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R' R2 Cyclopropanes are important structural motifs increasingly found in natural Me
- products and pharmaceuticals. They are also versitile intermediates that can
R5:. .R3 undergo a number of transformations (cycloaddition, cycloisomerization, >
pé ‘gt | rearrangements, etc. \_Me

This group meeting will only focus on the construction of cyclopropane rings.
Futher functionalization/transformations will not be covered

. H
Unique Features ©

cyclopropane firs? synthesized in 1882; colorless, flammable, sweet-smelling gas and was
used in anesthesiology « Strain energy ~ 27 kcal/mol

* Both torsional strain from ecli hydrogens and angular
@ oth torsional strain from eclipsed hydrogens and angula

H H strain from deformed bond angles
+ C—C high & electron character: similar bond dissociation

A - triangular shape doesn’t permit sp® orbitals to point towards

one another and less orbital overlap

energy to x bond in ethylene - therefore reacts similarly to C=C
ACIE1979, 18, 809 +C—H bond lenght shorter and stronger than C—H in ethane (106

Mé ;Me cycloartenol

D. Participation of S-adenosylmethionine (SAM) - both Sterols and Fatty Acids; some amino
acids and alkaloids

Me

M :
Me., Me,, X Me

Me SA
Me.,, Me .
“’m Me Me Me Me

brassrcasterol SAM \i
Mm
Me N

Valance bond model

. Med: Chem 2016, 59, 8712 vs. 101 kcal/mol 23-demethylgorgosterol Me - Me,, @A _Me
Biosynthesis i Me e: Me Me
1. Rearrangements via Cationic Intermediates i g cos !
A. cyclizations of allyl and homoaIIyI cations - common in isoprenoid rearrangements 1Ad” 2 gorgosterol
Me Me ..sAm_ NH® ¢ HO
1, -thj
geranyl OPP H @-fNUENe 4 3 Internal Nucleophilic Substitution :B-Enz
diphosphate i‘f — ©) > Me P " Ad
M M CHO CO,H CO H
Me Chi Me © Me OH ACC-synthase \/\B( i i
o SAM + O3PO = | _ N N‘H
B. cyclizations of double bonds ~ C @ | @
Me Me Me N Me o
P A
Me \ \ ® Me \ (PLP) 0OaPO ? | “0sPO |)
( H™ Me NY,
pp{o/ Me —A» I H®
Me Me PLP A/cozH Ad<) i
geranylgeranyl diphosphate D<COZH & N Me S-Ad Me S @ COH
NH;® H,O “@ H
C. cyclization with a-methyl group . 0o
Me 1-aminocyclopropane-1- 2-0,PO a =)
(Postulated that carboxylic acid (ACC) 8 | 204P0
M ~/ _ enzyme may be Important precursor in the \N M
e / involved for correct thesis of ethvl [©) e
</\ y stereochemistry) syntnesis of ethylene H N@ Me
(I Me N\ Me

All examples of biosynthetic pathways taken from:
Chem. Rev. 2003, 103, 1625 and The Chemistry of the Cyclopropyl Group. Volume 1; Rappoport, Z., Ed.; John Wiley &

Me Sons Ltd.: New York, 1987; Liu, H. W.; Walsh, C. T., Chapter 16

A/ Me 2 3-oxidosqualene
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3. Transition Metal-Assisted Radical Cyclization 0---H - Phenyl Bioisostere AcHN
H Me H Me Me 1IEg/i0 IV|:e’"/ - D renal rena[
HoNas—aH — PPN aH PLP:N}—(G “H — 5% pLP=N adenocarcinoma Me Me aAdgLOr\?i:aclllr}%rga
HO.C gt Oxidase Iz ACHN cell line, O _N__N_O o N. _O ’
HO,C Et HO,C  Et 2 HO,C Et ICep = 4800 NM I \( X Y ICs0=9.8 NM
L-alloisoleucine -H Colorectal \ N.o :: MeN N Colorectal
PLP /OH adenocarcinoma Z adenocarcinoma
- - HIEd e HT-29 cell line HT-29 cell line,
Slvan ‘L PLP=Nw el o ppan Ly ICso = 990 M /©/ NH O ICs0 = 0.57 nM
HO.C  Et "0 HOC  Et H02C§ Et clogP=6.3 Trametinib clogP = 5.0

coronamic acid
4. Photoinduced Cyclopropane Formation

Me
Me supported byin vitro
Et photolysis, giving
N e Me erispatene as a single
; hv Me i O _OMe product; proposed
—— =

[(2a+,25] mechanism

erispatene o

Other miscellaneous mechansims have also been proposed (peroxide fragmentation,
epoxide opening) for specific cyclopropane metabolites

Importance in Drug Discovery HO
First incorporated in drug scaffolds in the 1960s: nal:rgé(gne
tranylcypromine HO_‘ ! - opioid antagonist
1960
\"A - monoamine oxidase —< |
Ph NHz ™ (MAO) inhibitor 0

« disrupts overall planarity - favors less crystal packing, low m.p., higher aqueous solubility

PLK4, IC59 =4 nM
solubility at pH7.4
<0.1 ug/mL

n-N

1.7 ug/mL

H H  J Med. Chem. 2015, 58, 130

- Stronger C—H bonds metabolically more stable than methy! group NHi-Pr

NHi-Pr /_(_
A O
)
(0] OH
|>_/ B lol
MeO Metoprolol etaxolo
* half-life 3-6 hrs *pAsp = 7.64

* pA2fi1 =8.53
L ) * half-life 16 to 22 hrs
« significant O-demethylation

PLK4, IC59 = 1.8 nM
solubility at pH7.4

J. Med. Chem. 1987, 30, 1003 ,

ACS Med. Chem. Lett. 2011, 2, 320
As all carbons are in the same plane, C-H bonds forced to remain eclipsed and therefore
cyclopropane less lipophilic (clogP ~ 1.2) than a hydrophobic phenyl ring (clogP ~2.0)

