
有機元素化学特論 
第15回 2015.1.24 

最先端有機元素化学④：最新論文からのトピックス 

タイトルとTOCグラフィックから読み取れること 

・FLPで水素分子を不均等開裂すれば酸化電位が 
　910 mV (175.6 kJ/mol)下がるので炭素電極が使える 

・ボロヒドリドをプロトンとボレニウムカチオンに 
　酸化する際の電位は、水素分子の酸化電位よりも 
　大幅に低い 

Abstractから読み取れること 
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In order to use H2 as a clean source of electricity, prohibitively rare and expensive 
precious metal electrocatalysts, such as Pt, are often used to overcome the large 
oxidative voltage required to convert H2 into 2 H+ and 2 e ︎–. Herein, we report a 
metal-free approach to catalyze the oxidation of H2 by combining the ability of 
frustrated Lewis pairs (FLPs) to heterolytically cleave H2 with the in situ 
electrochemical oxidation of the resulting borohydride. The use of the NHC-
stabilized borenium cation [(IiPr2)(BC8H14)]+ (IiPr2 = C3H2(NiPr)2, NHC = N-
heterocyclic carbene) as the Lewis acidic component of the FLP is shown to 
decrease the voltage required for H2 oxidation by 910 mV at inexpensive carbon 
electrodes, a significant energy saving equivalent to 175.6 kJ mol–1. The NHC–
borenium Lewis acid also offers improved catalyst recyclability and chemical 
stability compared to B(C6F5)3, the paradigm Lewis acid originally used to pioneer 
our combined electrochemical/frustrated Lewis pair approach.  

・NHC-ボレニウムルイス酸は類似のC(C6F5)3より安定 

・白金電極で水素分子を酸化してプロトンと電子に 
　分解するのは高電位が必要だった 

Lawrence, E. J.; Herrington, T. J.; Ashley, A. E.; Wildgoose, G. G., "Metal-Free Dihydrogen 
Oxidation by a Borenium Cation: A Combined Electrochemical/Frustrated Lewis Pair Approach" 
Angew. Chem. Int. Ed. 2014, 53, 9922. 



Introduction: 電気化学による水素分子の酸化と電極 
Ref 1: 電気化学測定法に関する一般的な教科書：水素分子のH+と電子への分解の重要性 
　　　続く本文にて貴金属電極が電気化学的H2分解へ有効だが高価だと述べられている 

Ref 2: FLP (Frustrated Lewis Pair)を用いた 
同じ著者らによる炭素電極によるH2分解反応 
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Reversible, Metal-Free
Hydrogen Activation
Gregory C. Welch, Ronan R. San Juan, Jason D. Masuda, Douglas W. Stephan*

Although reversible covalent activation of molecular hydrogen (H2) is a common reaction at
transition metal centers, it has proven elusive in compounds of the lighter elements. We report that
the compound (C6H2Me3)2PH(C6F4)BH(C6F5)2 (Me, methyl), which we derived through an unusual
reaction involving dimesitylphosphine substitution at a para carbon of tris(pentafluorophenyl)
borane, cleanly loses H2 at temperatures above 100°C. Preliminary kinetic studies reveal this
process to be first order. Remarkably, the dehydrogenated product (C6H2Me3)2P(C6F4)B(C6F5)2 is
stable and reacts with 1 atmosphere of H2 at 25°C to reform the starting complex. Deuteration
studies were also carried out to probe the mechanism.

The generation and use of H2 are impor-
tant processes to fundamental chemical
transformations (1–7) and biological

functions (8). The overwhelming majority
of systems known to either liberate or react
with H2 involve reaction at a transition metal
center. Hydrogenase enzymes, as well as a
plethora of synthetic stoichiometric and cat-
alytic reagents for hydrogenation reactions,
are based on the processes of oxidative ad-
dition and reductive elimination of H2 at a
metal center. Metal-free systems that either
react with or liberate H2 are rare. A unique
metal-free hydrogenase from methanogenic
archaea has been shown to catalyze reactions
with H2 (9–11), and theoretical studies
suggest the role of a folate-like cofactor in
the reversible activation or liberation of H2

