetherification
of 1. Isolated yields of 2 are reported. Ts,
p-toluenesulfonyl. (B) Enantioselective
oxidative cycloetherification of 4a. Iso-
lated yields of 2 are reported. ee was
determined by chiral stationary-phase
high-performance liquid chromatography
(HPLC). Ph, phenyl; Pr, propyl; Bu, butyl;
h, hours.

Fig. 3. Conversion of 5a to (R)-ethyl ester 6. MeOTf, methyl trifluoromethanesulfonate; MS, molecular
sieves; DBU, 1,8-diazobicyclo[5.4.0]undec-7-ene.
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酸化還元触媒②
基本コンセプト
軽い典型元素の構造や電子状態に摂動を与えて酸化還元を容易に

アゾベンゼンへの水素移動

transfer hydrogenation (entries 4 and 5). Interrogation of the
phosphorus speciation by 31P NMR under the catalytic
conditions supports this mechanistic outline; the signal
corresponding to 1 (δ 186.7 ppm) is replaced by
dihydridophosphorane 3 (δ −43.7 ppm) at early time points,
after which compound 3 persists in solution as the sole
observable phosphorus species in the range +250 to −150 ppm
until the catalytic reaction is terminated at 48 h (Figure 4).

These results implicate 3 as the resting state of the catalytic
cycle. The redox platform 1/3 is unique among phosphorus
species surveyed in enabling this catalytic transfer hydro-
genation reactivity; none of the other trivalent phosphorus
compounds examined promote the transfer hydrogenation at a
comparable level, even at higher loadings and temperatures
(entries 4−6).

These results demonstrate the capacity for a three-coordinate
phosphorus compound to support two electron redox
chemistry of the type commonly observed in the transition
metals. This constitutes a rare example of two-electron bond
modifying redox catalysis outside of the d-block. Moreover,
whereas phosphines are well-known nucleophilic32 and
frustrated Lewis pair (FLP) catalysts,33 the behavior of the
phosphorus center described above is of a different type. In
both nucleophilic and FLP paradigms, the phosphorus behaves
exclusively as an electron donor.34 By contrast, catalysis with 1
results from cycling between discrete tricoordinate PIII and
pentacoordinate PV states, capitalizing on the colocalization of
electron-donating and electron-accepting function at a single
atomic center. It is precisely this coordinative and oxidative
reactivity that enables the valuable two-electron redox trans-
formations observed in transition metal catalysis. The
identification of this reactivity in 1 suggests broader potential
for this nonmetal platform to support additional bond-
modifying redox catalysis of the type currently dominated by
transition metal catalysts. Research along these lines is currently
underway in our laboratory.
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Table 1. Catalytic Transfer Hydrogenation with 1/3

aLoading relative to azobenzene substrate. bDetermined by1H NMR
of crude reaction mixtures. Error estimate ±5%.

Figure 4. Evolution of phosphorus species during transfer hydro-
genation catalysis with 1 (Table 1, entry 3). Time-stacked 31P NMR
spectra at t = 0, 3, 8, and 48 h. See SI for full, unabridged spectra.
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ABSTRACT: A commercial phosphorus-based reagent (P-
(NMe2)3) mediates umpolung alkylation of methyl aroylfor-
mates with benzylic and allylic bromides, leading to either
Barbier-type addition or ylide-free olefination products upon
workup. The reaction sequence is initiated by a two-electron
redox addition of the tricoordinate phosphorus reagent with an
α-keto ester compound (Kukhtin−Ramirez addition). A mechanistic rationale is offered for the chemoselectivity upon which the
success of this nonmetal mediated C−C bond forming strategy is based.

The one-pot reductive alkylation of carbonyl compounds
with alkyl halides (Barbier reaction) is a versatile C−C

bond forming reaction in organic synthesis.1 Transformations
of this type are most commonly promoted by reducing metals
(i.e., Mg, Zn, In, etc.), being mechanistically initiated by single
electron transfer (ET) from the reductant to either the organic
halide or the carbonyl group, with subsequent ET delivering the
observed products of reductive two-electron C−C bond
formation.2 Conceptually analogous transformations should
also be available through polarity inversion of a carbonyl group3

by formal two-electron reduction. In connection with this
notion, trivalent phosphorus derivatives are known to undergo
Kukhtin−Ramirez redox addition with α-dicarbonyl com-
pounds (1) to give 1:1 adducts formulated (depending on
substituents) as either dioxaphospholene (2) or oxyphospho-
nium enolate (2′) (Figure 1).4 In effect, this transformation can

be viewed as a two-electron reduction of the α-dicarbonyl
compound resulting in polarity inversion of a carbonyl function.
Congruent with this view, adducts 2/2′ have been shown to
react as C-nucleophiles with a variety of reagents, including
protic,5 Csp

