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タイトルとTOCグラフィックから読み取れること

・生成するのはα-アシロキシエステル、官能基許容性は高い

・ホスフェタン(Pを含んだ四員環)が触媒として作用する

・3価と5価オキシドで酸化還元サイクルを形成

Abstract: A small-ring phosphacycle is found to catalyze the 
deoxygenative condensation of α-keto esters and carboxylic acids. 
The reaction provides a chemoselective catalytic synthesis of α-
acyloxy ester products with good functional group compatibility. Based 
on both stoichiometric and catalytic mechanistic experiments, the 
reaction is proposed to proceed via catalytic PIII/PV=O cycling. The 
importance of ring strain in the phosphacyclic catalyst is substantiated 
by an observed temperature-dependent product selectivity effect. The 
results point to an inherent distinction in design criteria for organo-
phosphorus-based catalysts operating via PIII/PV=O redox cycling as 
opposed to Lewis base (nucleophilic) catalysis. 

Abstractからさらに読み取れること

有機元素化学特論
第7回

・量論および触媒反応の比較より反応はPIII/PV=Oサイクルで進行

・選択性の温度依存性によりリン含有環の環歪みが重要だと判明

・酸化還元サイクルのリン触媒は従来のリン求核触媒と異なる

A Phosphetane Catalyzes Deoxygenative Condensation of α-Keto Esters and Carboxylic
Acids via PIII/PV═O Redox Cycling
Zhao, W.; Yan, P. K.; Radosevich, A. T., J. Am. Chem. Soc. 2015, 137, 616-619.

・ α-ケトエステル+カルボン酸の縮合反応



Introduction: 5価のリンが関係する化学について

ACIE 2012, 51, 10605. Org. Lett. 2013, 15, 3090. 

イントロを読む際の注意点
(1) 参考文献は精読しなくても良いので、そのabstractと絵だけでも見て流れを掴め
(2) まとまった本や総説(review)は何のトピックに関する内容なのかだけわかれば良い

Ref 1は金属含有酵素による酸化反応の総説類
Ref 2は有機化学における酸化反応をまとめた本
Ref 3は各種酸化反応の総説(Chem. Rev.はちゃんとまとまっている)
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ABSTRACT

The preparation of densely functionalized unsymmetrical 1,4-dicarbonyl structural motifs by a phosphorus(III)-mediated reductive condensa-
tion of R-keto esters and enolizable carbon pronucleophiles is described. The reaction, which is initiated by Kukhtin!Ramirez addition of
commercially available tris(dimethylamino)phosphine to the R-keto ester substrate, proceeds rapidly under mild conditions.

Highly functionalized unsymmetrical 1,4-dicarbonyl
compounds are versatile intermediates in organic syn-
thesis,1 as well as common target motifs in natural products

and biologically active small molecules.2 Among the de-
monstrated approaches to 1,4-dicarbonyl compounds, the
union of two C2 carbonyl fragments to forge the C2!C3

linkage is appealing in its convergency.3 Synthetically, this
bond construction is typically achieved via diverse pre-
functionalized enolonium synthetic equivalents,4 or alter-
natively via a two-electron oxidation of a preformed
intermediate enolate.5 New direct and mild methods for
the formation of 1,4-dicarbonyls operating under alterna-
tive conditions might serve as a valuable complement to
these traditional synthetic approaches.6

We recently reported a phosphorus(III)-mediatedmeth-
od for the synthesis of R-heterofunctionalized carbonyl
derivatives via reductive condensation ofR-keto esters and
X!H pronucleophiles.7 This method hinges on the

(1) (a) Paal, C. Ber. Dtsch. Chem. Ges. 1884, 17, 2756. (b) Knorr, L.
Ber. Dtsch. Chem. Ges. 1884, 17, 2863.

(2) For instance, see: Whittaker, M.; Floyd, C. D.; Brown, P.;
Gearing, A. J. H. Chem. Rev. 1999, 99, 2735.

(3) For alternative syntheses of 1,4-dicarbonyl compounds via C1
acyl anion equivalents, see: (a) Stetter, H.; Kuhlmann, H. Org. React.
1991, 40, 407. (b) Enders, D.; Breuer, K.; Runsink, J.; Teles, J. H.Helv.
Chim. Acta 1996, 79, 1899. (c) Kerr, M. S.; Read de Alaniz, J.; Rovis, T.
J. Am. Chem. Soc. 2002, 124, 10298. (d) Kerr, M. S.; Rovis, T. J. Am.
Chem. Soc. 2004, 126, 8876. (e) Pesch, J.; Harms, K.; Bach, T. Eur. J.
Org. Chem. 2004, 2025. (f) Mennen, S. M.; Blank, J. T.; Tran-Dub!e,
M. B.; Imbriglio, J. E.; Miller, S. J. Chem. Commun. 2005, 195. (g)
Mattson, A. E.; Bharadwaj, A. R.; Scheidt, K. A. J. Am. Chem. Soc.
2004, 126, 2314. (h) Ballini, R.; Barboni, L.; Bosica, G.; Fiorini, D.
Synthesis 2002, 2725. (i) Custar, D. W.; Le, H.; Morken, J. P.Org. Lett.
2010, 12, 3760. (j) Smith, A. B.; Adams, C.M.Acc. Chem. Res. 2004, 37,
365. (k) Fern!andez,M.; Uria, U.; Vicario, J. L.; Reyes, E.; Carrillo, L. J.
Am. Chem. Soc. 2012, 134, 11872. Via C3 homoenolate equivalents: (l)
Shen, Z. -L.;Goh,K.K.K.; Cheong,H. -L.;Wong,C.H.A.; Lai,Y. -C.;
Yang, Y. -S.; Loh, T. -P. J. Am. Chem. Soc. 2010, 132, 15852.