(12, 13). Several metal-free systems have been
shown to activate H2. For example, main group
element–H2 reactions (14) in low-temperature
matrices have been reported (15–17), and
computational studies have probed the occur-
rence of H2 bonds in main-group compounds
(18, 19). More recently, Power and co-workers
(20) reported that the addition of H2 to Ge2-
alkyne analogs affords a mixture of Ge2 and
primary germane products. Metal-free sys-
tems that liberate H2 are of interest for their
potential in H2 storage applications. Al-
though much effort has focused on hydride
salts (21–23), a recent report by Thorn and
co-workers describes an organic “hydride”
system that reacts with protic compounds to

eliminate H2, although the assistance of a
metal-based catalyst is required (24). Despite
these advances, no metal-free system is yet
reported to effect both the clean liberation and
addition of H2.

Here we report a phosphonium-borate spe-
cies that undergoes thermally induced loss of
H2 to generate the corresponding phosphine-
borane. We discovered this reaction sequence
in the course of our studies on phosphine-

borane interactions. The well-known Lewis
acidic polymerization cocatalyst B(C6F5)3
behaves as a traditional Lewis acid with donor
molecules to form simple Lewis acid-base
adducts (25, 26). However, we have discov-
ered that the sterically demanding secondary
phosphine (C6H2Me3)2PH reacts with B(C6F5)3
to effect para-nucleophilic aromatic substitu-
tion, affording the zwitterionic phosphonium-
borate (C6H2Me3)2PH(C6F4)BF(C6F5)2 1 (27)
(Fig. 1).

The white, air- and moisture-stable solid
1 was isolated in 78% yield and exhibited a
single phosphonium resonance in the 31P{1H}
nuclear magnetic resonance (NMR) spectrum
at –37.7 ppm as well as resonances in the 19F
NMR spectrum consistent with the presence of
a BF bond and C6F4 and C6F5 rings. The corre-
sponding 11B NMR resonance revealed B-F
coupling, and the 1H NMR spectrum showed a
doublet at 8.52 ppm from the PH fragment.
Upon cooling to –15°C, the 19F NMR reso-
nances of the C6F4 bridge at –134 and –129
ppm split into doublets, consistent with inhibited
rotation about the P–C6F4 bond. The thermo-
dynamic barrier to this rotation was determined
by variable-temperature NMR spectroscopy to be

Department of Chemistry and Biochemistry, University of
Windsor, Windsor, Ontario N9B 3P4, Canada.

*To whom correspondence should be addressed. E-mail:
stephan@uwindsor.ca Fig. 1. Syntheses of compounds 1 to 4.

17 NOVEMBER 2006 VOL 314 SCIENCE www.sciencemag.org1124

REPORTS

 o
n 

Ju
ne

 1
2,

 2
00

7 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

Welch, G. C.; Juan, R. R. S.; Masuda, J. D.; 
Stephan, D. W., Science 2006, 314, 1124 

Ref 3: FLPとH2の初めての反応例 

Refs 4,5: FLPに関する総説 

おまけ： 

Ogo, S.; Ichikawa, K.; Kishima, T.; Matsumoto, T.; Nakai, H.; 
Kusaka, K.; Ohhara, T., Science 2013, 339, 682 

おまけの具体例 



This Work 1: 1-Hの電気化学 
ボレニウムカチオン(２配位ホウ素カチオン＋ルイス塩基)と 
tBu3PによるFLP形成と水素分子の不均等開裂 

サイクリックボルタンメトリーによる酸化電位測定 

NN
iPriPr

B

NN
iPriPr

B
H

H2

oxidation
– (2H+ + 2e-)

tBu3P

[B(C6F5)4]-

tBu3PH+[B(C6F5)4]-
+

+1[B(C6F5)4]
1-H

Ref 6: 1の合成とH2との反応 

本論文と番号は異なるので注意 
J. Am. Chem. Soc. 2012, 134, 15728. 

