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ABSTRACT: Herein, we report a new synthetic route from (S)-pyroglutaminol to (+)-lactacystin, a potent inhibitor of the 20S
proteasome. The photoinduced intermolecular C(sp3)−H alkynylation and intramolecular C(sp3)−H acylation chemo- and
stereoselectively constructed the tetra- and trisubstituted carbon centers, respectively. The obtained bicycle was transformed into
the target compound in a concise manner. The present total synthesis demonstrates the power of the direct C(sp3)−H
functionalizations for the assembly of multiple functionalized structures of natural products.

(+)-Lactacystin (1, Scheme 1), isolated from Streptomyces sp.
OM-6519,1 possesses neurite outgrowth activity in the murine
neuroblastoma cell line Neuro-2a. A detailed investigation of the

mode of biological action revealed that 1 irreversibly inhibits
the proteolytic activity of the 20S proteasome.2 Since the
proteasome machinery plays an essential role in cell cycle
control, differentiation, apoptosis, antigen processing, and
immune response, proteasome inhibitors have emerged as
important candidates for the development of pharmaceuticals3

and new biological tools for the study of proteasome functions.4

Accordingly, 1 has attracted significant attention as a synthetic
target, and a number of total syntheses have been reported to
date.5−7

Direct transformation of C(sp3)−H bonds to C(sp3)−C
bonds eliminates the need for preactivation steps and thus
permits the design of simpler synthetic schemes.8 Recently, we
developed photochemically induced intra- and intermolecular
C(sp3)−H functionalizations and established their chemo-
selectivities (Scheme 1).9−11 While the intermolecular C−H
alkynylation employs Ph2CO and 1-tosyl-2-(trimethylsilyl)-
acetylene (I→ II),9e the intramolecular C−H acylation consists
of the Norrish−Yang cyclization12 of a 1,2-diketone (III → IV)
and subsequent oxidative ring-opening reaction (IV → V).9a

In both reactions, the electrophilic oxyl radical photochemically
generated from the carbonyl group chemoselectively cleaves the
most electron-rich bond in the molecule (nitrogen-substituted >
oxygen-substituted > aliphatic carbons), and the resultant carbon
radical forms a new C−C bond. The mildness, simplicity, and
predictability are highly advantageous features of these protocols
for development of novel routes to complex natural products.
Herein we describe construction of the multiply substituted
structure of (+)-lactacystin (1) by combined use of these two
powerful C(sp3)−H functionalizations.
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Scheme 1. Synthetic Plan of (+)-Lactacystin
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In planning the total synthesis, we correlated the C5−9 core
skeleton of 1 to the structure of commercially available (S)-
pyroglutaminol (2, Scheme 1). The chemo- and stereoselective
C(sp3)−H alkynylation of bicyclic lactam 3, prepared from 2,
was expected to occur at the most electron-rich N-substituted
C5-carbon to produce 4. Alkyne 4 would be converted to
1,2-diketone 5. Transfer of the two carbon unit of 5 to the most
electron-rich O-substituted C9-carbon would be attained by
utilizing the intramolecular C(sp3)−H acylation, leading to 6.
In this way, both the C5- and C9-functional groups would be
efficiently introduced by the C(sp3)−H functionalizations at
the correct oxidation levels. Once the highly substituted 6 is
obtained, the targeted 1 would be synthesized through standard
functional group manipulations at C4, 6, 7, and 10.
To realize the challenging chemo- and stereoselective C5-

alkynylation, the three bicyclic structures 3a−c were prepared
(Scheme 2). First, formation of the benzylidene acetal from