* Restrict conformation

CF3 NM92
7'_@ = ‘ 7,—\/@ Q\[
FXa K = 0.3 nM —> FXa K; = 0.021 nM
cyclopropane mimics the bioactive
conformation of ortho-substituted phenyl
OMe
Me Bioorg. Med. Chem. Lett. 2008, 18, 4118

MeQ N\ O 3 H chiral trans-cyclopropane linker

|:> o N__Et facilitates specific orientation of
N \ﬂ/ pharmacophoric groups for effective
H o binding of MT-receptors (shown in

Melatonin Tasimelteon green; 6 atoms between in red)

J. Med. Chem. 2016, 59, 8712
* Reactive towards covalent inhibition
NH2 ®

NH
N 2
(/
MeO2C 0) N Y/, N

MeO,C Me:. !
Me1.! HN 4 N /”
i DN A’ Boger; Bioorg. Med.
HN DNA alkylation Chem. 1997, 5, 263
[ AR—— .
~ N
H* [e) HO Y OMe
(0]
duocarmycin 0" 4y HN OMe
MeO

on binding to the mlnor groove of DNA, twist around amide bond activates towards
alkylation by adenine residue

For Review on the importance of cyclopropanes in Drug Molecules: J. Med. Chem. 2016, 59, 8712
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Commonly Used Methods

1. Simmons-Smith

: R! R25 = H, OR, alkyl, aryl, B(OR),, SiRg, some
I:> RICHI, + 4_ R?  halides, esters and ketones (more reactive
'R R2 conditions typically necessary) :
. R® R R®  R®R1= most commonly H, also Me, Phenyl, halide .

« Stereospecific, stereochemical information in alkene translated to product

R Zn-Cu
. — CHol
original report: _{—\_, or —/ 22 A Or “A
R R R E,O R"™ “RZ ~ R! R2
JACS 1958, 80, 5323

Furukawa modification: * more convenient preparation
* higher reactivity
5 3 5 R5 + allows non-ethereal solvent to be used
R® R® EtZn, R°CHI, | - addition of 1 eq. TFA acts as Zn ligand
—_— —_—mm . .
>—< > 3 and dramatically increases rate
R' R4 MO (;%?\;gmatmg R ; ? » Denmark and Edwards modification:
R R ZnEt, and CICH,! increase reactivity
Tetrahedron Lett. 1966, 3353; Tetrahedron
Lett. 1998, 39, 8621; JOC 1991, 56, 6974

+ Reagent is electrophilic, therefore faster with electron rich alkenes; slower with higher

substitutions on alkene
M M
© «_CO,Me CO,Me
Zn(CU), CH2|2
A Et,0, reflux A
H 84% H

+ allylic alcohols can direct syn delivery of methylene group and are needed for all
asymmetric modifications; in absense of directing group sterics main control of diastereo-
selectivity

. e gs Me. Me
Asymmetric modifications:

A: Chiral Auxiliaries OH
H: 92%, d.e.: 91%

o i
R'=Me;R2= SANA ph
\)\( R =Ph;R2= A
\)‘002’ “Pr R! = Et; R2 = Me: 81%, d.e.: 89%

JACS 1985, 107, 8254

H: 90%, d.e.: 94%

95%, >98% d.e.

Bull. Korean Chem. Soc.

COQI—Pr Ph 2012, 33, 2415
o O OH R1 R'= H, Me, n-05H11
)\\ , R2 = H, Me, Ph, \%&/
Y n-C;H4s, p-MeOCgHy,, O\)\(
A/\ Me 0-NO,CgHg, 2-furyl
Yields = 89-99 R', R2 = H, Me; R® = Me, Ph n-C7H4s
d.e. =95%

Yields = 67-95%; d.e. = 78-100%

Org. Biomol. Chem. 2009, 7, 3537 Tetrahedron: Asymmetry 2010, 21, 81

0. I
H /A b .
_ + 0. ,0 —— _, /O “ O.Z(" " R
>—<‘ \ B CHCl  R" ¢\ _<‘ !0}
R Bu A R R3 Meo,NOC B d

B: Chiral Catalysts
From Allylic Alcohols

MezNOC :CONMez

HO Etzzn R4

R4CHI,

(stoichiometric) ee >90%
. . original report: JACS 1994, 116, 2651;
Charette Asymmetric Cyclopropanation DFT calculations of transition state:

— JACS 2011, 133, 9343 —
R

i -

R R
R' R3=H & R EtZnO
s 0 “h CH|3 1) R R
Et,Zn then A ©) .
> B0 E_>tz(';c'>ri220 znl B@o = ¢
O Bu : —O Bu _n B Bu
— . 1Zn),CHI R \
ZnEt (1Zn)2 ) A ZnEt —O
R? not isolated R? A
L Bu .
yields: 49-85% ?h Pd(PPhs), (5 mol%) B0 B-Zn
dr: all >20:1 ﬁ Phl, 3 N KOH é A exchange
€6:80-97% o, _OH THF, 65°C g2
) JACS 2009, 131, 15624
Bu £ not isolated

R',R®=H CONMe,

.B-0
1. EtzZnl Q ,OJH Bh yields: 49-85%
T’ H H \ S —>A dr: 88:12 to >95:5
3. o __Zn'-o’/\NM 5 “u, LOH ee: 86-99%
PR SN, R2 S €2 R JACS 2009, 131, 15633
Phl,

favored Ph confirmation because of
steric repulsion from directing group

Chiral Disulfonamides

on ! o 0.12 eq. R®=p-0,N-CgH,
% ¢ R'= Ph, R2= H, 82%, 76% ee

*S NH HN- R'= H, R?= Ph, 82%, 76% ee
RKP\/OH

on R R3 R'= Ph(GH,),, R%= H
R2 Tetrahedron Lett. 1992, 33, 2575

O, 0,
Re Et,Zn, CHaly, CHyCly, 23 °C 100%, 82% ee

Studies demonstrate the importance of both the chelating 0.10 eq. R°=Me, 1.0 eq. Znl,
bis(sulfonamide) and addition of Znl, (helps promote the R'= Ph, R2= H, 99%, 89% ee
formation of ICH,Znl) to increased ee JOC. 1997, 62, 3390