0.58±0.01 V 

1-HのCH2Cl2溶液 
(2.0 mM, 電位窓全体) 

推定反応機構 

掃引速度を5 V/sに 
速めると還元も見える 

–1.97±0.01 V 



This Work 2: 電子移動の見積 
対照実験 

1-H 1[B(C6F5)4]
[H(OEt2)2][B(C6F5)4]

[H(OEt2)2][B(C6F5)4]
HB(C6F5)3- B(C6F5)3

Et2O-B(C6F5)3

酸化還元電位の実測データと 
シミュレーションによる電子移動速度の見積 

1-HのCH2Cl2溶液 
(2.0 mM, 電位窓全体) 

○：シミュレーション 
実線：実測データ 

1-H, [HB(C6F5)3]–, H2の酸化電位 

H2 

[HB(C6F5)3]– 
1-H 

910 mV 

1-H
1·

1-H·+
1·
1-H + H+

1-H·+
1+

1·

1+ + H2

+ e-

+ e-

+ H+

decomp.

E0 (V)
+0.736±0.01
–1.935±0.01
rate constant
k1 > 3.0×1011 M-1s-1

k2 > 2×1013 s-1

k3 = 50 s-1

k0 (cm s-1)
4.0±0.1×10-1

3.4±0.1×10-3

α
0.5
0.6

酸化還元電位と電子移動速度 

300 mV 



This Work 3: 水素分子酸化における繰り返し利用 

https://qqweb.jp/QQW/STATICS/it/ittrend/66_fuelcell.html 

水素を用いる燃料電池のしくみ 1+/tBu3PのH2分解助触媒としての使用(繰り返し利用) 

1+[B(C6F5)4]– + tBu3P 
{w. nBu4N+[B(C6F5)4]–} 

H2 

電圧印加 H2追加 

1 cycle 

1st cycle 

2nd cycle 

3rd cycle 

1回目の75% 

1回目の5% 



Other Experiments and Next Approach 
他の実験により何かわかるか？ 
電解しながら吸収スペクトルを測定すればラジカル種は見えるか？ 

次のアプローチはどうすべきか？　→　そのために何を調べてみる？ 

電荷が大きく効いてくる系なので、溶媒を変えることで 
競合している1-HおよびtBu3Pの酸化が逆転すれば、繰り返し耐性が向上するのではないか？ 

NHCよりドナー性の高いbase-stabilized silyleneを配位させたボレニウムカチオンを使えば、 
ホウ素上の電子密度がヒドロボラートの酸化電位を下げるかもしれない 

最近報告されているmesoionic carbene配位のボレニウムカチオンは 
ルイス酸性が低いのでヒドロボラートの酸化電位を下げるかもしれない 

NHCの窒素上の置換基を大きくしたIPrなどを使うと、ホウ素がsp3からsp2に戻りやすいので 
ヒドロボラートの酸化電位を下げるかもしれない 

使用するホスフィンの酸化電位が問題であれば、Mes3Pなどを使用すれば繰り返し耐性向上？ 

Brück, A.; Gallego, D.; Wang, W.; Irran, E.; Driess, M.; 
Hartwig, J. F., Angew. Chem. Int. Ed. 2012, 51, 11478 

Hydrogenation Reactions
DOI: 10.1002/anie.201409250

Hydrogenations at Room Temperature and Atmospheric Pressure with
Mesoionic Carbene-Stabilized Borenium Catalysts**
Patrick Eisenberger,* Brian P. Bestvater, Eric C. Keske, and Cathleen M. Crudden*

Abstract: 1,2,3-Triazolylidene-based mesoionic carbene bor-
anes have been synthesized in a convenient one-pot protocol
from the corresponding 1,2,3-triazolium salts, base, and
borane. Borenium ions are obtained by hydride abstraction
and serve as catalysts in mild hydrogenation reactions of
imines and unsaturated N-heterocycles at ambient pressure and
temperature.