(4) For representative syntheses of 1,4-dicarbonyls from prefunctio-
nalized C2 substrates, see: (a) Wender, P. A.; Erhardt, J. M.; Letendre,
L. J. J. Am. Chem. Soc. 1981, 103, 2114. (b) Lin, J.; Chan, W. H.; Lee,
A. W. M.; Wong, W. Y. Tetrahedron 1999, 55, 13983. (c) Miura, K.;
Fujisawa, N.; Saito, H.; Wang, D.; Hosomi, A.Org. Lett. 2001, 3, 2591.
(d) Yasuda, M.; Tsuji, S.; Shigeyoshi, Y.; Baba, A. J. Am. Chem. Soc.
2002, 124, 7440. (e) Korboukh, I.; Kumar, P.; Weinreb, S. M. J. Am.
Chem. Soc. 2007, 129, 10342. (f) Kumar, P.; Li, P.; Korboukh, I.; Wang,
T. L.; Yennawar, H.; Weinreb, S. M. J. Org. Chem. 2011, 76, 2094. (g)
Sengupta, R.; Witek, J. A.; Weinreb, S. M. Tetrahedron 2011, 67, 8229.
(h) Witek, J. A.; Weinreb, S. M.Org. Lett. 2011, 13, 1258. (i) Muthusamy,
S.; Srinivasan, P. Tetrahedron Lett. 2006, 47, 6297.

(5) For representative syntheses of 1,4-dicarbonyls via oxidation of
enolates and related nucleophiles, see: (a) Ramig, K.; Kuzemko, M. A.;
McNamara, K.; Cohen, T. J. Org. Chem. 1992, 57, 1968. (b) Renaud, P.;
Fox, M. A. J. Org. Chem. 1988, 53, 3745. (c) Baran, P. S.; Hafensteiner,
B.D.;Ambhaikar,N. B.;Guerrero,C.A.;Gallagher, J.D. J. Am.Chem.
Soc. 2006, 128, 8678. (d) Jang,H. -Y.;Hong, J. -B.;MacMillan,D.W.C.
J. Am. Chem. Soc. 2007, 129, 7004. (e) Clift, M. D.; Thomson, R. J.
J. Am. Chem. Soc. 2009, 131, 14579. (f) Martin, C. L.; Overman, L. E.;
Rohde, J. M. J. Am. Chem. Soc. 2010, 132, 4894. (g) Casey, B. M.;
Flowers, R. A. J. Am. Chem. Soc. 2011, 133, 11492.

(6) For instance, see: R€ossle, M.; Werner, T.; Baro, A.; Frey, W.;
Christoffers, J. Angew. Chem., Int. Ed. 2004, 43, 6547.

(7) Miller, E. J.; Zhao, W.; Herr, J. D.; Radosevich, A. T. Angew.
Chem., Int. Ed. 2012, 51, 10605.

Ref 5b-d (5aは取れず)

Pure Appl. Chem. 1964, 9, 337.
Acc. Chem. Res. 1968, 1, 168.
Chem. Rev. 2002, 102, 629.
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l, 63P 4-85.6 pp,m 

bining with a second molecule of other mono- and poly- 
carbonyl compounds. This opens a convenient route 
to  derivatives of the 2,2-dihydro-1,3,2-dioxaphos- 
pholane ring system, 11 and 12. This is, in fact, a 
new approach to the creation of carbon-carbon single 
bonds in polyoxygenated compounds.8 

10 11, cis R, R‘ 
12, trans R, R’ 

W 
2, PIP M . 8  ppm 

+ 
dH 

3, 63’P +29.8 ppm 

This property of the trialkyl phosphites can be 
adapted to the synthesis of a wide variety of five- 
membered cyclic pentaoxyphosphoranes. Thus, the 
reaction of the trialkyl phosphites with o-quinones 

0 OCH, 
4 5 6 

(7) results in the formation of the oxyphosphoranes 8 
in high yields and under very mild conditions.‘ When 
cyclic phosphite esters are employed, spiropentaoxy- 
phosphoranes analogous to 3 are obtained. Phos- 
phonite and phosphinite esters, (R0)2PR and (RO)PRz, 
can be used to  give cyclic members of the series 
(RO)6-,PR,, where n = 1 or 2. The use of tertiary 
phosphines, RsP, in this reaction is more limited, but 
some cyclic dioxyphosphoranes can be made in this 
way (n = 3).7 Other a-dicarbonyl compounds behave 
like the o-quinones toward trialkyl phosphites.‘ 

7 a 

The unsaturated oxyphosphoranes, e.g., 10, are de- 
rivatives of the 2,2-dihydro-1,3,2-dioxaphospholene 
ring system. They have the useful property of com- 

(7) (a) F. Ramires, M. Nagabhushanam, and C. P. Smith, Tetra- 
hedron, 24, 1785 (1968); (b) F. Ramires, C. P. Smith, A. s. Gulati, 
and A. V. Patwardhan, Tetrahedron Letters, 2151 (1966). 

With some a-diketones and many a-keto esters, the 
second step of this condensation is faster than the first 
one; in those cases one isolates only the 2 : l  adducts, 
11 and 12. 

