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Brook Rearrangement as a Trigger for the Ring Opening of Strained

Carbocycles

Fa-Guang Zhang, Guillaume Eppe, and llan Marek*

Abstract: The combined regio- and stereoselective carbome-
talation of cyclopropenyl amides, followed by the addition of
an acyl silane, led to the formation of polysubstituted cyclo-
propyl derivatives as unique diastereoisomers. Upon warming
of the reaction mixture to room temperature, a Brook rear-
rangement proceeded with inversion of configuration to
provide ready access to d-ketoamides possessing a quaternary
carbon center with high enantiomeric ratios through selective
C—C bond cleavage of the ring.

F rom the initial creation of a single carbon—carbon bond per
chemical step in the early days of organic synthesis, numerous
strategies, such as domino, cascade, tandem, sequential,
multicomponent, and one-pot reactions, have appeared in
the last few decades that have drasti-
cally improved overall efficiency in syn-
thesis.'! However, when the structural
complexity of the target molecule
increases, only a handful of methods
maintain their efficiency.”! One struc-
tural combination that invariably
increases the complexity of the target
molecule is the formation of quaternary 1
carbon stereocenters,” particularly in
acyclic systems.! The construction of
such stereocenters with high enantiose-
lectivity through the creation of several
C—C bonds per chemical step in
a single-pot operation would certainly
open new perspectives towards solving
problems in organic synthesis.l") In this
context, the use of polyfunctional inter-
mediates,® such as bismetalated,[” oxe-
noid,®! and carbenoid species,”! can
enable the consecutive generation of
the same number of carbon—carbon
bonds as in a multistep process. Alter-
natively, as the stereoselective forma-
tion of quaternary carbon stereocenters
in cyclic systems is easier than in acyclic
systems,”! a particularly interesting
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approach would rely on the initial formation of the desired
quaternary carbon stereocenter in a cyclic motif, followed by
selective ring opening of the carbocycle into the expected
linear fragments."”! Indeed, since pioneering studies on the
C—C bond cleavage of cyclopropylcarbinyl Grignard
reagents,'!l the metal-promoted pB-fragmentation of strained
rings has been recognized as a useful and powerful approach
to the synthesis of acyclic building blocks."

Inspired by such ring-fragmentation reactions, we devised
a new approach for the rapid construction of quaternary
carbon stereocenters with the formation of several new C—C
bonds in a one-pot operation (Scheme 1). The planned
sequence began with the regio- and diastereoselective carbo-
metalation™ of enantiomerically enriched cyclopropenyl

1. carbometalation

2. addition of an acyl silane

3. Brook rearrangement

4. B-fragmentation

5. hydrolysis (©) R3
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Scheme 1. Proposed one-pot synthesis of d-ketoamides from cyclopropenyl amides.

amides 1, which are readily accessible by the metal-catalyzed
enantioselective addition of diazoester derivatives to
alkynes."! The addition of acyl silanes to the diastereoiso-
merically pure carbometalated products 2 should then lead to
the formation of the corresponding tertiary a-silylated
alcohols 3, which possess an additional stereogenic center.
Acyl silanes are powerful substrates owing to a potential 1,2-
anion transposition, defined as the Brook rearrangement,
which would lead to a new organometallic species that may
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undergo further reactions." In this particular case, the Brook  ment followed by regioselective ring opening of the three-

rearrangement should therefore generate a cyclopropylmethyl ~ membered ring to give, after hydrolysis under neutral

metal species 4, which would undergo pB-fragmentation’ to  conditions, the corresponding silyl enol ether 6a in moderate

give the corresponding enolate 5, potentially with a stereo- to good yield as a single Eisomer (E/Z>98:2, path A,

defined disubstituted silyl enol ether functionality (i.e. 6).  Scheme 3).