For review of Simmons-Smith Reaction: Charette, A. B., Beauchemin, A. Simmons-Smith
Cyclopropanation Reaction. Organic Reactions, 2004, Vol. 58, Wiley, pg. 1-415
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Unfunctionalized Olefins

examples:
Me Me Ph
< 90%, 99% ee
N catalytic:
) BocHN ; 87%, 89% ee
R%\ 3 Cco,Me R
R3 1.25eq. O 2Vle =¥
2 - Ph
R Etzzn, CH2|2, DCM R A/ S 84°/o 78% ee
PH - catalyt|c
O, 0,
« Further studies into the mechanism also 83%, 75% ee 85%, 77% ee
showed that ee could be increased by the TBSO
addition of Znl, just as with chiral OTMS
disulfonamides _ Me
« Can be made catalytic (0.25 eq.) with z
addition of 1.0 eq. ethyl methoxyacetate Ph
Original Report: Shi; JACS 2003, 125, 13632 89%, 86% ee
Catalytic: Tetrahedron Lett. 2005, 46, 2737 682@1;5:{;-69 (absolute
Mechanistic Investications: Org. Lett. 2009, 11, 5226; - i
Adv. Synih. Catal 2010, 352, 1810 96%, 87% ee S’iﬁojgf‘f:;’j;r y

Applications to Total Synthesis A

Et,Zn, CHolp, DCM

ANNAOH
HO 89%

(ee not reported but optical
rotation close to literature)

1. DIBAL-H
94%

Ho/\q\q\q\q\/o"'

A, DCM/DME
93%
.l\/IeZNOC CONI\/IeQ;
5 0. .0 :
Jawsamycin ! B H
(-)-FR-900848 1 Bu A :

Org. Lett.
2016, 18, 2320

R
either R'=OH, R2=H
or R'=H, R?=0OH

2. Etgzn, CH2|2

(+)-omphadiol

H
Ho/\Q\Q\/O
1.PCC
2. Wittig

67% (2 Steps)

EtozCWCOgEt

(E,E):(E,Z) = 8.7:1; undesired
could be recycled

(o]

HN
0=
N

70% 33%

(+)-pyxidatol C

2. Kulinkovich Reaction
For an in depth review see Organotitaniums in Synthesis Baran G.M., Merchant 2017

............................................................................

v 3 '
. R'R? JL R CHZCHzMgBr - R must equal OH or NR, :
. |::> Or + R2 alkyl or alkenyl; very few cases !
. z ; 1 ; :
'R R OR/NRZ R3/_\R4 where aryl H
: .
From Esters: EtMaB From Amides (de Meijere): R
gBr
O Ti(OiPr), o R3CH,CHR*MgBr A\
—_— e >
R11LOR2 HOR1 1”\ > Ti(OiPr), or RZNr R3
. R 'NR%  MeTi(0iPr), R
R' = alkyl, alkenyl, aryl (few examples) ] s
R2 = alkyl, aryl R' = H, alkyl, cyclic R® = alkyl, alkenyl, aryl
R? = alkyl, aryl R* = H except w/ cyclic grignard
More highly substituted:
MgBr

R3CH,CH,MgBr lOL RS g R

j)l\ (2-3 eq.) HO"A . R” “OR2 R6 A\
R'"SOR2 Ti(Oi-Pr), R R . XTi(OF-Pr); HO'F"} RS
(5-10 mol%)  (cis prefered) a4 (X=OF-Pr, Cl, Me)

RS
R! = alkyl, alkenyl, aryl (few examples); R? = alkyl, aryl; R® = alkyl, aryl;
R* = H except when cyclic

« First reported with 1 eq. of Ti(Oi-Pr), and 3 eq. EtMgBr at low temp

+ Catalytic Ti (5-10 mol%) can be used with only 2 eq. EtMgBr

+ olefin-ligand exchange can take place, facilitated by use of more sterically hindered grignards
(ie i-Pr, n-Bu, cyclohexyl-, or cyclopentylMgBr); allows intramolecular cyclopropanation as well
+ More stericly encumbered esters sluggish Chem. Rev. 2000, 100, 2789

Asymmetric:

Ar
PhCH,CH,MgBr (L Ar= CFs
j\ (2 eq.) HO.A O3
Me” “OEt i md O Ph <
(0.3-1 eq.) 65-72%,
70-78% ee A CFs

JACS 1994, 116, 9345

3. Transition Metal-Catalyzed Decomposition of Diazoalkanes

MLn R5 R® * Most commonly done with Rh, Co, Ru, and Cu
— though examples of Pd, Fe, Ni, Ru, Ag, Os Ir, Pt,
R1 R2 R6 R4 and Au as catalysts

» some engineered enzymes can preform this rxn
» chemoselectivity issues between
cyclopropanation and C—H insertions can arrise;
influenced by catalyst choice
» made asymmetric by both chiral aux. and
catalysts

A
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R' R?
« hard with olefins electron-deficient; best with electron-rich
RS R3 * monosubstituted alkenes most common, but up to
R6 R4 tetrasubstituted tolerated

+ examples with poorly nucleophilic n-systems (alkynes, arenes
(such as in Buchner ring expansion), and allenes) as well leading
to useful cyclopropene, bicyclo[4.1.0]heptanes, and
alkylidenecyclopropanes

- diastereoselectivity often substrate dependant; in most cases
trans prefered

« inter- and intramolecular variations

Davies and Antoulinakis. Intermolecular Metal-Catalyzed Carbenoid Cyclopropanations Org. React. 2004, Vol 57
. Chem. Rev. 1998, 98, 911

..................................................................................