2-based,6 and heteroatom-based7 electrophiles.
For the purpose of reductive C−C bonding transformations,

we were interested in interception of 2/2′ with Csp3-based
electrophiles (Figure 1).8 This pursuit was motivated by the

notion that the inherently closed-shell conditions of P-mediated
reductive alkylation would offer useful chemoselectivities and
functional group compatibilities as compared to dissolving
metal methods. We report herein the chemoselective
interception of the Kukhtin−Ramirez intermediates with
alkylating reagents through reductive C−C bond formation to
yield intermediate alkoxyphosphonium salts, which can be
transformed under defined conditions into either correspond-
ing tertiary alcohols through hydrolysis or trisubstituted Z-
alkenes through elimination (Figure 1).
The reaction depicted in Scheme 1 illustrates a specific

implementation of the aforementioned approach: a solution of

both methyl benzoylformate (4) and benzyl bromide in toluene
at −78 °C was treated with tris(dimethylamino)phosphorus.
Upon warming to ambient temperature with stirring for 2 h, a
white solid precipitated and was collected by filtration in 91%
yield. Although simple phosphonium formation (8) by direct
quaternization of P(NMe2)3 with BnBr might be expected
under these conditions, spectral and structural characterization
unequivocally demonstrate the formation of alkoxyphospho-
nium salt 5 through a carbonyl umpolung alkylation.9 Evidently
in this instance, the formation and subsequent C-alkylation of
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Figure 1. Umpolung C−C bond formation via Kukhtin−Ramirez
intermediates.

Scheme 1. Barbier-like Addition of Benzyl Bromide to
Methyl Benzoylformate Mediated by P(NMe2)3
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酸化還元触媒③
基本コンセプト
典型元素ヒドリドの求核性を利用してカルボニル化合物を還元(典型元素上の酸化還元は含まない)
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and 11a,b were unambiguously identified from the analysis of
multinuclear and multidimensional NMR spectra of the reaction
mixture (in these cases, reactions were performed in NMR tubes
using C6D6 as solvent), but no attempts were made to isolate
them. Assignment of the position and configuration of the double
bond in 11a,b is based on the values of nJHH and nJPH coupling
constants involving the hydrogen atoms in the double bond and
the adjacent CH2 moiety; not surprisingly, the values obtained
match closely the analogous couplings in the corresponding free
enols.17
The analogous reactions of 1c with acetophenone (45%

conversion after 12 h at ambient temperature) and diethyl ketone
(approximately 8% conversion after 12 h at ambient tempera-
ture) proceeded at much lower rates, and NMR signals of
unreacted starting materials remained visible over a period of
several days at ambient temperature. Although no attempts to
isolate individual products were made, NMR studies on the
reaction mixtures allowed us to establish unambiguously the
formation of the expected diamidophosphinites 13, 14 and the
hydrolysis product 7, and to disprove the presence of further
spectroscopically detectable side products or intermediates.
Monitoring the time-dependent changes of signal intensities
revealed that the fraction of 7 increased substantially during
later stages of the reaction, suggesting that its formation arises
most likely from slow diffusion of traces of water into the NMR
tubes. In contrast to the reactions with aldehydes and ketones,
1c was found to be unreactive toward esters such as ethyl acetate
and methyl benzoate.
Reactions with Chlorides of Group 14 Elements. The

ability of the diazaphospholenes 1 to effect reductive dechlo-
rination of organic halides was discovered serendipitously when
it was noted that attempts to dissolve 1b in CH2Cl2 resulted in
formation of the 2-chloro-diazaphospholene 3d10 and that
reactions of 1b with olefins or carbonyls were often ac-
companied by the formation of 3d as a side product. While the
fate of the hydrogen atom in the first reaction remained

unknown, the conversion of 1b into 1d can be rationalized as
P-H/C-Cl bond metathesis involving the transfer of a hydride
from a phosphorus to a carbon atom. To elucidate the suitability
of diazaphospholenes 1 as hydride-transfer reagents on a broader
scale, we initiated a detailed study of the reactions of 1c with
ECl4 (E ) C, Si, Ge, Sn) and ECl2 (E ) Ge, Sn), respectively.
The reaction of CCl4 with 1 equiv of 1c at room temperature