After acidic hydrolysis, 0-ketoamide 7—the targeted acyclic The low yield of 6a when formed by the ring fragmenta-

system with a quaternary carbon stereocenter—should be  tion of 3aMgBr is most probably due to the sensitivity of 6a in

obtained. Thus, 7 could be synthesized in a one-pot operation  the aqueous medium in the presence of magnesium salts, as

from the starting cyclopropenyl amide 1. acidic hydrolysis of the reaction mixture after ring fragmen-

Although this proposed sequence is very appealing, the  tation gave 7a directly in decent yield (60%, pathB,

formation of the ketoamide 7 directly from 1in high chemical =~ Scheme 3). Interestingly, the formation of the E silyl enol

yield with a high enantiomeric ratio requires a cascade of ether 6a suggests that the Brook rearrangement (conversion

diastereoselective high-yielding events and perfect control of  of the silyl carbinol into the silyl ether) proceeds with

all the elementary steps (Scheme 1): 1) control of the regio-  inversion of configuration at the benzylic carbon center

and diastereoselectivity of the carbometalation reaction (1—  before fragmentation."®! As a rapid equilibration of the

2); 2) control of the diastereoselectivity of the reaction with  benzylic metal species prior to B-fragmentation cannot be

the acyl silane (2—3) and determination of the configuration  excluded,'” we prepared both diastereoisomers of 3k to

of the resulting a-hydroxysilane 3; 3) control of the stereo-  probe the stereoselectivity of the zinc-promoted [1,2] Brook

selectivity of the Brook rearrangement (3—4) and of the rearrangement. When (5% R* R* S§*)-3k was treated with

selectivity of the ring cleavage (4—S5); 4)control of the Me,Zn (1 equiv) at 0°C and the reaction mixture was warmed

configuration of the disubstituted silyl enol ether 6 generated  to room temperature, the combined Brook rearrangement—

in situ; 5) control of the enantiomeric ratio of 7. Before fragmentation provided only E-configured 6k (path C,

performing the entire one-pot transformation of 1into 7, we ~ Scheme 3), whereas the equivalent reaction of the opposite

initially had to develop experimental conditions that would  diastereoisomer (S* R* R* R*)-3k gave the Z isomer of 6k,

not only enable a completely diastereoselective carbometa-  as determined by NOE experiments (see the Supporting

lation reaction of 1, but also a high-yielding reaction with the ~ Information). As both diastereoisomers at the a-hydroxysi-

acyl silane. After extensive experiments, we were pleased to  lane center of 3k were converted independently into both

find that the copper-catalyzed carbomagnesiation of 1 in  geometrical isomers of the silyl enol ether 6k, we can safely

toluene at —50°C and in the presence of LiCl

gave the cyclopropyl magnesium species 2 as

a single diastereoisomer (as determined after ,

il())/drolysm). The syn d1astereos§le.ctlv1ty of the - ECl'\(/'fZglE:V;Eq“'V) CONM, )OJ\ MeN_Cpo )
pper-catalyzed carbomagnesiation of 1 was CuBr-Me,S (5 mol%) g1 R3” “SiR% R2 § WSiRY3

determined by comparison of the formed . r—T e o ] R3

product 2, after hydrolysis, with authentic R ' R? [MgBr] : R' 4 H

samples!™™ and can be rationalized by the 1a—d 2a—f 3a-

existence of a transition state in which chela- 7T

tion occurs between the carbonyl moiety of the ~ Me2NOG HO\\ Sim e3  SiM e3  SiMe, ezNOC \\SuM "

amide and the organometallic species. Several e N N Ph

cyclopropyl magnesium species 2 reacted dia- Bl | H PhCH,CH, H H '

stereoselectively with various acyl silanes to 3a 3b 3c 3d

give the corresponding cyclopropyl derivatives 70% 68% 65% 71%

3 in good yield after hydrolysis (Scheme 2). d.r. 99:1:0:0:0:0:0:0  d.r. 99:1:0:0:0:0:0:0 d.r. 99:1:0:0:0:0:0:0 d.r. 95:5:0:0:0:0:0:0

The configuration of 3d was confirmed by X-

ray crystal-structure analysis,!'”! and the con- MeZNOC HO SiMe;, M NG Ho\\s.Me3 MeZNOC HO \SiMe;