Major classes of Diazo Substrates:

A: Acceptor B: Acceptor-acceptor C: Donor-acceptor D: Diazomethanes
R’ EWG EDG
LaM=( LnM= LaM= LnM=<
EWG EWG EWG H(TMS)

R' = H, alkyl; EWG = CO,R, COR, NO,, PO(OR),, CN, CFj, or SO,R; EDG = vinyl, phenyl

A: One EWG

+ Diazoacetate derived are most widely studied

+ Cu and Rh(ll) based catalysts most selective and commonly employed

» Most common side reaction is carbene dimerization; prevented through slow addition diazo
* Not particularly stereoselective, can increase by changing size of ester and catalyst choice

/= + Naog CO,R catalyst /A + A
Ph N2 Ph “CO,R  Ph CO,R
. t-Bu

R catalyst trans:cis BHT =
Et Rhy(OAc), 62:38 Me
Et Rhy(acam), 60:48

BHT Rh,(OAc), 84:16 +BuU

BHT Rhy(acam), 98:2 Org. React. 2001, 57,1

B: Two EWG

« highly electrophilic and due to ability to stabilize negative charge often can form products
arising from zwitterionic intermediates (especially when used with electron-rich alkenes)
» more susceptible to [3+2] annulations and C-H insertion

C: Both EWG and EDG
« intermolecular cyclopropanations limited to mono, 1,1-disubstituted, and cis-1,2-disubstituted
« highly diastereoselective, especially with styrene and vinyl ether alkenes
* Rh metal of choice M
e

OTBDMS  Rh,(Ooct),
2%
CO,t-Bu 82% EtO
OOCt = COZ”‘C7H15

— +

S\ single
Me  OEt No

7 OTBDMS diastereomer
COgt‘BU

t-Bu
R2 Cu(MeCN)4PFg H Bg
~UH + N =<002Me (10 mol%) :
+
R1J\/ ’ CO,Me L,* (15 mol%) R, .'"CO,Me
’ ’ © CO,Me
R toluene, 50°C R2 o
R'=aryl 3AMS ee 90-95% Lt

Heterocycles. 1993, 35, 385

Chiral Catalysts
Copper

First report of asymmetric Ph
transition-metal-catalyzed \*l/

decomp of diazoalkanes —N, /O
/‘Cu~
O ‘N=
Ph)*\

for cyclopropanation:
Me A + /A
» Ph CO,Et Ph ‘CO,Et

Nozaki and Noyori 1966:
72%, 6% ee (both

R and S catalysts)

Me

Tetrahedron Lett. 1966, 7, 5239

Ph/\ + N2§/002Et

1:2.3 (cis:trans)

Since then, advances have lead to highly efficient and enantioselective methods (yields, d.r., and

Me Ar ee given for above reaction):

I \Ar CN
Ar =

Ko vl t-Bu

Y

O;/(2 SN . N
"OctO HOMe,C Cu  CMe,0OH tBu Cu +-Bu
65% 80%

78:22 trans:cis
85% (trans), 68% (cis) ee
Pfaltz;
ACIE. 1986, 25, 1005

75:25 trans:cis
90% (trans), 77% (cis) ee
Masamune;
Tetrahedron Lett. 1990, 31, 6005

82:18 trans:cis
81% (trans), 78% (cis) ee
Aratani;
Pure Appl. Chem. 1985, 57, 1839

Note that in all cases ee and d.r.

Me, Me 77% dependant on ester bulkiness and (-)-
! 07/\&(0 73:27 trans:cis + menthyl diazoacetate usually gives

: | \\) 99% (trans), 97% (cis) ee ! best results (ee > 90%)

H N N L Evans; H works well with mono and 1,1-

1 +BU CuOTf 7+Bu JACS1991, 113,726 | disubstituted alkenes

..............................................

» other examples of good catalysts include multiple other chiral box, bipyridine, diamine, and
bisazaferrocene ligands (see Chem Rev. 2003, 103, 977). Also applied intramolecularly

.Ph
N

Example with high PN
diastereoselectivity with Me2N BN + CuOTf
ethyl diazoacetate: PhN

80%
98:2 trans:cis
94% (trans), 90% (cis) ee
i Buono; JACS 1999, 121, 5807
With 2-EWG (more challenging as much less discrimination between prochiral faces and more
sterically hindered):

only 1 example linear alkene

Org. Lett. 2017, 19,5717
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Rhodium

+ Rh(ll) are most effective/cleanest for intermolecular reactions in non-selective reactions

+ In general don’t achieve high ee/d.r. in comparison to Cu for acceptor type diazocarbonyls but
metal of choice for aryl- and styryldiazoacetates (ie Donor-Acceptor diazos)

« Asymmetric scope is often more limited than Cu

+ Generally best with e rich and e neutral alkenes because of electrophilic nature of Rh-carbenes

