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Abstract: Methods for functionalizing carbon-hydrogen
bonds are featured in a new synthesis of the tricyclic core
architecture that characterizes the indoxamycin family of
secondary metabolites. A unique collaboration between three
laboratories has engendered a design for synthesis featuring
two sequential C—H functionalization reactions, namely a dia-
stereoselective dirhodium carbene insertion followed by an
ester-directed oxidative Heck cyclization, to rapidly assemble
the congested tricyclic core of the indoxamycins. This project
exemplifies how multi-laboratory collaborations can foster
conceptually novel approaches to challenging problems in
chemical synthesis.

The functionalization of strong, unactivated carbon-hydro-
gen (C—H) bonds has loomed as a compelling challenge for
organic chemistry in the last century and the present one,
a “holy grail” of chemical reactivity!! with the potential to
broadly impact the chemical sciences. The collective effort to
reduce organic chemistry’s historic overreliance on the
activating effects of preexisting functional groups by directly
functionalizing unactivated C—H bonds has made impressive
strides.”) However, this rapidly growing field remains far from
mature and continues to be challenged by the intrinsic
difficulty of achieving site-selective C—H functionalizations
in organic compounds replete with C—H bonds, as well as the
need for an expanded set of new, reliable methods.”!

The diverse and intricate structures of natural products
have provided challenging molecular contexts for probing the
capabilities of C—H functionalization reactions.* Prior syn-
theses of dihydroconessine (Corey, 1958),°! aldosterone
acetate (Barton, 1960),°! cephalosporin C (Woodward,
1966)," and pantalenolactone E methyl ester (Taber,

[¥] T. A. Bedell,"! G. A. B. Hone,""! Prof.Prof. E. . Sorensen
Frick Chemistry Laboratory, Department of Chemistry
Princeton University
Washington Road, Princeton, NJ 08544 (USA)

E-mail: ejs@princeton.edu

Homepage: http://chemists.princeton.edu/sorensen/

Dr. D. Valette, Prof. H. M. L. Davies

Department of Chemistry, Emory University (USA)

Prof. J.-Q. Yu

Department of Chemistry, The Scripps Research Institute (USA)

[*] These authors contributed equally to this work.

(@ Supporting information for this article can be found under:
http://dx.doi.org/10.1002/anie.201602024.

Wiley Online Library

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1985)®! are among the forerunners of a growing family of
achievements!”’ in natural product synthesis (Figure 1)'" that
were also highly reliant on pattern recognition!'!! enabled by
C—H functionalization logic.’!

Sato and co-workers isolated™ the indoxamycins
(Figure 2) from a marine actinomycete and elucidated their
highly substituted, cis-peri-fused™ 6,5,5-tricyclic frameworks.
The pioneering synthesis of (+)-indoxamycin B (2 and ent-2)
by the Carreira laboratory™ corrected the original assign-
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Figure 1. Selected targets in total synthesis featuring C—H functionali-
zations as key steps. Green: Dirhodium-catalyzed carbene insertion.
Blue: Rhodium-catalyzed amination. Red: Palladium-catalyzed func-
tionalization. Pink: Rhodium-catalyzed alkylation. Light blue: Iridium-
catalyzed borylation.
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(-)-indoxamycins A-E
CH3, R?= CHj3, R®= CH3, R*= CHj3 (6)
CHg, R?= CHj3, R®= CH,0H, R*= CH3
CH3, R2= CH3, R®= CHs, R* = CH,0OH
CH3, R2= CH,0H, R3= CH,, R*= CH3
CH,0H, R? = CHj3, R3= CH3, R*= CH3
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Figure 2. The indoxamycin family of secondary metabolites.

ment of the relative stereochemistry and was followed by the
syntheses of Ding and co-workers, culminating in family-wide
stereochemical revisions."® In contrast to these prior efforts,
which constructed the indoxamycin cis-peri-fused 6,5,5-tricy-
clic skeleton from monocyclic building blocks, our retrosyn-
thetic analysis (Scheme 1) was founded on the idea that the
six-membered ring and the left-most alkene side chain of the
indoxamycins could arise from a reaction sequence featuring
site- and diastereoselective C—H functionalizations on the
rigid bicyclo[3.3.0Joctane 7. An intermolecular donor/
acceptor carbene C—H insertion, mediated by a dirhodium
catalyst as developed by the Davies group,!'” would directly
establish the first key stereocenter from a pseudo-symmetric
intermediate (7—8, Scheme 1). An appealing, yet unprece-
dented carboxyl-directed arene palladation/Heck cyclization
sequence (8—9), inspired by previous reports,'¥ might then
complete a rapid construction of the 6,5,5-tricyclic skeleton.
Finally, we envisioned that a second site-selective intermo-
lecular metal carbene C—H insertion™ would occur on the
convex face of the tricyclic core in 9 and permit the late-stage
elaboration of the trisubstituted alkene.