The reaction of trialkyl phosphites with suitably 
activated monocarbonyl compounds leads directly to 
the 2 : 1 adducts, the 1,3,2-dioxaphospholanes.9 This 
happens with 0- and p-nitr~benzaldehydes,~ phthal- 
aldehydes18 hexafluor~acetone,~ and fluorenone, lo which 
yield the oxyphosphoranes 13 and 14, respectively. 
In  these cases, the substituents around the carbonyl 
group stabilize the negative charge that develops on 
the carbonyl carbon during the formation of the 1 : 1 
adduct (CH30)3P+OC-HR. In contrast, unsubsti- 
tuted aliphatic monoaldehydes yield derivatives of the 
2,2-dihydro-1,4,2-dioxaphospholane ring systems, 15, 
in reactions with trialkyl phosphites.’ There is no 
reason for the development of negative charge on car- 
bonyl carbon; the phosphite adds to carbonyl carbon 
and gives the 1:  1 adduct (CH30)3P+C(O-)HR with the 
negative charge on oxygen. This type of adduct adds 
to the second carbonyl compound in the usual way 
to yield 15. We have been able to show, using the 
activated aromatic aldehyde pentafluorobenzaldehyde, 
that the 1,4,2-dioxaphospholane 16 is the initial product 
of the reaction with the trialkyl phosphite.ll This oxy- 
phosphorane isomerizes slowly to the 1,3,2-dioxaphos- 
pholane 17. The exact mechanism of this important 
transformation is not known. Moreover, we have no 
compelling evidence for assuming that all the 1,3,2- 
dioxaphospholanes which have been obtained from the 
reactions of trialkyl phosphites with activated mono- 
ketones and with a-dicarbonyl compounds in general 
involve also a 1,4,2-dioxaphospholane as an unstable 
precursor. 

The assignment of a structure with pentacovalent 
phosphorus to the 1 : l  adducts derived from the re- 
actions of trialkyl phosphites with o-quinones and with 

(8) (a) F. Ramiiez, S. B. Bhatia, A. V. Patwardhan, and C. P. 
Smith, J .  O w .  Chem., 32, 3547, 2194 (1967); (b) F. Ramirez, S. B. 
Bhatia, and C. P. Smith, J. Am. Chem. SOC., 89,3030, 3026 (1967). 

(9) F. Ramirez, S. B., Bhatia, and C. P. Smith, Tetrahedron, 23, 
2067 (1967). 

(10) (a) F. Ramirez and C. P. Smith, Chem. Commun., 662 (1967); 
(b) I. J. Borowitz and M. Anschel, Tetrahedron Letters, 1517 (1967); 
(c) N. P. Gambaryan, Yu. A.  Cheburkov, and I. L. Knunyants, 
Bull. Acad. Sci. USSR, 8, 1433 (1964). 

(11) F. Ramirez, A. S. Gulati, and C. P. Smith, unpublished. 

これら3種は典型的な総説の雑誌

Direct Aldol Reaction
DOI: 10.1002/anie.201200559

Base-Catalyzed Direct Aldolization of a-Alkyl-a-Hydroxy Trialkyl
Phosphonoacetates**
Michael T. Corbett, Daisuke Uraguchi, Takashi Ooi,* and Jeffrey S. Johnson*

Catalytic direct aldol reactions offer a convenient method for
the rapid construction of b-hydroxy carbonyl compounds
through the coupling of carbonyl donors and aldehyde
acceptors.[1] The generation of the reactive enolate by
a basic or nucleophilic catalyst obviates the need to preform
an enolate equivalent. Reaction subtypes can be broadly
categorized by the oxidation state of the pronucleophile.
Ketones and aldehydes can be used in direct aldolization
because of their relatively high acidity (by Brønsted base
catalysis) or their ability to form an enamine (by Lewis base
catalysis).[2] Catalytic direct aldol and Mannich reactions
involving donors in the carboxylic acid oxidation state are
considerably more elusive.[3] Mechanistic nuances of these
reactions are more diverse and reactions that give products
that are fully substituted at the a carbon atom are difficult to
achieve. We report herein a new base-catalyzed direct
glycolate aldol addition that relies upon the strategic use of
a [1,2] phosphonate–phosphate rearrangement (Scheme 1).
This strategy was deployed in the development of highly
enantio- and diastereoselective variants through the applica-
tion of chiral iminophosphorane catalysts. A consequence of
the reaction design is that products containing a leaving group
are directly produced by the aldolization, a circumstance that
is favorable for subsequent nucleophilic displacement reac-
tions.

Although analogous to the well-studied isoelectronic [1,2]
Brook rearrangement,[4] the [1,2] phosphonate–phosphate
rearrangement of a-hydroxy phosphonates is comparatively
underutilized.[5,6] Incorporation of an adjacent electron-with-
drawing group facilitates C!O dialkoxyphosphinyl migra-

tion (2!2’!2’’; Scheme 1) through stabilization of the
incipient negative charge. The [1,2] phosphonate–phosphate
rearrangement of a-hydroxy phosphonates has been
employed in the formal racemic and enantioselective reduc-
tion of a-keto esters;[7] however, it has seldom been used for
C!C bond construction through umpolung reactivity.[6, 8] The
fully substituted glycolic acid derivatives that would result
from productive trapping of 2’’ feature a b-phosphonyloxy
moiety that can serve as an electrophile in secondary trans-
formations,[9] and can be used as intermediates in the syn-
thesis of biologically active compounds such as tagetitoxin,
leustroducsin B, and phoslactomycin A.[10] The generation
and electrophilic trapping of glycolate enolates through
a base-catalyzed C!O dialkoxyphosphinyl migration was
accordingly undertaken.