+ a-unsubstituted diazoacetate poor reagents for Rh-cat asymmetric and only extremely hindered

esters give good trans selectivity
Rhao(L,)s PR “CO,R M ‘Z; f
+

1 mol%
47%
A Rh—/Rh
Ph CO,R ~

exceptions:
PR + Naog COt-Bu

74:26 cis:trans

Doyle; Org. Lett. 2002, 4, 901 94% (cis), 71%

cis-selective (trans) ee
Br
For a-alkyl substituted Acceptor type diazocarbonyls: 0O, O Br
t t
RZ COLR! B:hj: N7 B:'.. N Br
. :
RI0,C_R® R'  Rmi ", R 0700 o~o0  Br
o= L o
N, RS -78°C R3 Rh—Rh Rh—FRh
(trans) 7
h benold H Rhy(S-PTTL), Rhy(S-TBPTTL),
el}éiﬁzﬁocnagoelgg\', o r?]r;ef;?u“rzsﬁén q all dr >95:5; ee 61-97%  all dr >90:10; ee 57-93%
R'=Et; R2=Et, n-Bu/n-Pr; R'=tBu; R2= Me

sterically encumbered Rh key to 3 "
cyclopropanation R°=Aryl, R*=H, Me, Ph

Fox; JACS 2009, 131, 7230

R3=Aryl, R*=H, Me, Ph
Hashimoto; Tetrahedron
Lett. 2011, 52, 4200

Ligands for Donor-Acceptor type diazocarbonys:

* highest ee at low temp in nonpolar solvent; usually extremely high d.r.

» EDG from diazo can stabilize electrophilic Rh(ll) carbene intermediate via conjugation
» origin of diastereoselectivity:

.. H R
EWG_H i~
R EWG R aosd rotatlon ., = EWG Ho=RR
\= - ') H '\,R " \/\\
H
X Bulky I|gand Bulky Ilgand EWG Davies; JACS. 1996, 118, 6897
@ O
X= t-Bu:
Rhy(S-PTAD),
~S- N F)‘(hZ(,?-CTBaP)-“ @ N 2nd gen catalyst
X = n-CyaHos: HI developed by
Oo A o Rh,(S-DOSP), 000 Davies for
| general catalyst that | 0 improved alkene
Rh— Rh work with diazos where Rh—Rh scope
- EDG both aryl or styryl il

Chem. Rev. 2003, 103, 977; Tetrahedron 2001, 57, 8589; Catalysis in Organic Synthesis: Methods and Reactions 2019,
Wiley-VCH Verlag GmbH & Co. KGaA, Chapter 15, pg 43

Cobalt
PR + Nog COyt-Bu

Salen-based catalysts

o, A, A
Ph “CO,tBu  Ph CO,t-Bu

98% ee

Ph Ph
N: \N 5 mol% cis selective
\Co/ 90%
MeO O/ ér\o OMe 2:98 trans:cis

1 mol%, trans selective

80%, 96:4 trans:cis
93% ee

origin of selectivity: in trans selective case, EWG will lie above downward-bending salen ligand
and olefin approaches from below along Co-O bond axis; rotates counter-clockwise to avoid
steric repulsion between EWG and olefin; to select for cis either 1. change rotation to
clockwise or 2. change approach along Co-N bond. Introduction of 3,3’-(2-Ph)naphthyl blocks
Co-O approach Katsuki; Adv. Synth. Catal. 2002, 344, 131
Porphyrin-based catalysts
- relative to Cu and Rh, exhibit unprecedented stereocontrol with stoichiometric amounts of
alkenes avoiding carbene dimerization

+ can undergo addition to e- withdrawn alkenes such as a,p-unsaturated carbonyls and nitriles

Me O

[Col A Me Me
Ph& + NszOQt-Bu DMAP P COZT-BU\|>)L
(0.5€eq.) H
84%, >99:01 trans:cis, 95% ee +B
R1 R2 u B_
N 3 u
EWG)\+ 25 CO:R® [Co]
DMAP EWGH;
R? (0.5 eq.) R Cozf'th
EWG = CO,0R, -Bu gu
CONR,, COR, CN also works with
R1 =‘H, Mé; ;Accgptor-acceptor %{N
= H, CO,Et ype: NzYCOQt-BU Me Me
R3 A, CN Zh JACS 2004, 126, 14718
ang: : )
75993‘1’/?2%3?2;0 JACS 2007, 129, 12074
61-97% ee JACS 2010, 132, 12796
Rh —\H . Rl _R2
R2 RS\/_>(P)CO(||) \|[\jr
Reaction procedes via B1 1 2
Metalloradical (P)Co(ll)—=R? . R

(P)Co(Il)—=R?