(S)-pyroglutaminol (2) afforded 3a13 as a single stereoisomer.
The mixture of 3a, 1-tosyl-2-(trimethylsilyl)acetylene, and
Ph2CO was subjected to photoirradiation. Although the
alkynylated adduct 4a was indeed obtained, the yield was low
(7a, 12%) after removal of the Me3Si group. Not only the
electron-rich N-substituted methine but also the N,O-acetal
methine appeared to react with the photoexcited Ph2CO.
Therefore, the alternative substrate 3b with no acetal methine
was prepared through the acid-induced trans-acetalization
between 2 and acetophenone dimethyl acetal.14 The same
photoinduced alkynylation conditions transformed 3b into 4b in
62% yield. Thus, the chemoselectivity was significantly improved

by changing the substrate from 3a to 3b, but the stereoselectivity
was moderate (dr at C5 = 4:1). To affect the stereochemical
outcome, one more stereocenter was introduced to 3b via base-
promoted methylation to produce 3c. When 3c was irradiated
by a mercury lamp in the presence of 1-tosyl-2-(trimethylsilyl)-
acetylene (1.5 equiv) and Ph2CO (0.5 equiv) in t-BuOH,
the C5-tetrasubstituted carbon of 4c was stereoselectively
constructed, and the subsequent desilylation of 4c gave rise to
terminal alkyne 7c in 54% yield over two steps. Therefore, the
stereochemical information at C5 that was once lost upon radical
formation was effectively regenerated by influence of the two
proximal stereocenters.15 The higher requisite stereoselectivity
from 3c than from 3b would be rationalized by considering the
two equilibrating conformers of the resultant tertiary radicals A
and A′. Since the unfavorable steric interaction between A′ and
the acetylene would be enhanced by the additional C7-methyl
group of 3c (R1 = Me), 4c is exclusively generated via the less
shielded radical A.
To prepare for the next stereoselective C(sp3)−H function-

alization, diketone 5c was synthesized from 7c (Scheme 3).

Methylation of terminal alkyne 7c using LiN(SiMe3)2 and
MeOTf afforded 8. Internal alkyne 8 was then oxidized to
1,2-diketone 5c by the action of catalytic RuO2 and
stoichiometric NaIO4.

16 Compound 5c was next irradiated
with amercury lamp for the Norrish−Yang cyclization. However,
the reaction resulted in a complex mixture, presumably due to
undesired reaction pathways associated with concomitant
photoexcitation of monoketone 9 with UV light (<360 nm).
For selective photoactivation of the diketone moiety (λmax =
433 nm) of 5c,17 a blue LED was alternatively applied because it
emits light of longer wavelength (approximately 460 nm) than
the mercury lamp. Consequently, compound 5c was smoothly
transformed into the cis-fused cyclobutanone 9 in a chemo- and
stereoselective manner. The site-selective H-abstraction of B at
C9 over C6 in this reaction reflected the more electron-rich
nature of the ethereal C(sp3)−H bond in comparison to the
aliphatic C−H bond. Finally, the oxidative ring-opening reaction
of 9 using Pb(OAc)4 and Na2CO3 resulted in ketoester 6c as
a single isomer in 66% yield over two steps.18 Hence, stereo-
selective introductions of the two vicinal C5- and C9-centers
were realized by the two C−H bond functionalizations.

Scheme 2. Stereoselective C(sp3)−H Alkynylation

Scheme 3. Synthesis of the Key Intermediate 6c
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The highly branched structure of 6c was converted to
(+)-lactacystin (1) through homologation at C10, construction
of C6,7-stereocenters, and attachment of the cysteine moiety
(Scheme 4). Thus, olefination of the C10-ketone in 6c with

Petasis reagent19 and subsequent acidic removal of the N,O-
acetal afforded allylic alcohol 11. The liberated hydroxy and
amide groups of 11 were in turn capped with the acetyl and Boc
groups, respectively, leading to 13. Hydrogenation of 13 formed
the saturated branched carbon chain of 14.
Prior to stereoselective construction of the C6,7-centers, the