Initially, we examined the reaction of a-hydroxy phos-
phonate 1 a[11] with an aryl aldehyde in the presence of
a variety of bases (Table 1). The temperature of the reaction
determined the product identity. When the reaction was
conducted at room temperature, epoxide 5 was isolated in
23% yield with 2:1 d.r. (Table 1, entry 1); however, at !78 8C,
under otherwise identical reaction conditions, a-hydroxy-b-
phosphonyloxy ester 3a was isolated in 97 % yield and 2:1 d.r.
(Table 1, entry 2). We propose that both products arise from
the same reaction pathway (see below): at elevated temper-
ature, the aldolate of 3a can react to give epoxide 5 through
an intramolecular Darzens-type SN2 displacement of the
vicinal phosphate.[12] At cryogenic temperatures, epoxide
formation is completely suppressed. The identity of the
counterion of the base affected diastereoselectivity, with
LiOtBu (Table 1, entry 5) giving a slightly lower diastereose-
lectivity than KOtBu (Table 1, entry 2) and NaOtBu giving
the lowest diastereoselectivity (Table 1, entry 3). A higher
reaction temperature was required for Cs2CO3 to initiate the

Scheme 1. Base-catalyzed direct-aldolization employing phosphonate–
phosphate rearrangement.
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In the late 1960s and early 1970s, Ramirez and co- 
workers reported their studies on the reactions of 
1,3,2X5-dioxaphospholenes, 1, derived from trialkyl phos- 
phites and a-dicarbonyl compounds5 (Scheme I). We now 
report our preliminary results on the successful conden- 
sations of various aldehydes with the 1,2X5-oxaphosphol- 
enes, 6, derived from methyl vinyl ketone and trialkyl 
phosphites6 (Scheme 11). This carbon-carbon bond 
forming reaction proceeds without added acid or base and 
provides a facile entry to  a variety of highly substituted 
phosphonates. We have been able to produce via this 
method the P-hydroxy a-phosphonomethyl compounds 
8-17. To our knowledge, only one reported attempt (un- 
successful) of this condensation reaction between the 
1,2X5-oxaphospholene, 5, and an aliphatic aldehyde is 
documented.' 

Our results to date are summarized in Table I. Cor- 
relation of the "aldol" stereochemistries in 8-17 were ob- 
tained by comparison with published spectral data on 
similar aldol compounds,8 as well as with the aldol- 
phosphonate compounds prepared independently via the 
reaction of the 9-BBN boron enolate of 7 with the alde- 
hydes in question. The  latter procedure is known to 
produce the syn aldol stereochemistry? The results in- 
dicate that the best syn diastereoselectivities resulted from 
condensation between the bulkiest oxaphospholene (6b) 
and either benzaldehyde (4.9:1.0, syn:anti) or isobutyr- 
aldehyde (351.0, syn:anti). Presumably, the steric bulk 
of the ligands on the phosphorus and/or around the al- 

(5) (a) Ramirez, F. Synthesis 1974,90. (b) Ramirez, F. %re Applied 
Chem. 1973,2,185. (c) Ibid. 1964,9,337. (d) Ramirez, F.; Patwardhan, 
A. V.; Smith, C. P. J. Org. Chem. 1966,31,3159. 

(13) (a) Westheimer, F. J. Am. Chem. SOC. 1970,92,634. (b) Voncken, 
W. G.; Buck, H. M. Red.  Trau. Chim. Pay8-Ba8 1974, 93, 14, 210. (c) 
Buono, G. J. J. Am. Chem. Soc. 1981,103,4532. (d) Arbuzov, B. A. Bull. 
Acad. Sci. USSR 1967,16,2185. (e )  Vozneaenekaya, A. Kh.; Razumova, 
N. A,; Petrov, A. A. J .  Gen. Chem. USSR 1971,41, 228. 

(7) Ramirez, F.; Madan, 0. P.; Heller, S. R. J. Am. Chem. SOC. 1965, 
87, 731. 

(8) Heathcock, C. H.; Pirrung, M. C.; Sohn, J. E. J.  Org. Chem. 1979, 
44, 4294. 

(9) Mukaiyama, T.; Inoue, T. Bull. Chem. SOC. Jpn.  1980,53, 174. 

6a: R=Et 
6b: R=i-Pr 

c 

0=6(0R)2 

2 , 3 - ~ p  

+ 

R' + GH H I  

7b: R=i-Pr 2 , 3 - ~ w  

dehydes is influencing the stereoselectivity. 
Our initial condensation reactions were performed neat 

a t  room temperature according to  the procedure used by 
Ramirez e t  al., but the reaction times for the l,2h5-oxa- 
phospholenes, 6, ranged from 2 to  25 days. The effects of 
different solvents a t  various temperatures (THF, hexane, 
chloroform, dichloromethane, acetonitrile; 0 "C, 20 "C, 50 
"C) on the reaction of 6 with benzaldehyde were subse- 
quently investigated. Optimal rates and yields were ob- 
tained in dichloromethane under reflux. 

During the hydrolyses of the condensation products 
obtained from 6, attention had to be paid to the pH of the 
solution. The  syn diastereomer decomposed via a retro- 
aldol process if the pH was very basic (?lo), with varying 
amounts of 7 and the aldehyde being isolated. Direct 
hydrolysis of the reaction mixture with water resulted in 
a mixture of pH = 3. Control experiments indicated no 
change in product composition a t  pH 1.5-7.0 for R = E t  
or i-Pr. 

The  value of Lewis acids as catalysts in the promotion 
of the reactions of Pv organophosphorus compounds has 
been shown.10 We investigated the condensation of 6a 
with benzaldehyde in the presence of the Lewis acids, 
BF,.OEh, trimethylsilyl triflate (TMSOTf), SnCl,, TiCl,, 
A1C13, and LiBr. The use of BF3*OEt2 produced the best 
ove rd  yield (88%), although the syn/anti isomer ratio was 
not improved compared to  the uncatalyzed reaction. The 
neat condensation reaction a t  various temperatures with 
trimethylsilyl triflate as catalyst yielded the greatest 
variation in syn/anti isomer ratios. At  20 "C, the syn 
isomer was the major after short reaction times (2.4:l.O 
syn:anti). However, when the reaction was allowed to stir 
for up to 26 h, 'H NMR analysis of aliquots removed 
periodically indicated that the amount of syn diastereomer 
decreased steadily relative to the amount of anti isomer. 
Control experiments indicated this variation in ratio was 
due to the selective decomposition of the syn isomer. 