R1 / N2

(P)CO(”)_<'R2 JACS 2011, 133, 8518

cyclopropanation (EPR,
DFT and experimental
evidence):
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Ruthenium A N CO.R [Ru] :4. Michael-Initiated Ring Closure
+ Noy 2 mol% ,A + A U U U
PR N == pn” “CO,R Ph CO,R ! : R2 Ri RE i
z : : EWG LG :
| : FEWG. g <j:| K |:{> :
0 \N o X=H, R = Et: 73%, 91:9 trans:cis When X = EDG ee decreases; | . 3 :
89% (trans), 79% (cis) ee EWG ee increases; d.r uneffected ! R* = EWG RS Nuc =R H
N""‘RU"'N\/X H, R = /-Ment: 83%, 97:3 trans:cis : LSO Mo 2.4 e NP ’
. ] z 96% (trans), 80% (cis) ee Nishiyama; JACS 1994, 116,2223 . ifi
ipt le// - pr (trans), (cis) Toraeoron Ao 10%6, & ey | LG R usuaIIIy nonsgerios&ecnflc u?_less
! G : (LG H \)\f ring-closure faster than roation
/ o © Rl — EW \g\/ = LG around single bond of intermediate
; lective: - (r)_(ns_ require |rrad|a_t|on ' =t « chiral aux. can be placed on
o e ,~Ph cis selective with incandescent light ; 2 EWG H EWG either nucleophile or michael
L=pyridine L (>400 nm) to promote R + + acceptor to influence chirality (see
=N_F N= dissociation of apical : Cis Trans Chem. Rev. 2003, 103, 977)
Ru ligands) : ) i .
£Bu o IL 0 +Bu : Examples of both organocatalytic and Lewis acid-promoted:
5 5 R = Et: 45%, , N Ph
t-Bu t-Bu 7:93 trans:cis EtO,C. _CO,Et 42-95%
R = Et: 95%, 77:23 trans:cis 98% (cis)ee 1 A CHO | 2 Y 2 _H OTMS_ OTMS A/CHO 90-98% ee
> 99% (trans and cis) ee : Br 2,6-lutidine JACS. 2007, 129, 10886
Nguyen; ACIE 2002, 41, 2953 Nguyen; Synlett 1999, 11, 1793 H DCM yemmmmmm——————- AP .
. . : VA :
+ Ru porphyrin type complexes have also been applied sucessfull ' R CHO ' Ar H
...... OB Y08 COMPlexee Nave 880 0oon FPPIROUEORMN . oeeee] i BSCOpBU 2% A K : ¥ i
Palladium R \/ e — 3 . N._.O :
» most usefull for cyclopropanation with diazomethane, however any asymmetric products R N» R2 'R ' OTf S H EIE :
only formed if chiral aux. used on alkene. All attempts at inducing ee through chiral ligands on _ CO,R* : R !
__Pdunsucessful R! =2a|kyl, halide g3 _ ppy/y up to 93%, 99:1 d.r.  + Ar = 2,5-dimethylphenyl |
= Ci () =1- '
Applications to Total Synthesis (0) R®=alkyl, H (trans:cis) 95% ee N R - J_??P_h_t?}"_
0 0 \ JACS. 2011, 133, 20708
/ Cu(hfacac), \ | Corey-Chaykovsky/ Sufur Ylides ERRRRE Rt RS .
\ 10 mol% e 0 R
Reisman — > Q DCM, 120 °C 0 Me\ , .
JACS 2011, 133,774 — uwave, 1 min H Me l CH R R
) 1 2 1 3 1 4
H 65% H RIS <M —_Me O R R R' R
CN 0

CN salvileucalin B
Me Me -Pr
Me CuBF,4 (10 mol%) M AIBN
% L,* (15 mol%) @4 € Bu,SnH 3 -
—_— 4 4
79%, 91% ee P(O)Phz  Tol, refux P(O)Ph,
N P(O)Ph; (o} 67% 0
5 .
0 Bn_Bn i-P paraformaldehyde
O : %/O / Me 4_ LiCl, DIPEA
T
i-Pr Ly = “i-Pr CO,H OH Nakada

(+)-colletoic acid

Org. Lett. 2013, 15, 1004

. Unstaballzed dimethylsulfonium methyllde will only give the epoxide
while more stable dimethylsulfoxonium methylide will give cyclopropane

where R® # H

examples of other substituted sulfur ylides that undergo cyclopropanantion:

=COR

* most examples

with cyclic or not
highly functionalized.
o,pB-unsaturated !
» asymmetric usually.
just substrate ;
controlled H

A}
:
H
H
H
:
:
H
H
« Few examples
H
H
H
:
:
H
H
H
H

. 0

95%

81% 88%

1« atleast 1 R group
JACS 1965, 87,1353

M |yl
Y b o b b, e
S . Me”, t-Bu Me” X\ . RSCAdv. 2013,
Me”® Weog Of Meg e R 13663
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Applications to Drug Discovery N0 1 6. Cycloisomerization ML)
3 O Me L T LT Ty T ap e paap Y |
Z b R! R - examples of many . endo- (LM*
o X metals catalyzing (Au: = cyclization
MeOLC < N D ¢ \ | Rt Pt Ru Al) s Gyclization R2
e '}AS?JSOOKI MeO,C N HN'SOZ L ? "S\_gz2 " Mostcommon with ; X ) R3
- t IR R 1,5-Enynes ! \ R R4
MeO OMe DMSO_ MeO OMe —> O~ CFs b X : exo-
95% — OMe . 1 LR X=CN,orO cyclization (L
° Merck EP4 Antagonist O : M*(L) \
MF-310 MeO ! Reactions are often highly
JOC 2009, 74, 6863 ! substrate dependant and ‘///2 elndot-'
- . » many other pathways that X~ R cyclization
5. Nucleophilic Ring Closure ! do not form cyclopropanes P - > X
T -RT ;7{-2 """""""""""""""""""""""""""""""" % . are also possible R® R4 (mtermedlates can
: H H 4 rearrange if not trapped)
: R Intramolecular : . - p
- >_< " |:> LG%—GLG variations as well. EAppllcat‘lons to Total Synthesis : Ve
O S o : D e XM MeAlC 5 X . Firstner
1st . . . . E : ~— Ccommun.
st report: Br EtO,C CO,Et  (reaction since improved i~ Me Me ' Me : Me 2004,
E1O,C_COEt + —/ NaOEt by addition of phase P Eo & bae 254
Br transfer catalyst) : !
Bere. Dtsch. Chem. Ges. 1884, 17, 54 ! :Me Me
“Chirality arising from chiral precursors ~TTTTTTTTTTITTTIIIIITTR : :
0 s [0 5 E .
ROC - A g—> Q/Ycoz : : Mechanism?
CO,R 6 N JeCles CO.R : dachio, COEt: 1-AUC
ROLC 2 =Cl o oTf 2 C O.R ! (+)-photodeoxytridachione 2EL
z RO,C™ "COxR LR A 03, A O e
RO,C OH complete chirality transfer is observed from HO CO.R Me_ Me Me_Me
Tetrahedron Lett. 1992, 33, 5677 chiral stereosenter Synlett 1998, 499 | |
OH 20 :
o 1. SOCl, O—S\" MeO,C__ CO.Me C%ZC'\)Ai/Ie
s e .
RN 2. cat. AP NaH R’d’ 2 :
R=alkyl  RuCl33H,0, R DME reflux :
NalO, 700, Sharpless; JACS 1988, 10,7538 & (). sasquicarene

Applications to Total Synthesis
Skeletal rearrangements

(+)-Isovelleral CHO 50%
de Groot; m)
' 230" CHO

Mechanism?