; i . BnCH,CH, o

figuration of other products was assigned by NPh N N

analogy (see the Supporting Information). The Bu ,L H

addition reaction proceeded with acyl silanes 3e 3f 3g

possessing aryl (R*= Ar, formation of 3a-h) 72% 72% 66%

and alkyl groups (R3 = alkyl, formation of 3i,j) d.r. 92:8:0:0:0:0:0:0 d.r. 92:8:0:0:0:0:0:0 d.r. 93:7:0:0:0:0:0:0

and led to various polysubstituted cyclopro- Me,NOC  Ho MezNOC i MeZNOC %

pane derivatives with excellent diastereoiso- Me «SiMes «SiMePh, «SiMe;

meric ratios. | PhMe-p N NCHZCHZP*‘

We next investigated the Brook rearrange- Bu H H

ment independently by treating a-hydroxysi- 3h 3i 3

lane 3a with different bases (MeLi, Me,Zn, dr. 94:@1?)%;0;0:0:0 dr. 99:16:?)‘:){;:0:0:0:0 dr. 95:56:?3‘:)/8:0:0:0:0

and MeMgBr) in THF at 0°C. The resulting

metal alcoholates 3ali, 3aZnMe, and Scheme 2. Diastereoselective copper-catalyzed carbomagnesiation reaction followed by

3aMgBr all underwent the Brook rearrange- a diastereoselective reaction with an acyl silane. Bn=benzyl.
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path B mined by X-ray crystal-structure
o Ph analysis of 8g,""! to provide products
MeN BLI Ve O 8a-h with goqd diastereqselectivity.
7a (from 3ali) 67% Now th.at it was possible to con-
7a (from 3aMgBr) 60% trol each independent step of the
7a (from 3aZnMe) 80% process (complete diastereoselectiv-
ity for the carbometalation of cyclo-
MeLi ]H30+ propenyl amides 1 and for the addi-
or tion of the acyl silane, complete
MezN\C/’O o Miern — MO MeZN‘C’%‘M inversion of configuration during
e «SiMes MeMgBr Mes «SiMe3 Ve, 1 (.‘\\\OSiMe3 the [1.,2] Br.ook rearrangerr}ent, and
AI Ph - AI *Ph — i Ph selective ring fragmentation), we
Bu H H L Lk Bu 4 H Oﬁgi © Bl HH focused our attention on the direct
3a 3aLi,  M=Li one-pot transformation of 1 into 7.
3aZnMe, M =ZnMe .. .
3aMgBr. M = MgBr leO Thf: sequence st.arted similarly with
a diastereoselective copper-catalyzed
path A carbometalation reaction of 1 in tol-
0 X OSiMe; uene, followed by addition of the acyl
MeN B Me Ph silane. Once the a-silylcarbinol had
6a (from 3aLi), E/Z > 98:2, 56% been obtained quantitatively, the
6a (from 3aMgBr), £/Z > 98:2, 21% reaction mixture was simply diluted
path C SefornSREGME, SR b JoE) B0 with THF (THF/toluene 4:1), stirred
at room temperature for 2h, and
Me;N C//O 5 MGZN\C/'O gnMe MezN\C/%‘ZnMe then treated with aqueous HCI
- +SiMes 05Zn Et .~SiMe; Et b (\sOSiMes H,0 (Scheme.S). By simple variation of
. )% Ph m» >A(| Ph —> | Ph tbe substituents on the cyclopropenyl
U HH THE Bu H H Bu H H j ring (R') and the organocopper
3k reagent (R?), a large variety of §-
(§"R"R"S") o ~_OSiMe;  ketoamides 7a-i possessing the
inversion of configuration — Bs e expected quaternary carbon stereo-
gt thi Benaylic carbom eenier 2 ek centers were prepared in good over-
76% all yield in a one-pot operation from
o ZnMe Bl Ve 1. Again, the E silyl enol ether 6a
MeoN.. HO MeZN‘C"O o) Me. /" ZnMe could be isolated from the one-pot
Ph Ph Ph . L. .
Et Me,Zn EtM' EtM ] H,0 reaction of 1la, this time in 67 %
Bu%l, ( SiMes - oo ol 1 Bibez— Bl | H Qe T yield, when the final hydrolysis was
THF performed under neutral conditions.
(s Rf”ll‘?*’ R?) o ~Ph Enantiomerically enriched cyclopro-
§ ) penylamides 1 can be prepared read-
Me,N BU Et OSiMe; . . .
ok ily” By using 1b (R'=Hex) with
89% e.r. 94:6 as the substrate for the one-
E/Z 2:98