In conclusion, we have been able to accomplish an 
"aldol" condensation reaction between aldehydes and the 
methyl vinyl ketone-phosphite adduct, 6, under neutral 
conditions to produce @-hydroxy a-phosphonomethyl 

(10) Evans, S. A., Jr.; Murray, W. T. J. Og.  Chem. 1989,54, 2440. 

Ref 6a

ACIE 2012, 51, 4685.Ref 6b

J. Org. Chem. 1991, 56, 867.

Ref 7a
プロセス化学志向の触媒反応
について書かれた本

Sustainable Catalysis
John Wiley & Sons 

Ref 7a
リン触媒でホスフィンオキシド廃棄を
減らす化学の総説

ChemSusChem 2013, 6, 1615.
ChemSusChem 2013, 6, 1615.

Ref 7c

ヒドロキシ基を活性化して
求核置換する反応(Appel反応)の総説



Introduction 2: リンの酸化還元や触媒利用
Ref 8.

JACS 2012, 134, 11330.

Ref 9. For stoichiometric 
deoxygenations by P(III) 
reagents, see: Rowley, A. G. 
In Organophosphorus 
Reagents in Organic 
Synthesis; Cadogan, J. I. G., 
Ed.; Academic Press: 
London, 1979; p 295. 

三価のリンによる脱酸素化が
書かれている書籍

Ref 10,11.

1160 No.17 

%if Grund unserer bisherigen Ergebnisse, die noch duroh kinetische 

Versuche zu ergiinzen sind, stellen wir folgende Reaktionsverllufe 

zur Diskussion: 

Desoxygenierung ohne Amin (Konfigurationserhaltung) 

a 
'*. 

b&P = 0 + HSiCl 
a\\<+!+) 

c' 
3’ 

7’9 - 
HIY13 

'a \,I+) (-1 
b&P-H 

c' 

OSiCl 
3 1 

(H OSiC13 zersetzt sich in Polysiloxan, Xasserstoff und Silizium- 

tetrachlorid.) Es ist nicht ausgeschlossen, da0 Chlorionen die Um- 

setzung begiinstigen. 

Desoxygenierung unter Mitwirkung von Triathylamin (Konfigurations- 

umkehr) 

al a..!+l I-J 

YP = 0 + R3NI-SiC13H zz= bFP - h- SiC13H + R3NI 

c’ I c- II 

I + II- 

III 

“p’,,“’ 
R3N-Si 

“9’,,Cl 
-fi-S'i- 11 -lI$b 

Cl Cl I 
I-l 

a 

+ R3NH Cl 

C 

(SiClRO), + HSiC13 

Tetrahedron Lett. 1965, 6, 1157.

JACS 1969, 91, 7012.

7016 
Chart I @ , b  

(+?i R)-2 (-H R)-9 
a C3H7 = n-propyl. Hexachlorodisilane reductions are described in the text; for other reactions see ref 2. Rotation in toluene. 

Si2C16 in benzene or chloroform occurs with nearly com- 
plete inversion of configuration. 2 9  The stereochemical 
direction of the reductions was deduced from the con- 
figurational correlations summarized in Chart 1. The 
absolute configurations of all of the compounds shown 
in Chart I have been previously e s t a b l i ~ h e d ~ ~ ~ ~ ~ 0 ~ 3 1  and 
it follows that the reductions of 1-3 with Si2C16 proceed 
with inversion of configuration, granted that quater- 
nization and hydrogen peroxide oxidation occur with re- 
tention of configuration.2 In addition to  the dialkyl- 
aryl- and diarylalkylphosphine oxides listed in Table 11, 
Si2C16 was also found to  reduce an optically active tri- 
alkylphosphine oxide with net inversion of configura- 
tion. Reduction of ( -)-(S)-ethylmethyl-n-propyl- 
phosphine oxide,32 [a1300 - 1.9", with Si2C16 gave ethyl- 
methyl-n-propylphosphine which, upon reoxidation 
with hydrogen peroxide, yielded (87 %) (+)-(R)-ethyl- 
methyl-n-propylphosphine oxide, [aI30~ + 1.2 '. Sim- 
ilarly, a triarylphosphine oxide, (-)-(S)-a-anisyl-P- 
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(30) A. F. Peerdeman, J. P. C. Holst, L. Horner, and H. Winkler, 

TetrahedronLett., 81 1 (1965). 
(31) A. W. Herriott and K. Mislow, ibid., 3013 (1968). 
(32) R. A. Lewis and I<. Mislow, J .  Am. Chem. SOC., 91, 7009 (1969). 
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aza-Wittig reaction by a metathesis reaction with an isocyanate,
the driving force being provided by the elimination of CO2.

12 In
2009 the first example of catalysis in the redox-driven manifold
(Scheme 1a) was reported by O’Brien in the form of the first
phosphine-catalyzed Wittig reaction.13 Catalytic turnover was
achieved by reduction of the phosphine oxide byproduct fol-
lowed by reformation of the required ylide from the derived
phosphine. A further example of catalysis in this manifold
followed from Woerpel, who described phosphine-catalyzed
reductions of silyl peroxides in which turnover was again
achieved via phosphine oxide reduction.14 In this article we
provide a detailed account of our studies on the development
of catalytic phosphorus(V)-mediated nucleophilic substitution
reactions of alcohols to afford alkyl chlorides and bromides.15

