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ABSTRACT: Despite the importance of allylic ylide re-
arrangements for the synthesis of complex molecules,
the catalyst control of [2,3]- and [1,2]-rearrangements
remains an unsolved problem. We developed the first
regiodivergent [2,3]- and [l,2]-rearrangements of io-
donium ylides that are controlled by copper catalysts
bearing different ligands. In the presence of a 2,2'-
dipyridyl ligand, diazoesters and allylic iodides react via
a [2,3]-rearrangement pathway. Alternatively, a phos-
phine ligand favors the formation of the [1,2]-
rearrangement product. A series of a-iodoesters contain-
ing a broad range of functional groups were obtained in
high yields, regioselectivities, and diastereoselectivities.
Deuterium-labeling studies suggest distinct mechanisms
for the regioselective rearrangements.

Sigmatropic rearrangements of ylides represent a
powerful set of reactions for the synthesis of complex
and valuable products.' Unfortunately a challenge re-
mains, since this class of substrates can often access
multiple products via divergent reaction pathways. For
example allylic ylides undergo [2,3]- or [1,2]-
rearrangements depending on the sterics and electronics
of the substrate (Scheme la).2 To the best of our
knowledge, there are no ligand-controlled catalytic
methods for selecting one pathway over another,® which
may be attributed to the high reactivity of allylic ylides
and the lack of any models for catalyst control over the
divergent processes. The ability to impart a high level of
control over this class of rearrangements would greatly
increase their synthetic utility.

In this Communication, we describe the first example
of a switch in selectivity from [2,3]-rearrangements to
[1,2]-rearrangements of allylic ylides that is controlled
by the ligand of the metal catalyst. We selected iodoni-
um ylides4 to showcase this novel divergence in reactivi-
ty (Scheme 1b). The products of these transformations
are o-iodoesters that are synthetically challenging to
access in high selectivity by other known methods.

Scheme 1. Regiodivergent [2,3]- and [1,2]-
Rearrangements
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Due to the high reactivity of iodonium ylides, we hy-
pothesized that the in sifu generation of these substrates
from allylic iodides and diazoesters would provide the
ideal platform for developing regiodivergent metal-
catalyzed rearrangements.' This tandem ylide genera-
tion/rearrangement would obviate the need for isolating
reactive iodonium ylides. Furthermore, the same metal
catalyst could be utilized to generate the iodonium ylide
and control the selectivity of the rearrangement. Alt-
hough examples of copper- and rhodium-catalyzed io-
donium ylide generation/[2,3]-rearrangement have been
reported,4 rhodium carbenoids are thought to dissociate
more readily from ylide intermediates generated from
diazoesters.” Therefore, copper was selected to maxim-
ize the likelihood of observing unprecedented ligand-
control of regioselectivity in the rearrangement step.®

We first optimized the copper-catalyzed [2,3]-
rearrangement of iodonium ylides (Table 1). In the pres-
ence of commercially available [Cu(MeCN)4]PFg and in
the absence of an external ligand, E-cinnamyl iodide
(E)-1a and benzyldiazoester 2a yielded an unremarkable
mixture of [2,3]-and [1,2]-rearrangement products 3 and
4 (61:39 1r), and 3 was formed in poor diastereoselec-
tivity (entry 1). The effect of various ligands on the regi-
oselectivity and diastereoselectivity of this process was
examined (entries 2-6). [2,3]-Rearrangement product 3
was generated with low levels of selectivity in the pres-
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ence of catalytic dipyridin-2-ylmethane (L1), 1,10-
phenanthroline (L2), 2,2-bipyridyl (L3), and 6,6'-
dimethoxy-2,2"-dipyridyl (L4). However, a catalyst
composed of [Cu(MeCN),]PF¢ and 6,6'-dibromo-2,2'-
dipyridyl (L5) furnished the [2,3]-rearrangement product
3 in high regioselectivity (>95:5 rr), albeit in poor dia-
stereoselectivity (48:52 dr). The use of Z-cinnamyl io-
dide (Z)-1a enhanced the diastereoselectivity of the pro-
cess (entry 7) without affecting the regioselectivity. A
screen of  other copper sources identified
[(MeCN)4Cu]PFs as the optimal pre-catalyst for the re-
action (entries 7-9). An examination of temperature re-
vealed that a higher regioselectivity and yield are ob-
tained at lower temperatures (—20 °C) (entries 10-12). To
increase the diastereoselectivity to a more synthetically
useful level, we utilized more sterically encumbered #-
butyldiazoester 2b to afford [2,3]-rearrangement product
in 91% yield, >95:5 rr, and 94:6 dr (entry 13).