Toward realizing this bold plan
for synthesis, enoate 7 was found to
be readily accessible from known
compounds in three steps (see the
Supporting Information).””! Pre-
liminary studies with simple, achiral
dirhodium tetracarboxylates
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Scheme 1. An approach to the indoxamycins enabled by site-selective
C—H functionalizations.

the benzylic epimers (entry 3). Nuclear Overhauser effect
(NOE) measurements confirmed that the C—H insertion of
the rhodium-bound carbene had taken place adjacent to the
tetrahydrofuranyl oxygen atom on the concave face of the
bicyclo[3.3.0]octane scaffold (proximal to the a,f-unsaturated
ester and away from the ring-junction methyl groups), but
were insufficient to determine the configuration of the
benzylic stereocenter.

In light of prior observations,'*! this result invited the
interesting possibility of a kinetic resolution of (+)-7 in the
course of a carbene C—H insertion. To test this idea,
enantioenriched (>97% ee) (4)-7 and (—)-7 (see the
Supporting information) were independently subjected to
the previously established reaction conditions in the presence

Table 1: Preliminary C—H insertion results with 7 and catalyst matching studies.”

Br.
\Q(cozcug

N2
Rhola, 10d

(Table 1, entries 1 and 2) demon-

solvent, temperature

strated little to no C—H insertion wlH

o . . . 2 3
reactivity, resulting only in the 7 8d
decomposition of 10 and recovery Entry 7 L Solvent (v/v, T) Conv. of 7 [%] (into 8)  d.r. (8)
of the unreacted bicyclic ester 7. ] )7 OAc DMB® (55°C) ot observed ~
Previously established conditions 2 (£)7 TFA DMB® (55°C) not observed _
known to favor ethereal C—H inser- 3 ()7 (5)-DOSP  DMB/TFT (1:1, 55°C) 49 (79) 20:1
tions of donor/acceptor car- 4 (-)-7 (5)-DOSP DMB/TFT (2:1, 55°C) 56 (32) 1:2.1
benes!'7-2! suggested Rh,- 5 (—)-7 (R)-DOSP DMB/TFT (2:1, 55°C) 79 (86) 6.4:1
(DOSP),” and Rhy(PTAD),>! as 6 (+)7  (9-PTAD  DMB/TFT (2:1, 55°C) 95 (100) >20:1
most likely to effect the desired ; E;;; g;'gg‘gp TDFﬁ%BEI:)(N' 33°C) ;(5) E}gg; 231
transformatlop. Indeed, When (+)-7 9 (+)7 (5)-PTAD TFT (55°C) 79 (92) 1341
was treated with two equivalents of 49 (£)7  (5)-DOSP isooctane/TFT (2:1,55°C) 22 (95) >20:1
donor/acceptor diazo compound 11 ()7 (5)-PTAD isooctane/TFT (2:1,55°C) 72 (97) >20:1
10d in the presence of Rh,[(S)- 12 (+)-7 (5)-PTAD isooctane/TFT (2:1, 75°C) 51 (94) 15:1

DOSP],, the C—H insertion product
8d was formed in 39% yield with
a 20:1 diastereomeric ratio (d.r.) of
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[a] Concentration: 0.05 m; conversion and d.r. values determined by "H NMR spectroscopy. [b] A trace of
a,a,a-trifluorotoluene was added for solubility. DOSP = 1-[(4-dodecylphenyl)sulfonyl]-(2S/R)-prolinate,
PTAD = N-phthaloyl-(S/R)-adamantylglycine, TFA=trifluoroacetic acid.
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of a single enantiomer of the dirhodium catalyst, and the
conversion into the insertion product was analyzed by
"H NMR spectroscopy. The outcomes (Table 1, entries 4-7)
display a significant matching effect for both Rh,(DOSP), and
Rh,(PTAD),, particularly with the latter catalyst; the pairing
of (+)-7 with Rh,[(S)-PTAD], provided 95 % conversion into
C—H insertion adduct 8d with >20:1 d.r. (entry 6).