Reaction Design. Nucleophilic substitution reactions are
fundamental transformations in organic chemistry and underpin
a great deal of syntheses. Phosphorus-mediated reactions of this
type, such as the Mitsunobu and related Appel halogenation
reactions, are particularly attractive owing to their broad sub-
strate scope and mild reaction conditions; however, their poor
atom efficiency undermines their applicability in certain situations
as mentioned above. The desire for catalytic activation/
nucleophilic substitution reactions of alcohols is clear and has
been well articulated.16 The recent development of newmethods
for the activation of alcohols, for example, by Lambert,17 as well
as the catalytic halogenation reactions of alcohols developed
by Stephenson18a along with other catalytic processes18 exem-
plify the current drive toward the realization of efficient atom-
economical catalytic nucleophilic substitution reactions. Our
working plan for the design of catalytic transformations of this
type is depicted in Scheme 2. In contemplating new catalytic
reactions we reasoned that catalysis in a redox-neutral cycle
might be possible if alkoxyphosphonium/nucleophile ion pairs
such as 6, the key intermediates in phosphorus(V)-mediated
substitution reactions, could be accessed catalytically from
phosphine oxides at the expense of a consumable stoichiometric
reagent. The generic oxalate reagent 2 depicted in Scheme 2
contains an activating group X to facilitate the initial reaction
with the phosphine oxide, a latent nucleophile (Nu), and im-
portantly, the driving force to compensate for the cleavage of the
phosphorus!oxygen double bond in the form of two carbonyl
groups that will be converted into CO and CO2 upon collapse
of phosphonium salt3.Wewere attracted to this strategy because, in
principle, it provides a general method for the catalytic activation

and nucleophilic substitution of alcohols by varying theNu group
of the oxalate. The transformation of the phosphine oxide
from stoichiometric waste product to organocatalyst was also
an appealing aspect of this approach. Clearly, the success-
ful implementation of this strategy depends on the conversion
of phosphine oxides into phosphonium salts (e.g., 1 f 4,
Scheme 2); however, phosphine oxides are often regarded
as unreactive due the strength of the phosphorus!oxygen
double bond.
Nevertheless some interesting and potentially useful trans-

formations of phosphine oxides have been documented; for
example, the conversion of triphenylphosphine oxide to chlor-
otriphenylphosphonium chloride is possible using phosgene.19

Less well-known andmore useful is the analogous reaction with
oxalyl chloride that was reported in the late 1970s.20 This latter
reaction provides a clear opportunity to validate the catalysis
strategy outlined in Scheme 2 (where X = Nu = Cl) and,21

therefore, we investigated the development of catalytic Appel
chlorination reactions in which the pivotal halophosphonium
salts22 are accessed from substoichiometric amounts of phosphine
oxides and stoichiometric oxalyl chloride. We reasoned that this
would be a good starting point for our studies because the
classical Appel reaction (eq 1) is used extensively for the
conversion of alcohols into alkyl halides with inversion of
configuration. These halides are fundamental building blocks in
synthesis23 as well as being valuable end products in their own
right.24 Halogenation of alcohols is most straightforwardly
effected using haloacids; however, in general, these reactions
are limited to alcoholic substrates that afford stabilized carboca-
tions upon protonation and ionization.25 Almost all of the other
methods developed26 rely on either stoichiometric covalent
activation of the alcohol followed by nucleophilic displacement27

or in situ stoichiometric activation.28,29 For these reasons the
development of a catalytic halogenation process of the type
depicted in eq 2 and Scheme 1 was attractive.

’RESULTS AND DISCUSSION

Chlorination of Alcohols. We began our investigation by
establishing that the conversion of triphenylphosphine oxide 1 to
the desired chlorophosphonium salt 4a occurred rapidly in
CDCl3. Effervescence began almost immediately upon mixing
of the two reagents and continued for approximately 1.5 min.
Analysis of the crude reaction mixture by NMR spectroscopy
indicated complete conversion to the chlorophosphonium salt
(31P NMR δ 64.6 ppm). We next confirmed that the in situ
generated phosphonium salt was effective in chlorinating decanol
in CDCl3 (eq 4). Again, NMR analysis indicated that the desired

Scheme 2. Proposed General Catalysis Strategy for P(V)-
Mediated Nucleophilic Substitution Reactions Using Con-
sumable Oxalate Reagents
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This Work 1: Catalyst Screening
β-ケトエステルとカルボン酸の縮合における触媒探索

Notwithstanding this fact, phosphetanes of diverse substitution
are readily prepared on multigram scale (i.e., via McBride
synthesis22), and these compounds exhibit the requisite
stoichiometric reactivity to underpin the proposed catalytic O-
atom-transfer sequence (Scheme 1). Specifically, aminophos-

phetane P-oxide 5 is prepared in 81% yield by reaction of
phosphorus trichloride and 2,4,4-trimethyl-2-pentene in the
presence of aluminum trichloride, followed by amination of the
intermediate phosphinoyl chloride with pyrrolidine.23 Moreover,
the aminophosphetane P-oxide 5 is readily reduced by PhSiH3
under mild conditions to the tricoordinate aminophosphetane
10.24 Furthermore, tricoordinate 10 promotes the deoxygenative
condensation of 6 and 7, yielding the corresponding α-acyloxy
ester 8 with regeneration of aminophosphetane P-oxide 5. Based
on these stoichiometric reactivities, we postulate that the
deoxygenative condensation observed in Table 1 proceeds by
catalytic O-atom-transfer via 5/10 cycling. In concert with this
proposal, we find that the tricoordinate aminophosphetane 10
also serves as a functional catalyst for the deoxygenative
condensation (Table 1, entry 10).25

The results of our studies into the scope of this catalytic
transformation are collected in Tables 2 and 3. With respect to
the carboxylic acid component, a suite of benzoic acid derivatives
bearing electron-rich (11) and electron-deficient substituents
(14) gave excellent yields of the corresponding α-acyloxy esters.
Other carboxylic acids, both saturated (17) and unsaturated
(18), are likewise reductively coupled in excellent yield. The
inherently low Lewis acidity of the P-based catalyst results in
good compatibility with heteroatom functionality including
heteroarenes (16, 20, 22), sulfides (19), and free anilines (21).
By virtue of the Kukhtin−Ramirez-initiated mechanism, the