Homogeneous transition-metal-catalyzed hydrogenations
have been a key tool in synthetic organic chemistry since their
discovery more than half a century ago.[1] Since that time,
great strides have been made to improve upon the reaction in
terms of chemo- and stereoselectivity as well as functional
group tolerance.[2] Significant mechanistic advances include
the use of frustrated Lewis pairs (FLPs) as catalysts. In FLP-
type hydrogenations, main-group elements conspire to split
H2 heterolytically by the cooperative action of bulky, strong
Lewis acid/base pairs, and the resulting acids/borohydrides
transfer H2 to organic compounds, regenerating the FLP
catalyst (Scheme 1).[3]

In their most common incarnation, FLP reductions
employ N-heterocycles or imines as the Lewis base compo-
nents, with B(C6F5)3 as the most commonly employed Lewis
acid.[4] Recent advances have widened the scope of this
reaction to include enantioselective catalysts;[5] however,
preparing analogues of B(C6F5)3 that still possess the neces-

sary high Lewis acidity to split H2 heterolytically is a signifi-
cant challenge and has delayed the development of new
catalysts in this area.[6]

An interesting alternative is the use of borenium ions,
which have made sporadic appearances in the literature in
other contexts.[7] However, several groups have recently
shown that these species possess interesting and novel
properties as reagents in direct electrophilic aromatic bor-
ylations,[8] the haloboration[9] and carboration of alkynes,[10]

the enantioselective reduction of ketones,[11] and even in
catalytic reduction schemes.[12] Imidazole-based N-heterocy-
clic carbene (NHC) borane adducts provide a particularly
interesting platform for the generation of borenium ions by
hydride abstraction.[11] Building on this work, the Stephan
group reported the use of NHC-stabilized borenium ions as
catalysts for hydrogenation of imines and N-heterocycles at
elevated pressures.[12e]

1,2,3-Triazolylidenes, the mesoionic cousins of NHCs[13]

can be prepared using a Huisgen cycloaddition between
azides and alkynes, greatly simplifying their synthesis.
Because the carbenic carbon is flanked by only one hetero-
atom, triazolylidenes are electronically unique.[13a] We pre-
viously demonstrated that borane adducts of simple triazole-
derived mesoionic N-heterocyclic carbenes (MIC) have
significantly greater hydricity compared to their NHC con-
geners,[14] which are already known to be among the most
reactive neutral hydride donors.[15] The increased sigma donor
capacity of the mesoionic carbene unit also provides greater
stabilization to the electron-deficient borenium ion. Finally,
the ability to easily access MICs with low steric hindrance is
another important feature of these previously unreported
MIC-based borenium ions.

Herein, we report the first examples of MIC-stabilized
borenium ions, which have unprecedented reactivity in the
hydrogenation of imines and N-heterocycles. These reactions
can be carried out at room temperature and low pressures
without rigorous scrubbing of H2, representing a significant
advantage over typical B(C6F5)3-mediated reductions
(Figure 1).

Scheme 1. Basic mechanism for reduction using FLP chemistry.

Figure 1. Classical versus borenium-based Lewis acids.
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最後に：レポート課題について 
s-またはp-ブロック元素の化合物に関する2013年以降の論文を読み、 
以下の点に関してA4用紙数枚程度にWORDファイルでまとめてPDFとし、 
WORDおよびPDFの両方を2015/2/4(水)までに山下へメールで提出 
makoto@oec.chem.chuo-u.ac.jp 
以下の各項目は後ろに行けば行くほど重要 

・論文の背景においてどのような研究がなされてきたか？ 
　要点を整理してまとめる。TOCの絵の貼り付け+論文内容の一言説明でもOK 
・この論文において得られた結果は何か？ 
・この論文において何がこれまでの報告と違うのか？ 
・それはどのような工夫によって得られたものか？ 
・得られた結果を説明するための実験は他に考えられるか？ 
・自分ならこの論文に何を足してさらに次のアプローチを考えるか？ 
　またそのアプローチに対して必要な他の事実を他の論文や 
　SciFinderから探して実現可能性に関して論ぜよ 

ただし他の人と論文が重なってはいけない。 
読むべき論文を決定した時点で山下へメールして重複の有無を確認すること。 
山下のOKが出てからレポート作成を開始してください。 
早く確認すればするほど論文を読む時間は増えるし、重複の可能性も少ない。 
ラボの同級生・先輩・後輩・教員とのディスカッションはもちろんOKですが 
最終的に自分の力で書ききることが最も自分の身になります。 

成績評価はレポート内容の論理性・妥当性を絶対評価でつけます 
(=全員Aも全員Eもありうる) 