The inert, non-polar reaction medium offered by 2,2-
dimethylbutane (DMB) was favored for reliably high diaste-
reomer ratios; however, the reactions using this solvent also
required the addition of small amounts of a,a,a-trifluoroto-
luene (TFT) to increase the solubilities of 10 and the
dirhodium catalyst. The limited temperature range and
currently unresolved shortage in the commercial supply of
DMB led us to increase the fraction of TFT. However, in
these reactions, lower conversions and diastereomer ratios
were observed (Table 1, entries 8 and 9). Replacing DMB
with readily available 2,2,4-trimethylpentane (isooctane)
permitted increased reaction temperatures with a concomitant
decrease in conversion (entries 10-12). Increased equivalents
of reagent 10 were also ineffective in producing higher yields.
Ultimately, two equivalents of diazo reagent 10 and a solution
of DMB and TFT in a ratio of 2:1 were chosen as the optimal
trade-off between DMB volume, conversion, and diastereo-
selectivity.

To survey the scope of this transformation, a number of
substituted phenylacetic acid derivatives were prepared?"?!
and subjected to the aforementioned conditions. Only the
parent methyl phenyldiazoacetate and select derivatives were
found to be competent reaction partners (Table 2); diazo
compounds bearing strongly electron-donating or most elec-
tron-withdrawing groups, substituents at the 2- or 3-positions,
or multiple substituents (not shown) failed to produce the

Table 2: Catalyst selectivity and substrate scope of the rhodium
carbenoid insertion with 7.7

G
CO,CH;
CO,CH; N,
10a-10i
= Rhyly
HsC Hs
( ) DMB/TFT (2:1)
o reflux
Entry 7 10 G L Yield [%] d.rf!
1 ()7 10a H (R)-PTAD 55 >20:1
2 ()7 10b F (R)-PTAD 56 >20:1
3 (+)-7 10c (S)-PTAD 76 >20:1
4 (H)-7 10d  Br (S)-PTAD 86 >20:1
5 (+)-7  10e | (S)-PTAD 52 19:1
6 (+)-7  10f OTf (5)-PTAD 7414 >20:1
74 (-)-7 10g Bpin (R)-PTAD 64 9:1
8 (H)-7 10h CF, (S)-PTAD 51 >20:1
9lel (+)-7  10i  COCH, (5)-PTAD 55 17:1

[a] Concentration: 0.05 m; yields refer to isolated products after column
chromatography on silica gel. [b] Ratio of the benzylic epimers.

[c] Determined "H NMR spectroscopy, product inseparable from the
dimerization products derived from 10. [d] At 0.025 M owing to the
solubility of 10g. [e] DMB/TFT/CH,Cl, (2:3:1), 0.025m owing to the
solubility of 10i. pin = pinacolato, Tf=trifluoromethanesulfonyl.
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desired C—H functionalization adducts, giving instead a mix-
ture of unreacted 7 and products consistent with dimerization
of the diazo compound. Methyl phenyldiazoacetate (10a) and
the derivatives 10b-10e proved to be efficient coupling
partners, providing 8a-8e in good to excellent yields and
diastereomeric ratios (Table 2, entries 1-5). X-ray crystallo-
graphic analysis of (+)-8b confirmed the relative and
absolute stereochemical assignment shown in Table 2. Aryl
triflate 10 f and pinacol boronate 10g (entries 6 and 7) are
complementary to 10d and 10e as they provide versatile
handles for post-C—H functionalization bond formations.
Importantly, this provided access to insertion adduct 8j (see
the Supporting Information) as the corresponding methyl (4-
methoxyphenyl)diazoacetate proved to be an unsuccessful
coupling partner. Although many of the most common
electron-withdrawing groups are not compatible with the
dirhodium-catalyzed functionalization conditions, 10h and
10i were found to be sufficiently reactive in this context
(entries 8 and 9).

Work in the area of directed arene functionalization by Yu
and co-workers!™®! suggested that it should be possible to
exploit the phenylacetic acid moiety in 8a-8j to direct an
ortho functionalization of the arene. Surprisingly, to the best
of our knowledge, no reports existed describing the applica-
tion of palladium-catalyzed, directed C—H functionalization
as a trigger for Heck cyclizations. Efforts to apply potassium
carboxylate directed olefination conditions!"™™!%2"1 proved
unsuccessful, as the corresponding substrates (not shown) did
not undergo the desired Heck cyclization.