α,β-unsaturated lactam 15 was prepared by α-selenylation of 14
and subsequent selenoxide elimination (14→ 15). 1,4-Addition
of (diethylamino)diphenylsilyllithium5j,20 to 15 in the presence
of diethylzinc21 proceeded from the opposite face of the large C5-
chain to install theC6-stereochemistry, and the resultant enolateC
was protonated bymethyl salicylate22 from the opposite face of the
bulky silyl group to introduce the C7-stereochemistry, leading to a
mixture of 16 and 17 after the workup.23 Tamao oxidation24 of 16
and 17 with m-CPBA gave rise to 18 as the sole stereoisomer.
The total synthesis of (+)-lactacystin (1) was accomplished

through condensation with cysteine. Detachment of the Boc
group of 18with CF3CO2H, followed by hydrolysis of the acetate
and methyl ester, furnished β-hydroxy carboxylic acid 19. Lastly,
β-lactone formation from 19 using bis(2-oxo-3-oxazolidinyl)-
phosphinic chloride (BOPCl)5a afforded compound 20, which
was treated with N-acetyl-L-cysteine in the presence of Et3N,
delivering 1. The physical data of synthetic 1 (1H and 13C NMR,

IR, and [α]D) were in complete agreement with those previously
reported.1b,5

In conclusion, a novel route to (+)-lactacystin (1) from (S)-
pyroglutaminol (2) has been established by judicious applica-
tion of intermolecular C−H alkynylation (3c → 4c) and intra-
molecular C−H acylation (5c → 6c). These reactions realized
unique C−C bond formations, which were otherwise difficult to
attain, and simplified the assembly of the branched carboskeleton
of 6c, which was efficiently derivatized into the targeted 1.
The present total synthesis demonstrates the high applicability
of the two C(sp3)−H functionalizations to form the complex
intermediates and the high predictability of their chemo-
selectivities (N-substituted > O-substituted > aliphatic carbons).
Further applications of these and other direct reactions9 for
construction of diverse structures of natural products and
pharmaceuticals are currently underway in our laboratory.

■ ASSOCIATED CONTENT
*S Supporting Information

Characterization data for all new compounds and experimental
procedures. This material is available free of charge via the
Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author

*E-mail: inoue@mol.f.u-tokyo.ac.jp.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was financially supported by the Funding Program
for Next Generation World-Leading Researchers (JSPS), a
Grant-in-Aid for Scientific Research (A) and Nagase Science and
Technology Foundation to M.I., and a Grant-in-Aid for Young
Scientists (B) (JSPS) to M.N. A fellowship from JSPS to S.Y. is
gratefully acknowledged.

■ REFERENCES
(1) (a) O̅mura, S.; Fujimoto, T.; Otoguro, K.; Matsuzaki, K.;
Moriguchi, R.; Tanaka, H.; Sasaki, Y. J. Antibiot. 1991, 44, 113.
(b) O̅mura, S.; Matsuzaki, K.; Fujimoto, T.; Kosuge, K.; Furuya, T.;
Fujita, S.; Nakagawa, A. J. Antibiot. 1991, 44, 117.
(2) Fenteany, G.; Standaert, R. F.; Lane, W. S.; Choi, S.; Corey, E. J.;
Schreiber, S. L. Science 1995, 268, 726.
(3) For recent reviews, see: (a) Borissenko, L.; Groll, M. Chem. Rev.
2007, 107, 687. (b) Huber, E. M.; Groll, M. Angew. Chem., Int. Ed. 2012,
51, 8708.
(4) For recent reviews, see: (a) Kisselev, A. F.; Goldberg, A. L. Chem.
Biol. 2001, 8, 739. (b) Goldberg, A. L. J. Cell Biol. 2012, 199, 583.
(5) For total syntheses of 1, see: (a) Corey, E. J.; Reichard, G. A. J. Am.
Chem. Soc. 1992, 114, 10677. (b) Sunazuka, T.; Nagamitsu, T.;
Matsuzaki, K.; Tanaka, H.; O̅mura, S.; Smith, A. B., III. J. Am. Chem. Soc.
1993, 115, 5302. (c) Uno, H.; Baldwin, J. E.; Russell, A. T. J. Am. Chem.
Soc. 1994, 116, 2139. (d) Chida, N.; Takeoka, J.; Tsutsumi, N.; Ogawa,
S. J. Chem. Soc., Chem. Commun. 1995, 793. (e) Corey, E. J.; Li, W.;
Nagamitsu, T. Angew. Chem., Int. Ed. 1998, 37, 1676. (f) Corey, E. J.; Li,
W.; Reichard, G. A. J. Am. Chem. Soc. 1998, 120, 2330. (g) Panek, J. S.;
Masse, C. E. Angew. Chem., Int. Ed. 1999, 38, 1093. (h) Soucy, F.;
Grenier, L.; Behnke, M. L.; Destree, A. T.; McCormack, T. A.; Adams, J.;
Plamondon, L. J. Am. Chem. Soc. 1999, 121, 9967. (i) Ooi, H.; Ishibashi,
N.; Iwabuchi, Y.; Ishihara, J.; Hatakeyama, S. J. Org. Chem. 2004, 69,
7765. (j) Fukuda, N.; Sasaki, K.; Sastry, T. V. R. S.; Kanai, M.; Shibasaki,
M. J. Org. Chem. 2006, 71, 1220. (k) Balskus, E. P.; Jacobsen, E. N. J. Am.
Chem. Soc. 2006, 128, 6810. (l) Hayes, C. J.; Sherlock, A. E.; Green, M.