Table 1. Phosphacycles as Catalysts for Deoxygenative
Condensation

yielda (%)

entry R3PO solvent T (°C) 8 9

1b 1 PhMe 100 0 73
2 2 PhMe 100 0 83
3 3 PhMe 100 27 47
4b 4 PhMe 100 41 42
5 5 PhMe 100 84 7
6c 5 PhMe 80 80
7c 5 1,2-DCE 80 89
8 none 1,2-DCE 80 0 0
9 pyrrolidine 1,2-DCE 80 0 0
10c 10d 1,2-DCE 80 73e

aYields of isolated products. Reactions conducted on 0.56 mmol scale.
bYields based on recovered starting material. cYield of 9 not
determined. dSee Scheme 1 for structure. eSee ref 25.

Scheme 1. Preparation and Stoichiometric Reactivity of
Aminophosphetanesa

aReagents and conditions: (a) i. 2,4,4-trimethyl-2-pentene, AlCl3; ii.
pyrrolidine, 81% for two steps. (b) PhSiH3, PhMe, rt, 67%. (c)
PhC(O)CO2Me (6), p-FC6CH4CO2H (7), PhMe, 50 °C, 92%.

Table 2. Examples of Deoxygenative Condensation with
Varying Carboxylic Acid Componentsa

aYields are for isolated products.

Table 3. Examples of Deoxygenative Condensation with
Varying α-Keto Ester Componentsa

aYields are for isolated products. bAr = p-tBuC6H4−.
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This Work 2: Substrate Scope
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This Work 3: Temperature-Dependent Selectivity

reaction is selective for reductive coupling at the α-keto ester
carbonyl; carbonyl functionality elsewhere in the reactants
including both ketone (24) and even aldehyde (23) groups are
carried through the transformation without complication.
Perhaps most significantly, the phosphetane-catalyzed method
shows good chemoselectivity for reductive coupling even in the
presence of sensitive electrophilic functionalities that are known
substrates for reaction with tricoordinate P compounds. For
instance, both electron-deficient nitroarenes (14) and benzylic
halides (25) are unaffected during the event.
The reaction is similarly amenable to diverse α-ketoester

substrates (Table 3). Functionalized benzoylformate derivatives
were reactive, giving good to excellent yields. Other hetero-
aromatic α-keto esters (32, 33) were also reactive. Alkyl α-keto
esters were found to be suitable substrates for both inter- (34,
35) and intramolecular (36, 37) implementations.
The importance of ring strain in facilitating PIII/PVO cycling

is illustrated by an observed dependence of product selectivity on
temperature. As described above, reaction of 6 and 7 with 20 mol
% 5 and 1.2 equiv of phenylsilane at 100 °C in PhMe results
predominantly in catalytic deoxygenative condensation product
8 (Table 4, entry 1). Under otherwise identical reaction

conditions, however, decreasing reaction temperature (entries
2−4) results in an increase in the formation of 9 at the expense of
8. In each case, the combined yields of 8 and 9 exceed >90%. We
independently verified that the reduction product 9 is not an
intermediate en route to 8: (1) the product ratio 8/9 for a room
temperature reaction (i.e., Table 4, entry 4) remains unchanged
upon subsequent heating to 100 °C for 20 h, and (2) resubjection
of 9 to the high-temperature conditions depicted in Table 4 (1.0
equiv 9, 1.2 equiv 7, 1.2 equiv PhSiH3, 20 mol% 5, 0.2 M in
PhMe, 100 °C, 20 h) does not lead to 8.26 Thus, we infer that the
observed product ratios are formed under kinetic control. A
linear relationship is obtained in the plot of ln((8/9)/T) vs 1/T
(Figure 2), from which an isokinetic temperature (Tiso = 48 °C)
and differential activation parameters (ΔΔH⧧ = +10.5(9) kcal/
mol, ΔΔS⧧ = −26(6) cal/mol·K) can be extracted. The
interpretation of these values suggests that the process leading
to 8 is disfavored relative to 9 on enthalpic terms, but favored at
higher temperatures on entropic terms. Moreover, the
magnitude of ΔΔS⧧ is suggestive of differing molecularity in
the rate-controlling steps for the formation of 8 and 9,
respectively. In situ spectroscopy at both the high and low
temperature extremes show phosphetane P-oxide 5 (31P δ 58.8
ppm) to be the only observable P species in solution throughout
the course of the catalytic transformation.

From these results, we surmise that the consumption of the
phosphine oxide by silane represents the selectivity-determining
branch point and that the strain imposed at P by the four-
membered ring is essential for obtaining the deoxygenative
condensation transformation. Previous experimental27 and
theoretical28 studies implicate an intramolecular hydride shift
from Si to P (38→39, Figure 3) as the rate-controlling step in

silane-mediated phosphine oxide reduction. The energetic
barrier to this transformation is associated with significant
bond angle contraction that attends conversion of the
pseudotetrahedral phosphine oxide to a trigonal bipyramidal
phosphorane. The strain accrued to the phosphetane minimizes
the necessary geometric reorganization and thereby increases the
rate of PVO→PIII reduction relative to intermolecular
hydrosilylation. This line of reasoning connects with the
rationale put forth by Westheimer29 and Hudson30 on the effect
of ring strain on phosphate and phosphine reactivity, and related
arguments underpin the strain-induced Lewis acidity in the main
group (P,31 Si,32 Ge,33 Al34). Subsequent deoxygenative
condensation promoted by tricoordinate 10 via Kukhtin−
Ramirez intermediate 40 and 41 then follows to regenerate 5
and close the catalytic cycle.
There is an electronic corollary to the finding that highly

strained four-membered phosphacycles enable deoxygenative
condensation of α-keto esters and carboxylic acids. The
imposition of acute angles at P by the small ring (as in 10)
leads to accrual of s-character in the valence lone pair,35 with a
concomitant decrease in nucleophilicity. This phenomenon runs
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aYields are for isolated products.