Scheme 3. Stereochemical characteristics of the Brook rearrangement-ring cleavage.

assume that the [1,2] Brook rearrangement proceeds with
inversion of configuration at the benzylic carbon center.
Acylsilanes showed exceptional reactivity in this reaction,
particularly in terms of the control of diastereoselectivity in
the formation of cyclopropane derivatives 3 (Scheme 2).
Indeed, when the acyl silane was replaced with benzaldehyde,
acetophenone, or trifluoroacetophenone as the electrophile,
the corresponding cyclopropanes 8 a—¢ were formed in good
yield but with low diastereoselectivity (Scheme 4). However,
this drawback could be circumvented by exploiting the ability
of a-hydroxysilanes 3 to undergo selective protiodesilylation.
When various cyclopropyl derivatives 3 were treated with
a base in the presence of a protic source, selective protiode-
silylation occurred with inversion of configuration, as deter-

716 www.angewandte.org
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pot reaction, we were able to synthe-
size &-ketoamide 7b directly with
e.r. 95:5, thus demonstrating the use-
fulness of this strategy for the for-
mation of fully alkylated carbon stereocenters. Although 3,3-
disubstituted glutarate-type systems 7 could in principle be
accessible through the desymmetrization of achiral 3,3-
disubstituted glutaric anhydride, we are not aware of any
example of the formation of a quaternary carbon stereocenter
in such a position.”!!

In conclusion, the regio- and diastereoselective copper-
catalyzed carbomagnesiation of cyclopropenyl amides led to
the formation of diastereoisomerically pure cyclopropyl
magnesium species. The addition of an acyl silane proceeded
diastereoselectively to give the corresponding a-hydrosilane
as a single diastereoisomer. Simply upon the addition of THF,
this intermediate underwent a Brook rearrangement with
inversion of the configuration at the benzylic carbon center to

Angew. Chem. Int. Ed. 2016, 55, 714-718
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MeMgBr (1 equiv) (o)
Me,NOC  LiClI (1 equiv) CONMe, MeN“Ho »
CuBr-Me,S (5 mol%) Bu,, PhCOR® . Me \------ 2 diastereoisomers
Bu toluene, =50 °C g then H30* I Ph
1a Me? 5, [MgBr] Bu H H

8a, R® = H, 73%, d.r. 65:35:0:0:0:0:0:0
9, R® = Me, 68%, d.r. 66:34:0:0:0:0:0:0
10, R% = CFj3, 65%, d.r. 84:16:0:0:0:0:0:0

MeN_ Pho Me,N._O
o «SiMeg . 5 OH
R S tBuOK (1 equiv) R s
—_—
I DMSO/H,0 (5:1) [ % B

R1 1
H H tt, 12 h R WA
3 8a-h
Me,N_ O Me,N_ O Me,N_ O Me,N__ O
OH OH OH OH
Me Me Me f Et
] Ph | Ph ] Ph | Ph
Bu H H Hex H H Et H H Bu H H
8a 8b 8c 8d
68% 63% 50% 67%

d.r. 91:9:0:0:0:0:0:0 d.r. 91:9:0:0:0:0:0:0

d.r. 95:5:0:0:0:0:0:0

Me,N__ 0O Me,N__ 0O Me,N__ 0O Me,N__ 0O
OH OH OH OH
Hex H SN 3 Bn H Me H
Bu H H Bu H H Bu H H Bu H H
8e 8f 8g 8h
53% 63% 44% 54%

d.r. 93:7:0:0:0:0:0:0 d.r. 91:9:0:0:0:0:0:0

d.r. 91:9:0:0:0:0:0:0

d.r. 91:9:0:0:0:0:0:0

Scheme 4. Protiodesilylation of cyclopropyl a-hydroxysilanes 3 with inversion of configuration. DMSO = dimethyl sulfoxide.

1. R?-MgBr (1 equiv); LiCI (1 equiv);
CuBr-Me,S (5 mol%)
toluene, —50 °C
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give, after ring cleavage, the corresponding silyl enol ether as
a single geometrical isomer. Acidic hydrolysis provided, in
a one-pot operation, a d-ketoamide containing a quaternary
carbon stereocenter with a high enantiomeric ratio.
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