Several general challenges to the successful cyclization of
8a-8j stood out as potential malefactors. Most prominent was
the potential for catalyst inhibition through the formation of
a bidentate chelate comprising the phenylacetic ester car-
bonyl group and the (-oxygen atom of the tetrahydrofuran
ring (Scheme 2a). Also of concern was the congested steric
environment adjacent to the phenylacetic ester moiety, which
would need to accommodate a large, ligated palladium
species over the course of the transformation. Additional
concerns regarding the accessibility of reactive geometries
were ameliorated by low-level conformation analysis suggest-
ing that should palladation occur, achieving productive
trajectories for cyclization would be possible. Indeed, ring

a) sterically congested
HsCr-
potential
competitive

chelate

b) CO,CH; Pd(OACc); (15 mol%)
Ac-Gly-OH (30 mol%),
B Ag,CO;3 (3 eq.

HyC: r g2C0;3 (3 eq.)

HFIP,90°C, 48 h

40% conversion
~1:1 9a/9d by "H NMR

:
()-8d

CO,CH;

(-)-9a/9d

Scheme 2. a) Postulated obstacles to the successful cyclization of
compounds 8a-8j. b) Preliminary result for the successful cyclization
of 8d.
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formation was anticipated to be diastereoselective, as
approach of the arene from the convex face of the bicyclo-
[3.3.0]octane system should be geometrically impossible.
Ongoing work to develop and exploit weakly coordinating
directing groups!™¥ resulted in the recent disclosure of
conditions for an ester-directed intermolecular olefination
of arenes.” Bearing the aforementioned concerns in mind,
8d was subjected to these conditions, which led to the
formation of the tetracyclic cyclization products 9a and 9d as
an approximately 1:1 mixture (Scheme 2b). To the best of our
knowledge, the successful execution of this directed C—H
palladation/Heck cyclization sequence represents the first of
its kind and is particularly noteworthy given the rigorous
structural and steric demands imposed by the substrate.
Inspired by this success, we subjected 8a to similar
reaction conditions and found that it reacted with much
greater efficiency (Table 3, entry 1). Compounds 8b-8e were

Table 3: Substrate scope of the intramolecular oxidative C—H pallada-
tion/Heck cyclization

Pd(OAC),,
Ac-Gly-OH,
G AgoCO3
——=—" 3 HyC'
HFIP,
90°C, 48 h
G Yield (BRSM) [%] d.r.
1 8a H 50 (79) >20:1
2 8b F 11 (23) >20:1
3 8c Cl 22 (55) >20:1
4 8d Br 370! >20:1
5 8e | not observed -
6 8f oTf <5 -
7 8g Bpin - N
8 8h CF, 7 (35) >20:1
9 8i CO,CH; 16 (55) >20:1
10 8j OCH, 40 (68) >20:1

[a] Pd(OAc), (20 mol %), Ac-Gly-OH (40 mol %), Ag,CO; (3 equiv),

0.1 M. Yields refer to the isolated products; values based on the
recovered starting materials are given in parentheses. [b] 1.6:1 ratio of
9a/9d. HFIP=hexafluoroisopropanol.

subjected to analogous cyclizations with mixed results
(entries 2-5), consistent with prior observations of reactiv-
ity.” The carbon-halogen bonds of 8b and 8¢ proved to be
inert under the Pd"/Pd” cycle, but the substrates failed to
exhibit significant cyclization reactivity. X-ray crystallo-
graphic analysis of (+)-9b confirmed the stereochemical
assignment shown in Table 3. Under the same conditions, 8d
reluctantly underwent cyclization with concomitant (incom-
plete) protodebromination to provide an inseparable mixture
of 9a and 9d. The carbon-iodine bond of 8e was fully
reduced, leading to the sole isolation of 8a. Attempts to effect
the C—H palladation/Heck cyclization of 8 f and 8g were also
unsuccessful (entries 6 and 7), but did allow for the recovery
of unreacted starting material. The electron-deficient inser-
tion products 8h and 8i (entries 8 and 9) provided low to
moderate yields of their corresponding tetracycles. Con-

Angew. Chem. 2016, 128, 84108414
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versely, electron-rich, 4-methoxy-substituted 8j, could be
cyclized with better efficiency (entry 10).