Figure 2. Correlation between product selectivity and temperature over
the range 24 °C < T < 100 °C (see Table 4). Linear fit: ln[(8/9)/T] =
−5.26T−1 + 10.59, R2 = 0.995.
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reaction is selective for reductive coupling at the α-keto ester
carbonyl; carbonyl functionality elsewhere in the reactants
including both ketone (24) and even aldehyde (23) groups are
carried through the transformation without complication.
Perhaps most significantly, the phosphetane-catalyzed method
shows good chemoselectivity for reductive coupling even in the
presence of sensitive electrophilic functionalities that are known
substrates for reaction with tricoordinate P compounds. For
instance, both electron-deficient nitroarenes (14) and benzylic
halides (25) are unaffected during the event.
The reaction is similarly amenable to diverse α-ketoester

substrates (Table 3). Functionalized benzoylformate derivatives
were reactive, giving good to excellent yields. Other hetero-
aromatic α-keto esters (32, 33) were also reactive. Alkyl α-keto
esters were found to be suitable substrates for both inter- (34,
35) and intramolecular (36, 37) implementations.
The importance of ring strain in facilitating PIII/PVO cycling

is illustrated by an observed dependence of product selectivity on
temperature. As described above, reaction of 6 and 7 with 20 mol
% 5 and 1.2 equiv of phenylsilane at 100 °C in PhMe results
predominantly in catalytic deoxygenative condensation product
8 (Table 4, entry 1). Under otherwise identical reaction

conditions, however, decreasing reaction temperature (entries
2−4) results in an increase in the formation of 9 at the expense of
8. In each case, the combined yields of 8 and 9 exceed >90%. We
independently verified that the reduction product 9 is not an
intermediate en route to 8: (1) the product ratio 8/9 for a room
temperature reaction (i.e., Table 4, entry 4) remains unchanged
upon subsequent heating to 100 °C for 20 h, and (2) resubjection
of 9 to the high-temperature conditions depicted in Table 4 (1.0
equiv 9, 1.2 equiv 7, 1.2 equiv PhSiH3, 20 mol% 5, 0.2 M in
PhMe, 100 °C, 20 h) does not lead to 8.26 Thus, we infer that the
observed product ratios are formed under kinetic control. A
linear relationship is obtained in the plot of ln((8/9)/T) vs 1/T
(Figure 2), from which an isokinetic temperature (Tiso = 48 °C)
and differential activation parameters (ΔΔH⧧ = +10.5(9) kcal/
mol, ΔΔS⧧ = −26(6) cal/mol·K) can be extracted. The
interpretation of these values suggests that the process leading
to 8 is disfavored relative to 9 on enthalpic terms, but favored at
higher temperatures on entropic terms. Moreover, the
magnitude of ΔΔS⧧ is suggestive of differing molecularity in
the rate-controlling steps for the formation of 8 and 9,
respectively. In situ spectroscopy at both the high and low
temperature extremes show phosphetane P-oxide 5 (31P δ 58.8
ppm) to be the only observable P species in solution throughout
the course of the catalytic transformation.

From these results, we surmise that the consumption of the
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低温＝目的物低収率・単純還元生成物増加

isokinetic temperature Tiso = 48 ℃
(8および9の生成速度が同じ温度)

※9は8が生成する前の中間体ではない
理由(1) 

理由(2)
ΔΔH⧧ = +10.5(9) kcal/mol
ΔΔS⧧ = −26(6) cal/mol·K 

differential activation parameters
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P=O部のヒドロシランへの配位

ヒドリド移動
分子内でリンへ：中間体39が生成
分子間で6へ：9が生成

分子内のヒドリド移動は
遷移状態がコンパクト
＝
＝

ホスフィンオキシドの還元は
分子内ヒドリド移動が律速
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四員環内の典型元素はルイス酸性が
高い＝
→

リンの酸化的環化

安息香酸による
加プロトン分解

安息香酸イオンによる
求核置換反応(SN2)



Other Experiments and Next Approach
他の実験により何かわかるか？

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？



最後に：レポート課題について

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) 採点済の過去レポートを山下研ウェブサイトから見ることができます

s-またはp-ブロック元素の化合物の化学に関する2016年以降の論文を読み、
(論文はこれらの原子が直接反応や物性に関わるところを観測しているものを選んでください
例：典型元素の酸化還元・典型元素の関わる光電子物性・典型元素触媒、など)
以下の点に関して講義資料と同様、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2017/10/14(土)までに山下へメールで提出
makoto@oec.chembio.nagoya-u.ac.jp
以下の各項目は後ろに行けば行くほど重要です

・論文の背景においてどのような研究がなされてきたか？(イントロ参考文献の半分以上はまとめよう)
TOCの絵の貼り付け+論文内容の一言説明の形でまとめよ。総説等は図不要。入手不可な文献は省略可。
・この論文において得られた結果は何か？論文に出てくる結果を全て示せ。
直訳ではなく講義プリントのように図を最大限活用して簡潔に説明せよ。
・得られた結果を説明するための他の実験を提案し、
それで何がわかるかを理由と共に説明せよ。参考文献があると尚良い。
・自分ならこの論文をどう改良してさらに次のアプローチを考えるか？
その目的およびそれが可能な根拠を明確に示して説明せよ。
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ダメです。
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。
メール本文に論文タイトルを書き、該当PDFを添付してメールを送って下さい。
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を推奨しますが
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