Next, we optimized the formation of [1,2]-
rearrangement product 4 by first identifying a class of
ligands that favor this alternate reaction pathway (Table
2). Bidentate phosphine ligands L6-L8 and tridentate
phosphine ligand L13 furnished almost exclusively
[1,2]-rearrangement product 4 as a single E-olefin iso-
mer (entries 1-3, 8). In the presence of monodentate tri-
alkylphosphine ligand L12, an unfavorable mixture of
regioisomers was formed (entry 7). However, monoden-
tate triarylphosphine ligands L9-L11 facilitated the for-
mation of [1,2]-rearrangement product 4 in >95:5 rr (en-
tries 4-6). To emphasize the regiodivergence of these
ligand-controlled rearrangements, we utilized the same
t-butyldiazoester 2b in the [1,2]-rearrangement that was
optimal for the [2,3]-rearrangement. This bulky diaz-
oester did not have any impact on the efficiency or se-
lectivity of the [1,2]-rearrangement (entry 9). By per-
forming the reaction at the elevated temperature of 45
°C in the presence of monodentate phosphine ligand
L11, we observed a drastically improved yield of 92%
for the formation of [1,2]-rearrangement product, which
was isolated in 100:0 rr (entry 10). Interestingly, when
pure Z-cinnamyl iodide (£)-1a was subjected to these
optimized conditions, [1,2]-rearrangement product was
isolated as a 37:63 mixture of Z:E olefin isomers (entry
11), which provides insight into the mechanism of this
process (vide infra).

With optimized reaction conditions in hand for both
the copper-catalyzed [2,3]- and [1,2]-rearrangements of
iodonium ylides, we explored the functional group com-
patibility of these regiodivergent rearrangements (Table
3). Both reaction conditions exhibited similar tolerance
to aromatic systems with a broad range of substituents
(5a-5i and 6a-6i, Table 3A). Products were universally
generated in good yields, high regioselectivities, and
high diastereoselectivities. Substitution at the ortho-,
meta-, and para- positions of the aromatic rings did not
affect the efficiency of the reactions. Products contain-

ing heteroaromatic rings were also accessible with high
regioselectivities (5j and 6j).
Table 1. Optimization of [2,3]-Rearrangement”

|
/\)\cozk

5 mol% [Cu]

Rv\/l . 'lt 6mol% Ligand ;n 3
R? COR  CHyCl, T°C |
e R A, o
l :N NI : 4 ) /_'} \" {
L1 N LY Riz:r=n R
L4: R =MeO
L5:R=Br
Entry Ligand [Cu] T(°C) Yield(%) 3:4  antissyn (3)
1 None [Cu(MeCN)]PFg 25 13 61:39  36:64
2 L1 [Cu(MeCN),JPFs 25 65 45:55  29:71
3 L2  [Cu(MeCN),JPFs 25 64 20:80  25:75
4 L3 [Cu(MeCN),JPFs 25 60 14:86  20:80
5 L4  [Cu(MeCN),JPFs 25 64  62:38  40:60
6 L5 [Cu(MeCN),JPFs 25 69 >95:5  48:52
75 L5 [Cu(MeCN)JPFg 25 81 >95:5  80:20
8 L5 (CuOTf)}',PhMe 25 53 89:11 76: 24
% L5 cucl 25 <5
105 L5 [Cu(MeCN)PFg 45 71 94:6 80: 20
115 L5  [Cu(MeCN)PFg 0 85 >95:5  81:19
126 L5  [Cu(MeCN),PFs —20 92 >95:5  81:19

136 L5 [Cu(MeCN),PFg -20 91 >95:5 9:6

Table 2. Optimization of [1,2]-Rearrangement”

N 5mol% [Cu(MeCN)JPFg
Rv\/l \? 6 mol% Ligand
—_—
N § |

R? COR CH,Clp, T°C /\)\
= COR

(E)-1a, R'=Ph, R?=H 2a, R=Bn Y

(2)-1a, R'=H, R2=Ph 2b, R=t-Bu on Ph g
A PR .
Ph,P” '"PPh, 3 LN -
2! 2
L6:n=2 L9:R=Ph
L7:n=3 L10: R = 4-FCeH, L13
L8&:n=4 L11: R = 4-MeOCgH,

L12: R = Cyclohexyl
Entry Ligand T(°C) Time (h) Yield (%) 3:4 Z:E (4)
1 L6 25 24 34 5:>95 0: 100
2 L7 25 24 64 5:>95 0: 100
3 L8 25 24 56 5:>95 0:100
4 Lod 25 24 60 5:>95 0:100
5 L10d 25 24 56 5:>95 0:100
6 L11d 25 24 69 5:>95 0: 100
7 L12d 25 36 18 70: 30 0:100
8 L13 25 438 56 5:>95 0:100
9e L11d 25 18 68 5:>95 0:100
10¢ L1945 6 92 0: 100 0: 100
11be L11d 45 6 91 5:>95 37:63