MeO2C

(+)-Duocarmycin SA

Boger; JACS
1992, 114,
10056
4 OMe
O Hn
OMe
MeO
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Cl/\CI CHCly/t-BuOK: 27%
O CCI3CO,Na: 47%
Condltlons CHCI,/TEBA, 50% NaOH: 81% Orlglna/ Report:

Chem. Rev. 2003, 103, 1099

OH
....................................................................................... ! o +-Bu +-Bu
Applications to Total Synthesis £ BUL' & 9 % desired é + + =
Me Me H ) ¥ Z Z

7.1 Free Carbenes : 7.2 Free Carbenes by o-Elimination Optimized Conditions:
5 R! R2 X\/X : cl cl 3 Cl E'l ------------------------------------------- ; 9 :' OH OH \:
' : +BuOK . / " : : - . :
e Y g mee B s (P R
‘R R® R® R3:iH"KCl ok g 59% ? i RS Rz ; Z : S :
e . —/ i+ Cl K@ Cli o n 01 : Product :
'R R ! .t Same rxn with |} R4 R“ ' LiTMP . H
' R 5 R R + Doering and Hoffman, JACS 1954, 23, 6162 CHBrg (75%) 14« Arise from |ntramolecu|ar cyclopropanat|on of E I;'BULl ---------------------- ’
1 *R'and R halogens " . : H 0°Ctort
________________________ " alkenes with expoxies H 70% Hodason:
« Yields improved by the use of Phase-Transfer Catalysis: : » When asymmetric epoxides used : no /os; of JACS 2(;30798?25 4456

" enantioenrichment retained ee T

N )

M CBry Me E
_»e Meli |Bre = MeLi Me | 26% Me ! Crandall and Lin; JACS 1967, 89, 4526 34% 11%
— \ — —_— ' . .
_3> 78°C |Br 78°C Me | With Internal Epoxides: E3
Me Me Me| e’ : = =
steps Me Me Me (+)-ishwarane | \oq MeQ, MeO
Cory; J. Chem. Soc., Chem. Commun. 1977, 587 3 n-BuLi .. 47% Dechoux;
' —_— . e Tetrahedron 2003, 59, 9701
OTBS ; oTBS TMSOTH, . 4 ;
Me, T o gt Me, EtN, DCM H OTMS Mel: =0 oou T~OH
3 ~ g = 240 °C: TBSO ;< ' Me € Me
—_— —_— 1 e e e e m m === == e = = = e e = = = = e e = = = = = = = = = = = = = = = = = = = = = = = = e = = = = = e = = e e e e
2. PCC, SiO, then n-BuLi AN “H H Me Applications to Total Synthesis
72% (2 Steps) Br, Br Me H : 1. TPAP Me (—)-cubebol
Me ¢} Me” ~Me H H n-BulLi (3.5 eq.) NMO
>0 oTBS : - TP (25 TMP (25eq) _95%
,f 0% : N on 2 Moe"' "OH
. (<) ' a
(+)-steenkrotin A dr. > 20:1 lyconadin A H Z;ZO/C -Pr
Ding and B ! /—Pr I-Pr Cl /—Pr °
ACIE. 2015, 54, ' (-)-menthone
6905 TT 1 Hodgson; JOC 2010, 75, 2157
: 0
; o v R 1 g, vt 9
— BnNEt,CI Me-., 1. TFA ' Me -78 C to oy
—> . i-PrOH — : OH
N H W 2. Pyridine ! CO,Et
i N aq. N reflux ' Liu; Org. Lett. 2011, 13, 5406 -
Boc DCM, 0 °C to rt 96% (2 steps) + Liu; Org. Lett. , 13, (+)-chloranthalactone A
65%, 5:1.d.r. Boc Fukuyama; JACS. 2013, 135, 3243 o O Q
(+)-propindilactone G
Me d
OTES TIP an
OTIPS %BAJSK o S AgCIO, (%)-schindilactone A H
_CHBrs . o A 0
Bf @ steops) Yang; ACIE. 2011, 50, 7373 D (6]