was instantaneous and afforded the P-chloro-diazaphospholene
3c and a mixture of chloromethanes CHmCl4-m (m ) 0-3),
which were identified in situ by 1D and 2D NMR spectroscopy
(Scheme 6). Addition of 1c in excess resulted in eventual
consumption of CCl4 and formation of CH2Cl2 and CH3Cl as
main products. In contrast to the unselective reaction with CCl4,
reduction of SiCl4 with 1 equiv of 1c gave 3c and SiHCl3 as
the only products identifiable by NMR spectroscopy; both
species were not isolated. Further reaction with an excess of 1c
(1-2 molar equiv) was unselective, and NMR studies of the
reaction mixture disclosed the presence of unreacted SiHCl3 in
addition to three new silicon-containing products. The two major
components showed characteristic 1H and 29Si signals which
led to their assignment as the anticipated reaction products, SiH2-
Cl2 and SiH3Cl, even though the observed chemical shifts and
couplings differ markedly from the reported data for these
compounds.19 The origin of this divergence is attributable to
the presence of rapid (on the NMR time scale) dynamic chloride
exchange between the halosilanes and 3c (see Scheme 6); the
observed chemical shifts and couplings under these conditions
represent a population-weighted average of the data of SiHnCl4-n
and the silicates [SiHnCl5-n]-, and it was feasible to demonstrate
that changing the composition of the solution by adding either
3c or a mixture of silanes SiHnCl4-n (prepared by partial
reduction of SiCl4 with LiAlH4) shifted the positions of all 1H,
31P, and 29Si NMR signals and the magnitude of 1JSiH couplings.
From the size of these shifts it can be concluded that the chloride
affinity increases in the order SiHCl3 < SiH2Cl2 < SiH3Cl.
Chloride abstraction from 3c by GeCl4 had previously been
demonstrated.12

The third product of the reaction of SiCl4 with 1c (formed in
yields <5%) was distinguished by the absence of Si-H bonds

(17) Bergens, S. H.; Bosnich, B. J. Am. Chem. Soc. 1991, 113, 958.
(18) tom Dieck, H.; Zettlitzer, M. Chem. Ber. 1987, 120, 795.
(19) Löwer, R.; Vongehr, H.; Marsmann, H. C. Chem. Z. 1975, 99, 33.
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was exposed to imine 10. Formation of the PˇN compound 11
was observed on the basis of 1H and 31P NMR data. A sample
of 11, independently generated through reaction of 6 with
lithiated dibenzylamine, possessed identical spectral proper-
ties.[20] Exposure of 11 to HB(pin) in acetonitrile resulted in
the reformation of 2a. These results show that 2a can reduce
imines and can be regenerated through cleavage of the
resulting PˇN bond, thus suggesting the cycle shown in
Scheme 3, which is analogous to the catalytic cycle proposed
by Kinjo for carbonyl reduction, is possible.[13b]

We further explored the scope of the imine reduction
(Figure 1). In an extension from imine 8a, reduction of a more
hindered indanone-derived imine yielded amine 9 b. Amine
9c, the monoamine oxidase inhibitor rasagiline, was cleanly
produced from the corresponding imine, with no observed
alkyne hydroboration, thus showing that imines other than
benzyl imines, and alkynes are both tolerated.[21] A p-
methoxybenzyl protecting group is tolerated in product 9d.
A Lewis basic pyridyl group did not have a detrimental effect
on the reaction, as evidenced by the clean formation of 9e,
and additionally, no reduction of the pyridyl ring was
observed.[22] Aldimines exhibiting different steric demand
were reduced, producing amines 12a, 12 b, and 12 c. Diamine

12d resulted from the reduction of the corresponding diimine
in the presence of 2 equivalents of HB(pin). An attempted
monoreduction was not successful. Imines derived from cyclic
aliphatic ketones were reduced, leading to amines 13 a and
13b. Imines derived from acyclic aliphatic ketones were also
reduced, yielding imines 13 c and 13 d.