* Reaction conditions: allylic iodide (E)-1a (0.4 mmol),
benzyldiazoester 2a (1.2 equiv), copper catalyst (5 mol%),
ligand (6 mol%), CH,Cl, (0.1M). ° (Z)-1a was utilized. ° -
Butyldiazoester 2b was utilized. ¢ 12 mol% ligand.
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We expanded the scope of the [2,3]- and [1,2]-
rearrangements to alkyl substituted allylic iodides (Sk-
S50 and 6k-60, Table 3B). Products were generated in
high yields, regioselectivities, and diastereoselectivities
in the presence of several functional groups, including a
silyl ether, chloride, azide, and protected amine.

Notably, we subjected poly-substituted allylic iodides
to the regiodivergent rearrangements, which furnished
products with significantly different architectures that

Journal of the American Chemical Society

would be difficult to access by traditional methods (5p-
5t and 6p-6t, Table 3C). These examples highlight the
potential of iodonium ylide rearrangements to generate a
diverse collection of products from the same set of start-
ing materials.

Gratifyingly, the efficiency of [2,3]- and [1,2]-
rearrangements was maintained on gram scale, as we
formed 1.28 g of 5a (90% yield) and 1.37 g of 6a (94%
yield) under the optimized conditions.

Table 3. Substrate Scope of Copper-Catalyzed [2,3]- and [1,2]-Rearrangements of lodonium Ylides

5mol% CuPFg Ry

6mol% L5
——
COZ"B“ CH,Cly, 20 °C, 6h

(cis-allylic iodides)

OMe

5mol% CuPF R | :

'fz 12 mol% L11 , :
y R\~ CO,tBu | P
R2 i
2b (ans-allylic iodides) 6 " Meo L11 oMe

A. Aryl-Substituted Allylic lodides

X\J—;\
CO;t -Bu ©\/\/k '{L Q {‘
CO,t-Bu L{
1)
5a, 90% yield, 1.28 gram
>95:5 1, 94:6 dr

cozc -Bu
CO,t-Bu

5b, 97% yield 6b, 86% yleld
>955rr 95:5dr 100:0

‘\/\)\Cozt-au

Sc, 93% yield

mco ,t-Bu

X-ray

5, 78% yield

6a, 94% yield, 1.37 gram
100:0 rr >95:5 rr >95:5dr

co,t -Bu

Q

Sg, 87% yield
>95:5 r, 95:5 dr

-3

cozc -Bu

Q

5c, 86% yield
955 rr, 94:6 dr

/\)\cozt Bu

5h, 92% yield
>95:5r, 93:7 dr

CO,t-Bu

ol

NC.
\©\/\/L
Z CO,t-Bu

\©\/\/|\502, Bu

F
1
F @E/\)\
Z CO,t-Bu

Ph
5d, 84% yield 6d, 88% yield 5i, 89% yield
>95:5 rr, 89:11 dr 100:0 17 >95:5 rr, 91:9 dr
/\)\ I
Z CO,t-Bu Meozt\@\/\/l\ /\)\coz' Bu NC,
~ : 0
7
Q CO,t-Bu 770 =

co,Me CN

5e, 80% yield 6e, 93% yield 5, 48% yield
>95:5 rr, 95:5 dr 100:0 rr >95:5 rr, 82:18 dr

B. Alkyl-Substituted Allylic lodides
1

/\:)\Cozt-Bu !
n-Bu Z CO,t-Bu

n-Bu

6f, 84% yield 5k, 89% yield
0:0 rr >95:5rr, 95:5 dr

6k, 92% yield
>95:5rr

I
/\:)\Cozt-Bu o~
i TBS0” NF CO,t-Bu

Sotes
6g, 91% yield 51, 78% yield 61, 92% yield
100:0 17 >95:51, 92:8 dr 100:0 rr

r
v > CO,t-Bu /\)\ 1
i | A" cotBu PPN
H N\ F CO,t-Bu
Z CO,t-Bu e
F

6h, 96% yield 5m, 80% yield
100:0 rr

6m, 90% yield
>95:5rr, 95:5 dr 100:0 rr

]
/\:)\COZQ-Bu /\/\)\
: Ny Z CO,t-Bu

\N3

6i, 90% yield 5n, 66% yield 6n, 78% yield
100:0 rr >95:5rr, 93:7 dr 100:0 rr
1
/\)\ !
Z Y CO,t-Bu
! : 2 Ph{ /\/\)\
i pn N CO,t-Bu
Z CO,t-Bu N Ts