Herein, we have reported a conceptually novel approach
toward the core of the indoxamycin family of natural
products. This design centered on the application of logic
enabled by chemical methods for C—H functionalization. We
have described a highly regio- and diastereoselective dirho-
dium tetracarboxylate catalyzed C—H insertion, which forges
the first key carbon—carbon bond of the indoxamycin core,
ensuing studies exploring a significant matched/mismatched
catalyst effect, and the scope of competent donor/acceptor
diazo compounds. The successful ortho functionalization of
substituted benzenes with a weakly coordinating ester
directing group™! in the context of a ring-forming Heck
cyclization represents, to the best of our knowledge, the first
reported observation of this reactivity in a complex setting.
Efforts to achieve the third, and final, planned C—H
functionalization are currently underway and will be reported
in due course.

Acknowledgements

This work was supported by the CCI Center for Selective
C—H Functionalization (CCHF; CHE-1205646) and Prince-
ton University. We gratefully thank the members of the NSF-
CCHF for their insight and helpful discussions, Dr. Neal
Byrne and Dr. Christina Kraml of Lotus Separations for the
separation of the enantiomers of 7, and Dr. Phillip Jeffrey for
assistance with the X-ray crystallographic analysis of 8b and
9b.

Keywords: C—H bond activation - natural products -
palladation - rhodium carbenes - synthetic methods

How to cite: Angew. Chem. Int. Ed. 2016, 55, 8270-8274
Angew. Chem. 2016, 128, 8410-8414

[1] B. A. Arndtsen, R. G. Bergman, T. A. Mobley, T. H. Peterson,
Acc. Chem. Res. 1995, 28, 154—-162.

[2] R. Breslow, J. Yang, J. M. Yan, Tetrahedron 2002, 58, 653 —659.

[3] J. F. Hartwig, J. Am. Chem. Soc. 2016, 138, 2-24.

[4] a) K. C. Nicolaou, E.J. Sorensen, Classics in Total Synthesis:
Targets, Strategies, Methods, 5th ed., Wiley-VCH, Weinheim,
1996; b) K. C. Nicolaou, S. A. Snyder, Classics in Total Synthe-
sis II: More Targets, Strategies, Methods, 1st ed., Wiley-VCH,
Weinheim, 2003; c) K. C. Nicolaou, J. S. Chen, Classics in Total
Synthesis I11: Further Targets, Strategies, and Methods, 1st ed.,
Wiley-VCH, Weinheim, 2011; d) T. Hudlicky, J. W. Reed, The
Way of Synthesis: Evolution of Design and Methods for Natural
Products, Wiley-VCH, Weinheim, 2007; ¢) R. A. Shenvi, D. P.
O’Malley, P. S. Baran, Acc. Chem. Res. 2009, 42, 530 -541.

[5] E.J. Corey, W. R. Hertler, J. Am. Chem. Soc. 1958, 80, 2903 -
2904.

[6] D. H. R. Barton, J. M. Beaton, J. Am. Chem. Soc. 1960, 82,2641 -
2641.

[7] R.B. Woodward, K. Heusler, J. Gosteli, P. Naegeli, W. Oppolzer,
R. Ramage, S. Ranganathan, H. Vorbriiggen, J. Am. Chem. Soc.
1966, 88, 852 -853.

[8] D.F. Taber,J. L. Schuchardt, J. Am. Chem. Soc. 1985, 107, 5289 —
5290.

www.angewandte.de

An dte

Chemie

8413


http://dx.doi.org/10.1021/ar00051a009
http://dx.doi.org/10.1016/S0040-4020(01)01098-5
http://dx.doi.org/10.1021/jacs.5b08707
http://dx.doi.org/10.1021/ar800182r
http://dx.doi.org/10.1021/ja01544a078
http://dx.doi.org/10.1021/ja01544a078
http://dx.doi.org/10.1021/ja01495a062
http://dx.doi.org/10.1021/ja01495a062
http://dx.doi.org/10.1021/ja00956a051
http://dx.doi.org/10.1021/ja00956a051
http://dx.doi.org/10.1021/ja00304a052
http://dx.doi.org/10.1021/ja00304a052
http://www.angewandte.de

8414

[9] a) W. R. Gutekunst, P. S. Baran, Chem. Soc. Rev. 2011, 40,1976 -
1991; b) L. McMurray, F. O’Hara, M. J. Gaunt, Chem. Soc. Rev.
2011, 40, 1885-1898; c)J. Yamaguchi, A.D. Yamaguchi, K.
Itami, Angew. Chem. Int. Ed. 2012, 51, 8960—9009; Angew.
Chem. 2012, 124, 9092 -9142.