JACS 2015, 137, 10120 Me MeH
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8. Ring Contraction ST T -
' 1 R2 [ 1 3_ 1 OH 1
Loss of N PoneN R oy, R 0, ms ool AP R%CeC  RL s NaHmDs Rl D R' = alkyl, H
2 : ) 2 2N Ry s20: (2eq) R (2eq v
Note: many pyrazolines easily |R57~/ ~R2 RS R3 I:> o : (a2eq) 2 R® R2 = alkyl, aryl
tautomerise to 2-pyrazoline and: Re Irgp3 R6 Re ioRe Cl THF R2 Cl THF Cl' R3=alkyl, alkyne, aryl
have to be handled with care R Favorskii- R' i Cl -78°C Cl 0°Ctort R?
Stating materils easiy | - attpyrazoleswil A0S0 NP pt L ho S Kt O, Lott 2020, coi 101021/a0s rget 0e01229.
prepared by 3+2 RN, with ! yield cyclopropenes O, 2 R2 !
alkenes » while pyrazolines will R - LORS1S of COO [ Rt 0 R |
* Thermolysis can be used but i give cyclopropanes R3 R3 i1 hv .. -CO . é Both cis and trans
photolysis superior | R4 X R4 : —_— | | | | R g2 starting materials
* Mechanism for decomp not ~ *=====-==smsmsmsmsnne- R e v acetone - give similar product
completely understood and may R i R2 R2 ﬂ R? ratios
change depending on > > > ! 1 1
substituents )0 rR: R O -CO R,
e} N ) ! —_— —_— .
N=N ‘N@J N=N 0 E acetone |_ R! ‘R? Lee-Ruff, Can. J. Chem.
a-phenyl or vinyl groups = 1,3 diradicals ' R R 2001, 79, 114
ZPh Ph Ph H, k H, Ph \Ph Rh cat. of strained cyclobutanone N
R 2:3 W A Ph r Ph A \A . : H o . 5 mol%
phoHn, AB N=N h K H o NN Bh CSIt(CI);(I;.h ) [Rh(cod)(dppb)]BF, 4_
2 A hy Ph hv . B 5 S )y, & CH,Ph~_ xylene, reflux CH,Ph
From A: 56:44 k H ; tol, reflux CH.Ph 99% CH,Ph
k> K trans:cis t © Ph H 99% Ph 2 lto, JACS 1996, 118, 8285
while k; = k (g From B: 92:8 ¢ : ” o
t e e e e e e e e mmm i mmm e m e
ransicis Ph EAppI:catlons to Total Synthesis
alkylpyrazolines: Many confllctmg pathways proposed : COM
From cis: Alternative: N B 2lvie TsSHN wa K2CO3 N= N
EEEEEEETEEEEEr : Me.. P — N =
:Me WM H izygg;rlgggils Me:,,WMe Im —_— H,, Me | > > TsNHNH, A Lﬂiﬂlﬁ
N=N + _From trans: N=N mMe& W H o'y H MeOH MeO,C 68% Me0,C
L : 73:25 cis:trans :
N cyclopropane H N HMe i\ Echinopine A (R = H) h
“ H .2 H \'LN i Echinopine B (R = Me) ROLC = v
H,!\l, Me -No ‘MMe c H WH L D 1 Liang; Org. Lett. 2013, 15, 1978 2 MeO,C 66%
j_H —H ™ Ve ” < mé Me v : -
Me Me™ & Me Chem. Rev. 1980, 80, 99
"""""""""" b‘""""'"""""""""""""""""""'""""""""' 1. N,H For A: Pb(OAc),
Loss of SO, & a o ) Ac(%H4 43% (3 steps)
tBu’ N~ .S h Ph. O:) -0 ph_<r St
/<(I) MeLi o} R v ~<S S0, | 2. pyridine/DIPEA For B: [Pb(OAc)y/
Ph 2.NCS = R=H (95%) or (9:1) PhCHzCOH (50 eq.)]
82-84%  Ph R R= Me (98%) 150 °C Eremlxed
Sharma and Smith, Can. J. Chem. 1978, 56, 512 no comment on dr} 36% (3 steps)
------------------------------------------------------------------------------------- crotophorbolone RQ
Favorskii Type : 1 (acidic hydrolysis of Phorbol/ -
e} Me Me Me 1 Jatropha curcas seed oil)  Mers-
M ; H
i—Pr)LNMeZ Tf,0/ e 0 L'ngs Me NaOH: i _A: Prostratin (R = Ac)
+ collldlnce W 5 H_CI> Ar "'COZH B: DPP (R = PhCHQCOI</I .
A 80-95% Ar Br| 72-88% :

Chen and Ahmad, Tetrahedron Lett. 2001, 42, 6227

Wender; Science. 2008,
320, 649
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9. Norrish Type Il 5 o1p2 R® R* R?
__________ yp f* R'RZ R RICHI + \—
R’ o R (depending RO R* R® R®
. : on :
|:> Rz *R'=ketone i Ph W(A"Me substitution Di-n-methane Rearrangement Simmons-Smith
! 3 ) Ar *very few eXampIeS ! trans/cis
'R R LG : 0 selectivity
e Tgo% decreases) o Re :l :
O Me hv, & > 300 nm H. R2
DCM o -MsOH Q - Ar/U\H\/ 0
Ph Me 2eq. Ph).ﬁ)\Me Ph/u\.)\Me LG
OMs N-methylimidazole OMs Norrish Type Il OR/NR;
+
ACIE 2001, 40, 1064
- — R3CH,CH,MgBr /—\
10. Di-r-methane Rearrangement N o 2UTMABT Or g
R e L EL L LT e L EEPE LR EL T ELE R . N="\_R Kulinkovich Reaction
' R' R? RS minz RO Me_ Me Me Me_ Me Me RS/ R2
' = R'R : Z hv Z R6 3
Rs’AVRS N g | Me ) Me R4 R
: s R i Ph” Ph Ph””Ph or EWG.__R? RS
\.cRe=zakene ... : RS Oug20 ® Rt R Y O+ V=
y RS N KEN 1 N o
- different selectivity can Me Me 1 Transition
be obsereved if Me, Me 4 or P —® RS- —R3 G— Metal-Catalyzed
photosensitizer is used Me < Pph QA Me R Decomposition
- favored regioisomers  Ph D : RS R4 of Diazoalkanes
arise from intermediates  Ph Ph Me @ @

where more stablalized
diradicals are formed

JACS 1970, 92, 6259
for review on this type of transformation see

Chem. Rev. 1996, 96, 3065

Functionalization of Cyclopropanes

DG DG . )
C—H Activation DG = directing
—_—> group R' R2
H

[ Cross-coup/ing] R A
_ X
A <M \A

[From Preinstalled Handle]
R’ R! MeO

! i-PrMgCI-LiCl | |
—_— —>

X Mg-LiCl
Synlett 2009, 1, 0067

Metal-cat
functionalization

[Cycloaddition]
TBSO,

A/OTIPS

—_—
TBSOTY, NEt,
0°C

o 2

OMe

R1 R2

of cyclopropenes > R4*A\

R3

OTIPS
JACS 2013, 135, 14313

extensive field and will not be covered in detail here

i}
tg ) ji ®

Ring Contraction

Nuc™ =R3
Michael-
Initiated

Ring
Closure

R4

Cycloisomerization Nucleophilic Ring Closure