Ts

50, 86% yield 60, 94% yield

6}, 56% yield
100:0 >95:5 rr, 95:5 dr 100:0 v

1 C. Poly-Substituted Allylic lodides

1 Ph 1
/72\ CO,t-Bu
A cotBu Y~ CO,t-Bu
ve Me Ph
5p, 92% yield 5q, 67% yield 5r, 68% yield
100:0 rr 94:6rr 92:8 rr, 92:8 dr

1 ! Ph

CO,t-Bu

Me\(\)\cozt-au O/\)\ COt-Bu %\/l\ ’
Me 6p, 96% yield 6q, 73% yield Ph 6r, 84% yield
100:0 rr 100:0 rr

I
CO,t-Bu &:/'\cozc-au

5t, 71% yield
>95:5rr, >95:5 dr

QL
CO,t-Bu

6t, 80% yield

55, 88% yield
>95:5 17, 100:0 dr

QL
CO,t-Bu

6s, 94% yield

>95:5 rr 100:0 rr 100:0 rr

We propose two possible mechanisms for the copper-
catalyzed regiodivergent [2,3]- and [1,2]-rearrangements
of iodonium ylides (Scheme 2a). In both scenarios, we

surmise that the diazoester and allylic iodide combine to
form copper-coordinated iodonium ylide 7. This inter-
mediate can undergo a concerted charge-induced rear-
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rangement (path a). Alternatively, the rearrangement
products can be formed through a stepwise oxidative
addition/reductive elimination mechanism (path b),
which proceeds through interconverting copper(Ill)-allyl
complexes 8, 9, and 101

We devised deuterium-labeled experiments to distin-
guish between these two possible mechanisms (Scheme
2b). Diazoester 2b and deuterated allylic iodide 11 were
subjected to both reaction conditions. Terminal allylic
iodide 11 was selected to avoid any steric bias that may
exist for a substituted allylic iodide. Whereas the opti-
mized [2,3]-rearrangement conditions led to the for-
mation of product 13 with fidelity in the transposition of
deuterium, the optimized [1,2]-rearrangement conditions
yielded a mixture of deuterated products 12 and 13.

Scheme 2. Mechanistic Studies

(a) ©
L,Culo__Ot-Bu

t-Bu0,C I [1’ 2] | [2, 3] I CO,t-Bu
\(/\<_ c;) o J
R path path “R
a k/\n a

T 1 path b T

t-Buo\l/\l :-suoj/\l r-aqu\I
o [o} o

——

ScuL, == Seum, [ TN ~cun,,
n/\) \\l/\R X A
9 8 10
(b) H__H D__D
D D N, conditions ! |
X T - 1
1 CO,t-Bu CO,t-Bu CO,t-Bu
11 2b D D 72 H Hq3

[2,3] conditions with L5: 82% yield, 12 /13 = 5% : 95% (Path a)
[1,2] conditions with L11: 90% yield, 12 /13 = 43%: 57% (Path b)

Based on these experiments, we propose that the cop-
per-catalyzed [2,3]-rearrangement in the presence of
2,2'-bipyridyl ligand L5 proceeds through a concerted
charge-induced rearrangement mechanism (path a), and
the copper-catalyzed [1,2]-rearrangement with mono-
dentate phosphine ligand L11 proceeds through a cop-
per(1ll)-allyl complex that is formed via a stepwise oxi-
dative addition/reductive elimination mechanism (path
b). We hypothesize that the diminished c-donicity of
2,2"-bipyridyl ligand L5 decreases the reactivity of met-
al-coordinated iodonium ylide 7 toward oxidative addi-
tion, which favors the formation of the [2,3]-
rearrangement product via the concerted charge-induced
rearrangement mechanism. Alternatively, the strong o-
donating phosphine ligand L11 facilitates oxidative ad-
dition of metal-coordinated iodonium ylide 7 to form
copper(Ill)-allyl complexes 8-10,” which leads to the
formation of the [1,2]-rearrangement product via subse-
quent reductive elimination.

In conclusion, we have developed regiodivergent cop-
per-catalyzed [2,3]- and [1,2]-rearrangements of iodoni-
um ylides. These results represent the first example of

switching selectivity from [2,3]-rearrangements to [1,2]-
rearrangements of allylic ylides that is controlled by the
ligand of the metal catalyst. Both reactions demonstrate
a broad substrate scope and functional group tolerance
of aryl and aliphatic allylic iodides. Mechanistic studies
are consistent with different mechanisms for the re-
giodivergent rearrangements. We are currently exploring
enantioselective versions of these processes and their
application to the synthesis of complex target molecules.
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5 mol% CuPFy
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Ry 6 mol% L5
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A co,tB 5 mol% CuPFg
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