[10] a) A. Hinman, J. Du Bois, J. Am. Chem. Soc. 2003, 125, 11510—
11511; b) S. J. O’Malley, K. L. Tan, A. Watzke, R. G. Bergman,
J. A. Ellman, J. Am. Chem. Soc. 2005, 127, 13496-13497; c) J. J.
Fleming, J. Du Bois, J. Am. Chem. Soc. 2006, 128, 3926 —3927,
d) H. M. L. Davies, X. Dai, M. S. Long, J. Am. Chem. Soc. 2006,
128, 2485-2490; e) J. J. Fleming, M. D. McReynolds, J. Du Bois,
J. Am. Chem. Soc. 2007, 129, 9964-9975; f) E. M. Beck, R.
Hatley, M. J. Gaunt, Angew. Chem. Int. Ed. 2008, 47,3004 —3007,
Angew. Chem. 2008, 120, 3046-3049; g) E. M. Stang, M. C.
White, Nat. Chem. 2009, 1, 547-551; h) D.-H. Wang, J.-Q. Yu, J.
Am. Chem. Soc. 2011, 133, 5767-5769; i) B. R. Rosen, L. R.
Simke, P.S. Thuy-Boun, D.D. Dixon, J-Q. Yu, P.S. Baran,
Angew. Chem. Int. Ed. 2013, 52, 7317-7320; Angew. Chem.
2013, 725, 7458 -7461; j) D. A. Siler, J. D. Mighion, E.J. Sor-
ensen, Angew. Chem. Int. Ed. 2014, 53, 5332-5335; Angew.
Chem. 2014, 126, 5436-5439; k) B. Hong, C. Li, Z. Wang, J.
Chen, H. Li, X. Lei, J. Am. Chem. Soc. 2015, 137, 11946 —-11949.

[11] R. M. Wilson, S.J. Danishefsky, J. Org. Chem. 2007, 72, 4293 -
4305.

[12] T. Briickl, R. D. Baxter, Y. Ishihara, P. S. Baran, Acc. Chem. Res.
2012, 45, 826-839.

[13] S. Sato, F. Iwata, T. Mukai, S. Yamada, J. Takeo, A. Abe, H.
Kawahara, J. Org. Chem. 2009, 74, 5502 —55009.

[14] G. P. Moss, Pure Appl. Chem. 1998, 70, 143 -216.

[15] O.F. Jeker, E. M. Carreira, Angew. Chem. Int. Ed. 2012, 51,
3474 -3477; Angew. Chem. 2012, 124, 3531 -3534.

[16] a) C. He, C. Zhu, Z. Dai, C.-C. Tseng, H. Ding, Angew. Chem.
Int. Ed. 2013, 52,13256-13260; Angew. Chem. 2013, 125, 13498 —
13502; b) C. He, C. Zhu, B. Wang, H. Ding, Chem. Eur. J. 2014,
20, 15053 -15060.

[17] a) H. M. L. Davies, A. M. Walji in Modern Rhodium-Catalyzed
Organic Reactions (Ed.: P. A. Evans), Wiley-VCH, Weinheim,
2005, pp. 301-340; b) H. M. L. Davies, J. Hansen in Catalytic
Asymmetric Synthesis (Ed.: 1. Ojima), Wiley, Hoboken, 2010,
pp. 163-226; c¢) H. M. L. Davies, D. Morton, Chem. Soc. Rev.
2011, 40, 1857 -1869.

[18] a) X. Chen, K. M. Engle, D.-H. Wang, J.-Q. Yu, Angew. Chem.
Int. Ed. 2009, 48, 5094 -5115; Angew. Chem. 2009, 121, 5196 —
5217; b) R. Giri, B.-E. Shi, K. M. Engle, N. Maugel, J.-Q. Yu,
Chem. Soc. Rev. 2009, 38, 3242-3272; c) K. M. Engle, D.-H.
Wang, J.-Q. Yu, J. Am. Chem. Soc. 2010, 132, 14137-14151;
d) K. M. Engle, T.-S. Mei, M. Wasa, J.-Q. Yu, Acc. Chem. Res.
2012, 45, 788-802; e) K. M. Engle, D.-H. Wang, J.-Q. Yu,
Angew. Chem. Int. Ed. 2010, 49, 6169-6173; Angew. Chem.
2010, 722, 6305 -63009.