Finally, racemic chiral imine 14 was reduced to 15 with
high diastereoselectiviy.[23] A tert-butyl sulfenylimine of
acetophenone,[24] the benzyl imine of trifluoroacetophenone,
and the phenyl imine of acetophenone were not successful
substrates. We hypothesize that these electron-withdrawing
groups inhibit the regeneration of the PˇH bond from the Pˇ
N intermediate. Computational studies have suggested that
electron-poor diazaphospholenes possess less polarized exo-
cyclic bonds.[25]

We wished to investigate the potential of our precatalyst
in other reduction reactions. Gudat reported that stoichio-
metric 2a reduced cinnamaldehyde in a 1,4 fashion, prompt-
ing our exploration of catalyzed conjugate reductions (Fig-
ure 2).[10b] Conjugate reduction reactions are commonly
performed using reagents such as copper-based Stryker�s
reagent[26] or L-Selectride.[27] Catalytic copper-based reduc-
tion using various terminal reductants, especially silanes, is an
active area of study.[28] A notable catalytic hydroboration
method involves rhodium-catalyzed hydroboration with HB-
(cat).[29]

Combination of precatalyst 4a (10 mol%), cinnamalde-
hyde, and HB(pin) in acetonitrile resulted in the formation of
a complex mixture. Since cinamaldehyde is a potent bifunc-
tional electrophile, we surmised that side products arise from
the reaction of enolate intermediates with highly reactive
starting material. Accordingly, we switched to less electro-
philic methyl cinnamate and observed clean reduction to
methyl hydrocinnamate 16 a with 10 mol% catalyst upon
modest heating in acetonitrile (40 88C). No reduction was
observed in acetonitrile in the absence of catalyst. A
trisubstituted olefin (> 95% E) was also a viable partner,
giving product 16 b. Ketones proved to be excellent conjugate

Scheme 3. Observation of intermediates in the proposed catalytic
cycle.

Figure 1. Amines successfully formed through imine reduction. Bonds
shown in bold indicate former imine position except for 15, where they
denote relative stereochemistry. [a] 10 mol% 4a employed. Yields refer
to isolated products after work-up.

Figure 2. Substrate scope of the conjugate reduction. Bonds shown in
bold indicate former alkene positions. Yields refer to isolated products
after B(pin) cleavage. [a] 10 mol% 4a used; [b] reaction conducted at
24 88C; [c] reaction conducted at 50 88C.
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Despite this progress, no examples of imine hydrobora-
tion by phosphorus(III)-based catalysts have been reported.
Herein, we disclose imine reduction and conjugate reduction
reactions enabled by the readily handled precatalyst 4 a.

Our initial studies toward imine reduction by diazaphos-
pholenes began with the development of a simple way to
generate and handle 2a, which is a highly air- and moisture-
sensitive liquid, thus making routine use in exploratory
organic synthesis challenging.[10a] We surmised on the basis
of the work of the Kinjo group that an alkoxydiazaphospho-
lene would be an appropriate entry point for catalysis.[13b]

According to a reported procedure, diimine 5 was
converted into bromodiazaphospholene 6,[15, 16] (Scheme 2).
Treatment of 6 with benzyl alcohol and triethylamine
afforded known benzyloxydiazaphospholene 4b, which is
a solid with a low melting point. An analogous reaction with
neopentyl alcohol gave 4a, a readily handled, pentane-
soluble, sublimable white solid. Exposure of a 30 mg sample
of solid 4a to ambient atmosphere for 30 minutes resulted in
only 10 % decomposition, as ascertained by 1H and 31P NMR,
meaning that 4a can be handled in open air. The mesityl
variant 4c was prepared from the corresponding bromodia-
zaphospholene by an analogous route.[17] To explore the role
of unsaturation in the backbone, saturated compound 7 was
also prepared in two steps from the corresponding diamine
(see the Supporting Information for details).[18] We chose not
to pursue 4b in further studies because its melting point
around ambient temperature made it less convenient to
transfer in small quantities than solids 4 a and 4c.

Exposure of diazaphospholenes 4a and 4c to one
equivalent of HB(pin) in dry acetonitrile caused PˇO to Pˇ
H bond conversion as evidenced by 31P NMR, resulting in the

formation of 2 a and 2b. Diazaphospholane 7 did not undergo
this transformation, thus indicating that unsaturation in the
backbone is necessary for reactivity. Exposure of 4a to excess
HB(pin) in acetonitrile resulted in initial formation of 2a,
followed by the appearance of a triplet in the 31P NMR
spectrum at ˇ42.9 ppm (JPH = 195.9 Hz), thus indicating the
formation of a compound with two PˇH bonds through
endocyclic cleavage. This was followed by formation of
phosphine (PH3), as evidenced by a quartet at ˇ243.6 ppm.
Compound 4c underwent an analogous decomposition.[19]

The two-step preparation of 4a and 4c from the correspond-
ing diimines can be conducted on a multigram scale, and they
represent convenient precatalysts for 2a and 2b.