Scheme 4. Total Synthesis of (+)-Lactacystin

Organic Letters Letter

dx.doi.org/10.1021/ol503291s | Org. Lett. 2015, 17, 90−9392



P.; Wilson, C.; Blake, A. J.; Selby, M. D.; Prodger, J. C. J. Org. Chem.
2008, 73, 2041. (m) Gu, W.; Silverman, R. B. J. Org. Chem. 2011, 76,
8287.
(6) For formal total syntheses of 1, see: (a) Kang, S. H.; Jun, H.-S.
Chem. Commun. 1998, 1929. (b) Kang, S. H.; Jun, H.-S.; Youn, J.-H.
Synlett 1998, 1045. (c) Iwama, S.; Gao, W.-G.; Shinada, T.; Ohfune, Y.
Synlett 2000, 1631. (d) Donohoe, T. J.; Sintim, H. O.; Sisangia, L.; Ace,
K. W.; Guyo, P. M.; Cowley, A.; Harling, J. D. Chem.Eur. J. 2005, 11,
4227. (e) Wardrop, D. J.; Bowen, E. G. Chem. Commun. 2005, 5106.
(f) Yoon, C. H.; Flanigan, D. L.; Yoo, K. S.; Jung, K.W. Eur. J. Org. Chem.
2007, 37. (g) Gilley, C. B.; Buller, M. J.; Kobayashi, Y.Org. Lett. 2007, 9,
3631. (h) Legeay, J.-C.; Langlois, N. J. Org. Chem. 2007, 72, 10108.
(i) Pattenden, G.; Rescourio, G. Org. Biomol. Chem. 2008, 6, 3428.
(j) Hameed, A.; Blake, A. J.; Hayes, C. J. Synlett 2010, 535. (k) Mycock,
D. K.; Glossop, P. A.; Lewis, W.; Hayes, C. J. Tetrahedron Lett. 2013, 54,
55. (l) Sridhar, C.; Vijaykumar, B. V. D.; Radhika, L.; Shin, D.-S.;
Chandrasekhar, S. Eur. J. Org. Chem. 2014, 6707.
(7) For reviews, see: (a) Corey, E. J.; Li, W.-D. Z. Chem. Pharm. Bull.
1999, 47, 1. (b) Masse, C. E.; Morgan, A. J.; Adams, J.; Panek, J. S. Eur. J.
Org. Chem. 2000, 2513. (c) Shibasaki, M.; Kanai, M.; Fukuda, N. Chem.
Asian. J. 2007, 2, 20.
(8) For recent reviews on direct C(sp3)−H transformation to formC−
C bonds, see: (a) Kakiuchi, F.; Kochi, T. Synthesis 2008, 3013. (b) Chen,
X.; K. Engle, K. M.; Wang, D.-H.; Yu, J.-Q. Angew. Chem., Int. Ed. 2009,
48, 5094. (c) Akindele, T.; Yamada, K.; Tomioka, K. Acc. Chem. Res.
2009, 42, 345. (d) Daugulis, O.; Do, H.-Q.; Shabashov, D. Acc. Chem.
Res. 2009, 42, 1074. (e) Liu, C.; Zhang, H.; Shi, W.; Lei, A. Chem. Rev.
2011, 111, 1780. (f) Sun, C.-L.; Li, B.-J.; Shi, Z.-J. Chem. Rev. 2011, 111,
1293. (g) Yamaguchi, J.; Yamaguchi, A. D.; Itami, K. Angew. Chem., Int.