Zuschriften

An dte

Chemie

[19] a) C. P. Owens, A. Varela-Alvarez, V. Boyarskikh, D. G. Musaev,
H. M. L. Davies, S. B. Blakey, Chem. Sci. 2013, 4, 2590-2596;
b) A. G. Schafer, S. B. Blakey, Chem. Soc. Rev. 2015, 44, 5969 —
5980; c) C. P. Owens, Ph.D. thesis, Emory University (USA),
2014; d) N. M. Weldy, A. G. Schafer, C. P. Owens, C. J. Herting,
A. Varela-Alvarez, S. Chen, Z. Niemeyer, D. G. Musaev, M. S.
Sigman, H. M. L. Davies, S. B. Blakey, Chem. Sci. 2016, 7, 3142.

[20] a) S. P. Waters, Y. Tian, Y. M. Li, S. J. Danishefsky, J. Am. Chem.
Soc. 2005, 127, 13514-13515; b) D. Martinez-Solorio, M. P.
Jennings, Org. Lert. 2009, 11, 189-192; c) V. A. Smit, A.S.
Gybin, S.O. Simonyan, A.S. Shashkov, V. A. Tarasov, L. L
Ibragimov, Russ. Chem. Bull. 1985, 34, 2455-2456; d) S. O.
Simonian, W.A. Smit, A.S. Gybin, A.S. Shashkov, G.S.
Mikaelian, V. A. Tarasov, I.I. Ibragimov, R. Caple, D.E.
Froen, Tetrahedron Lett. 1986, 27, 1245-1248; e) V. A. Smit,
S. O. Simonyan, V. A. Tarasov, A.S. Gybin, G.S. Mikaelyan,
A.S. Shashkov, S. S. Mamyan, I. I. Ibragimov, R. Keipl, Russ.
Chem. Bull. 1988, 37,2526 -2535; f) W. A. Smit, S. O. Simonyan,
V. A. Tarasov, G. S. Mikaelian, A.S. Gybin, L. I. Ibragimov, R.
Caple, D. Froen, A. Kreager, Synthesis 1989, 472-476; g) L.
Pérez-Serrano, L. Casarrubios, G. Dominguez, J. Pérez-Castells,
Org. Lett. 1999, 1, 1187-1188; h) K. C. Nicolaou, H. Ding, J. A.
Richard, D. Y. Chen, J. Am. Chem. Soc. 2010, 132, 3815-3818.

[21] H. M. L. Davies, T. Hansen, M. R. Churchill, J. Am. Chem. Soc.
2000, 722, 3063 -3070.

[22] H. M. L. Davies, e-EROS Encyclopedia of Reagents for Organic
Synthesis, Wiley, New York, 2001.

[23] H. M. L. Davies, R. P. Reddy, e-EROS Encyclopedia of Reagents
for Organic Synthesis, Wiley, New York, 2001.

[24] a) H. M. L. Davies, P. M. Pelphrey, Organic Reactions, Vol. 75,
Wiley, New York, 2004, pp. 75-212; b) H. M. L. Davies, Y. Lian,
Acc. Chem. Res. 2012, 45, 923 -935.

[25] a) A. Ni, J. E. France, H. M. L. Davies, J. Org. Chem. 2006, 71,
5594 -5598; b) K. M. Chepiga, C. Qin, J. S. Alford, S. Chenna-
madhavuni, T. M. Gregg, J. P. Olson, H. M. L. Davies, Tetrahe-
dron 2013, 69, 5765-5771; c¢) M. Rubina, E. W. Woodward, M.
Rubin, Org. Lett. 2007, 9, 5501 —5504.

[26] K. M. Engle, J.-Q. Yu, J. Org. Chem. 2013, 78, 8927 —8955.

[27] a) K. M. Engle, N. Dastbaravardeh, P.S. Thuy-Boun, D.-H.
Wang, A. C. Sather, J.-Q. Yu, S. N. Raikar, H. M. L. Davies, Org.
Synth. 2015, 92,58 -75; b) D.-H. Wang, K. M. Engle, B.-F. Shi, J.-
Q. Yu, Science 2010, 327, 315-319.

[28] G. Li, L. Wan, G. Zhang, D. Leow, J. Spangler, J.-Q. Yu, J. Am.
Chem. Soc. 2015, 137, 4391 -4397.