With precatalysts 4a and 4 c in hand, we turned our
attention to the development of imine reduction with 8a as
a test substrate (Table 1). Hydroboration of 8a with HB(pin)
was complete in 5 hours when using 10 mol% 4a at ambient
temperature (entry 1). Work-up with acid and then base
provided amine 9 a. In the absence of catalyst 4a, or when
using saturated diazaphospholane 7 in the place of 4a,
negligible conversion of 8a was observed (entries 2 and 3).
Far less reduction was observed with aged solutions of
HB(pin) and 4a, which contain PH3 as the predominant
phosphorus containing species (entry 4).

Mesityl diazaphospholene 4c provided inferior conver-
sion in the reduction (entry 5). The use of catecholborane,
[HB(cat)] with 4a resulted in lower conversion (entry 6).
NMR studies suggest that exocyclic cleavage to PH3 is
especially rapid with this reagent. The catalyst loading could
be reduced to 2 mol% (entry 7); however a drop in con-
version was observed at 1 mol% loading (entry 8). The
reaction could be conducted on a gram scale with no loss of
efficiency (entry 9). A final important feature of this reaction
is that the presence of the corresponding ketone as an
impurity in the imine is not detrimental to the imine
reduction.

Preliminary insight into a mechanism was provided by
stoichiometric reactions (Scheme 3). A purified sample of 2a

Scheme 2. Precatalyst synthesis, crystal structure of 4a,[a] and activa-
tion and decomposition pathways for 4a and 4c. [a] Non-hydrogen
thermal ellipsoids are shown at 30% probability. Hydrogen atoms are
shown with arbitrarily small thermal parameters. Selected interatomic
distances for 4a: [ä] P–O 1.6470(11), P–N1 1.7072(13), P–N2 1.7060-
(13), C1–C2 1.323(2).

Table 1: Development and optimization of the imine reduction.

Entry Deviation from standard conditions Conv. [%][a] Yield[b]

1 none >98 95
2 no catalyst <2 na
3 7 instead of 4a <2 na
4 4a + HB(pin) aged 24 h before additing 8a 36 nd
5 4c instead of 4a 25 nd
6 HB(cat) instead of HB(pin) 67 nd
7 2 mol% loading of 4a (12 h) >98 95
8 1 mol% loading of 4a (12 h) 66 nd
9 2 mol% loading (12 h, gram scale for 8a) >98 97

[a] Conversion based on NMR analysis of starting material and product.
[b] Yields of isolated product arere after acidic work-up and then
basification and basic alumina chromatography.
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considerably strongly Lewis acidic boranes. In fact, less Lewis
acidic 9-borabicyclo-[3.3.1]nonane (9-BBN) cannot undergo
the bond exchange under similar reaction conditions.[7]

Recently, we reported that 1,3,2-diazaphospholene
1 (Scheme 1e) effectively catalyzes transfer hydrogenation
of a N=N bond with ammonia–borane.[9] The rate-determin-
ing step involves a concerted double-hydrogen transfer where
the electrophilic P atom accepts a hydride ion (H!) via a six-
membered-ring transition state (Scheme 1 f).[10] We reasoned
that, similar to the cases of highly Lewis acidic boranes,[7, 8] the
strong electron-accepting ability of the P atom of 1 may allow
for interaction with a s-bond of other substrates, presumably
leading to the formation of a four-membered-ring transition
state followed by s-bond metathesis, if the pathway is favored
thermodynamically. To examine our hypothesis, we employed
a hydroboration reaction[11] so as to let an interaction between
boron and oxygen atoms in the transition state be involved,
expecting the subsequent formation of the strong B!O bond
which could be a driving force to induce the desired
metathesis. Herein, we report a stepwise s-bond metathesis
in 1,3,2-diazaphospholene-catalyzed hydroboration of alde-
hydes and ketones under metal-free conditions.