Ed. 2012, 51, 8960. (h) Rouquet, G.; Chatani, N. Angew. Chem., Int. Ed.
2013, 52, 11726. (i) Rohlmann, R.; Mancheño, O. G. Synlett 2013, 24, 6.
(j) Xie, J.; Jin, H.; Xu, P.; Zhu, C.Tetrahedron Lett. 2014, 55, 36. (k) Qin,
Y.; Lv, J.; Luo, S. Tetrahedron Lett. 2014, 55, 551. (l) Girard, S. A.;
Knauber, T.; Li, C.-J. Angew. Chem., Int. Ed. 2014, 53, 74.
(9) (a) Kamijo, S.; Hoshikawa, T.; Inoue, M. Tetrahedron Lett. 2010,
51, 872. (b) Kamijo, S.; Hoshikawa, T.; Inoue, M. Tetrahedron Lett.
2011, 52, 2885. (c) Kamijo, S.; Hoshikawa, T.; Inoue,M.Org. Lett. 2011,
13, 5928. (d) Hoshikawa, T.; Yoshioka, S.; Kamijo, S.; Inoue, M.
Synthesis 2013, 45, 874. (e) Hoshikawa, T.; Kamijo, S.; Inoue, M. Org.
Biomol. Chem. 2013, 11, 164. (f) Hoshikawa, T.; Inoue, M. Chem. Sci.
2014, 4, 3118. (g) Amaoka, Y.; Nagatomo, M.; Watanabe, M.; Tao, K.;
Kamijo, S.; Inoue, M. Chem. Sci. 2014, 5, 4339. (h) Nagatomo, M.;
Yoshioka, S.; Inoue, M. Chem. Asian. J. 2014, DOI: 10.1002/
asia.201402983.
(10) For recent reviews on photochemical reactions, see: (a) Fagnoni,
M.; Dondi, D.; Ravelli, D.; Albini, A. Chem. Rev. 2007, 107, 2725.
(b) Hoffmann, N.Chem. Rev. 2008, 108, 1052. (c) Shi, L.; Xia, W. Chem.
Soc. Rev. 2012, 41, 7687. (d) Ravelli, D.; Fagnoni, M.; Albini, A. Chem.
Soc. Rev. 2013, 42, 97. (e) Prier, C. K.; Rankic, D. A.; MacMillan, D. W.
C. Chem. Rev. 2013, 113, 5322. (f) Reckenthal̈er, M.; Griesbeck, A. G.
Adv. Synth. Catal. 2013, 355, 2727. (g) Xi, Y.; Yi, H.; Lei, A.Org. Biomol.
Chem. 2013, 11, 2387.
(11) (a) Tedder, J. M. Tetrahedron 1982, 38, 313. (b) Fokin, A. A.;
Schreiner, P. R.Chem. Rev. 2002, 102, 1551. (c) Newhouse, T.; Baran, P.
S. Angew. Chem., Int. Ed. 2011, 50, 3362.
(12) For selected examples of the Norrish−Yang photocyclization of
1,2-diketone, see: (a) Urry, W. H.; Trecker, D. J. J. Am. Chem. Soc. 1962,
84, 118. (b) Turro, N. J.; Lee, T.-J. J. Am. Chem. Soc. 1969, 91, 5651.
(c) Sarphatie, L. A.; Verheijdt, P. L.; Cerfontain, H. J. R. Neth. Chem. Soc.
1983, 102, 9. (d) Herrera, A. J.; Rondoń, M.; Suaŕez, E. J. Org. Chem.
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