Received: February 26, 2016
Published online: May 20, 2016

www.angewandte.de

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2016, 128, 84108414


http://dx.doi.org/10.1039/c0cs00182a
http://dx.doi.org/10.1039/c0cs00182a
http://dx.doi.org/10.1039/c1cs15013h
http://dx.doi.org/10.1039/c1cs15013h
http://dx.doi.org/10.1002/anie.201201666
http://dx.doi.org/10.1002/ange.201201666
http://dx.doi.org/10.1002/ange.201201666
http://dx.doi.org/10.1021/ja0368305
http://dx.doi.org/10.1021/ja0368305
http://dx.doi.org/10.1021/ja0608545
http://dx.doi.org/10.1021/ja056877l
http://dx.doi.org/10.1021/ja056877l
http://dx.doi.org/10.1021/ja071501o
http://dx.doi.org/10.1002/anie.200705005
http://dx.doi.org/10.1002/ange.200705005
http://dx.doi.org/10.1038/nchem.351
http://dx.doi.org/10.1021/ja2010225
http://dx.doi.org/10.1021/ja2010225
http://dx.doi.org/10.1002/anie.201303838
http://dx.doi.org/10.1002/ange.201303838
http://dx.doi.org/10.1002/ange.201303838
http://dx.doi.org/10.1002/anie.201402335
http://dx.doi.org/10.1002/ange.201402335
http://dx.doi.org/10.1002/ange.201402335
http://dx.doi.org/10.1021/jacs.5b08551
http://dx.doi.org/10.1021/jo070871s
http://dx.doi.org/10.1021/jo070871s
http://dx.doi.org/10.1021/jo900667j
http://dx.doi.org/10.1002/anie.201109175
http://dx.doi.org/10.1002/anie.201109175
http://dx.doi.org/10.1002/ange.201109175
http://dx.doi.org/10.1002/anie.201307426
http://dx.doi.org/10.1002/anie.201307426
http://dx.doi.org/10.1002/ange.201307426
http://dx.doi.org/10.1002/ange.201307426
http://dx.doi.org/10.1002/chem.201403986
http://dx.doi.org/10.1002/chem.201403986
http://dx.doi.org/10.1039/c0cs00217h
http://dx.doi.org/10.1039/c0cs00217h
http://dx.doi.org/10.1002/anie.200806273
http://dx.doi.org/10.1002/anie.200806273
http://dx.doi.org/10.1002/ange.200806273
http://dx.doi.org/10.1002/ange.200806273
http://dx.doi.org/10.1039/b816707a
http://dx.doi.org/10.1021/ja105044s
http://dx.doi.org/10.1021/ar200185g
http://dx.doi.org/10.1021/ar200185g
http://dx.doi.org/10.1002/anie.201002077
http://dx.doi.org/10.1002/ange.201002077
http://dx.doi.org/10.1002/ange.201002077
http://dx.doi.org/10.1039/c3sc50886b
http://dx.doi.org/10.1039/C5CS00354G
http://dx.doi.org/10.1039/C5CS00354G
http://dx.doi.org/10.1039/C6SC00190D
http://dx.doi.org/10.1021/ja055220x
http://dx.doi.org/10.1021/ja055220x
http://dx.doi.org/10.1021/ol802375g
http://dx.doi.org/10.1007/BF00956835
http://dx.doi.org/10.1016/S0040-4039(00)84228-8
http://dx.doi.org/10.1007/BF00952633
http://dx.doi.org/10.1007/BF00952633
http://dx.doi.org/10.1055/s-1989-27296
http://dx.doi.org/10.1021/ol990856c
http://dx.doi.org/10.1021/ja9093988
http://dx.doi.org/10.1021/ja994136c
http://dx.doi.org/10.1021/ja994136c
http://dx.doi.org/10.1021/ar300013t
http://dx.doi.org/10.1021/jo060636u
http://dx.doi.org/10.1021/jo060636u
http://dx.doi.org/10.1016/j.tet.2013.04.075
http://dx.doi.org/10.1016/j.tet.2013.04.075
http://dx.doi.org/10.1021/ol702473s
http://dx.doi.org/10.1021/jo400159y
http://dx.doi.org/10.1126/science.1182512
http://dx.doi.org/10.1021/ja5126897
http://dx.doi.org/10.1021/ja5126897
http://www.angewandte.de