In their pioneering work, Gudat and co-workers revealed
the hydride-type reactivity of the P!H bond in 2-H-1,3,2-
diazaphospholenes.[12, 13] Following this procedure, we first
synthesized alkoxyphosphine 2 from 1. Treatment of 2-H-
1,3,2-diazaphospholenes 1 with benzaldehyde provided 2
quantitatively (Scheme 2). Compound 2 was subsequently

reacted with a stoichiometric amount of pinacolborane
(HBpin) at room temperature in a deuterated acetonitrile
solution. The reaction was monitored by 11B and 31P NMR
spectroscopy. The formation of the desired molecule
PhCH2OBpin (3) and molecule 1 was confirmed, demonstrat-
ing s-bond exchange between the exocyclic P!O bond of 2
and the B!H bond of pinacolborane (Scheme 2). To our
knowledge, this is the first report of a metal-free s-bond
metathesis involving cleavage of a PIII!O bond. Note that the
metathesis occurred selectively at only the exocyclic P!O
bond in 2 and no P!N bond cleavage was found, probably as
a result of the high polarity of the P!O bond and the kinetic
stability of the endocyclic P!N bonds.

We next attempted to apply these stoichiometric trans-
formations of benzaldehyde into 3 via 2 in a catalytic process.
Without catalysts, little formation of 3 was detected (Table 1,
entry 1). Neither diphenylphosphine nor di-tert-butyl-
phosphine promoted the reaction, even when stoichiometric
amounts were employed (Table 1, entries 2 and 3). To our
delight, 1 showed remarkable catalytic activity for the hydro-
boration. With 1 mol% of 1, quantitative formation of 3 was

detected after one hour at room temperature (Table 1,
entry 4). A brief screening of solvents showed that dichloro-
methane and acetonitrile are suitable for the reaction
(Table 1, entries 4–8). We also confirmed near completion
of the reaction only after 15 minutes (Table 1, entry 9). Even
when the catalyst loading was decreased to 0.5 mol%, 3 was
formed in excellent yield after 45 minutes (Table 1, entry 10).
It is noteworthy to mention that this result shows the first
example of hydroboration of carbonyl derivatives catalyzed
by a non-metal main-group compound.[14–16]

With the optimized reaction conditions in hand, the scope
of the catalytic reaction was briefly examined with a variety of
aldehydes 4 (Table 2). Aliphatic aldehydes (4 a,b) afforded
the corresponding borate esters in good to high yields (5a :
92%, 5 b : 88%). Electron-withdrawing (4c–g) as well as
electron-donating (4h–k) aromatic groups were well toler-
ated (5c–k : 70–> 99%). For the analogous reactions with
substrates including heterocycles (4 l, m), the desired products
were obtained in excellent yields (5 l : 99%, 5m : 99 %).
Importantly, dearomatization products were obtained in the
previous report,[16b] but not in the current study, which
underscores the catalyst selectivity for carbonyl groups.
With two equivalents of HBpin, terephthalaldehyde (4n)
was cleanly converted into the bis(hydroborated) derivative
(5n : 99 % yield). Significantly, when 4-acetylbenzaldehyde
(4o) was used, a selective hydroboration only at the aldehyde
functional group was found (5o :> 99%), which has never
been achieved thus far.[14,15] To expand the scope of the
catalytic hydroboration, next we examined ketones as sub-
strates. Although higher catalyst loading as well as longer
reaction time were required than the cases of the less
sterically hindered aldehyde substrates, nearly quantitative
formation of the corresponding borate ester derivatives were
confirmed after the completion of all reactions (Table 3).
Both acyclic and cyclic ketones bearing electron-donating or
electron-withdrawing groups were well tolerated (7 a–j :
> 98%).

To gain insight into the hydroboration mechanism, we
carried out further analysis of the catalytic reactions using

Scheme 2. Synthesis of N-heterocyclic alkoxyphosphine 2, and stoichio-
metric reaction between 2 and pinacolborane (HBpin).

Table 1: Optimization of the reaction conditions.[a]

Entry cat. [mol%] Solvent Time [h] 3 Yield [%][b]

1 None (0 mol%) CD3CN 1 6
2 Ph2PH (100 mol%) CD3CN 1 6
3 tBu2PH (100 mol%) CD3CN 1 6
4 1 (1 mol%) CD3CN 1 >99
5 1 (1 mol%) C6D6 1 79
6 1 (1 mol%) [D8]THF 1 57
7 1 (1 mol%) CDCl3 1 93
8 1 (1 mol%) CD2Cl2 1 >99
9 1 (1 mol%) CD3CN 0.25 >99
10 1 (0.5 mol%) CD3CN 0.75 >99

[a] Reaction conditions: benzaldehyde (1.50 mmol), HBpin (1.50 mmol),
solvent (0.3 mL). Catalyst loading relative to benzaldehyde. [b] Yields
were determined by 1H NMR spectroscopy using 1,3,5-trimethoxy-
benzene as an internal standard.
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