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Cyclopropyl radical: Structure and Properties See also: Barton, L. 2020 E Application of steric effects: v
"Cyclopropanes: ' Angew. Chem. Int. Ed., 2019, 58, 5930 , Via
A User Guide" : ' R
H,’ H C—-H bonds sp§'28 ' R! decarboxylative R! ' H
< C-C bonds sp P functionalization H ; )96
J. Chem. Soc. 1963, 3161 Hyperconjugation * b{ . R2
H miH . with B-C—H bonds R2 R2 '
S Strain energy = 27.6 kcal/mol ! CONHPI FG ' )
N . - , . observed by EPR ' Stereochemical
H H (ring strain + torsional strain) J. Am. Chem. Soc. + R'R%=C(sp?), C(sp3), FG = C(sp?), C(sp%) :
1977 99 8251 o N Si ONBS ' outcome controlled
ﬂ 9 ' Pt N B o8 ' by sterics
.1, }’ \| :- --------------------------------------------------------------------
H H v H 1/  Is it really only sterics? A more complete picture.
R — W — w | }‘ <>  Some counterintuitive examples:
~——— R —~—— ' . .
H H H k ' Preferred conformation Favored (%) Preferred conformation Favored (%)
. Me
o-radical m-radical o-radical ' Me H Me H
relieved torsional strain increased ring strain relieved torsional strain . H 65 80
relieved torsional strain .
. Me
Bent o-radical strongly preferred (inversion through planar TS, k= 108 s at -175 °C) !
Nature of R plays a signficant role in stereochemistry. When R allows delocalization, Me Ph

H
m-radical can be preferred. Mew 92

Stereochemistry and Memory of Chirality

. R1 ) ( 2 R1 . . ." """""""""""""""""""
strong steric R . steric repulsion 1 a-Substitutent Effect
repulsion -~ minimized +  Case 1: Fluorine
H H R? : ' 1
, R
: F
Preferred conformation Favored (%) Preferred conformation Favored (%) RM
Ph cl ' . .
' strong stabilization of o-radical
70 67 ' (k=108s"at-108 °C)
H * J. Am. Chem. Soc. 1977, 99, 8251
H + 1BuO5C FG
H H ! 3 F  radical trap
> 99 70 , o
H : 110 °C
H .

H
b@ 79

Electronic effects (hyperconjugation) stabilize sterically disfavored conformations

Ando (J. Org. Chem. 1970, 33, 35):

Ph Ph
) F "BusSnH ) F
—_—
H Br H H

Single isomer under optimal conditions;
Dependence on T, solvent and H-source:
R3SnH > R3GeH > R,SiH, > R3SiH
Trap FG stereospecificity (%)
BrCCl; Br 100

Cumene H 6
J. Org. Chem. 1975, 40, 1975

Recommended read: Boche, G.; Walborsky, H. M.; "Cyclopropane derived reactive intermediates" John Wiley & Sons, 1990.
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Radical Addition 5 5 i
Arkivoc 2024, 202312099 ecarbonylation

Not feasible when
R3# H

a-Substitutent Effect
Case 4 and 5: EWG and C(sp?)

3/12/24
a-Substitutent Effect Resonance with methoxy lowers inversion barrier E Generation of Cyclopropyl Radicals
Case 2: Methoxy ' R!
' R3
" R! 1 R! :
e — € > + — :
OMe OMe ~~ 4 . X
R R2 R2 R OMe | Decarboxylation
-------------------------------------------------------------------- :‘ R’ R3 R R3
a-Substitutent Effect J. Org. Chem. 1976, 41,940 . )>< )><
Case 3: Other halogens ' 2
. ¢} : R? CO,R R H
Ph Ph '
X FG FG R= Bartton ester, NHPI, K HAT
>>< _— )>< ! 1 )
R? Ph t 110 °C, THF  Ph : OBu, O,CR R R3 Cyclopropylcarbinyl
CO;'Bu J H ' )Pé C preferred
X=Cl Br | (S)-Enantiopure E
Cl most S.t.“diefd' . FG Stereoretention (%) E %
Low stabilization of o-radical. F 74 ' R RS
Complete Io_ss o_f _ OMe 54 '
stereochemical information. '
Cl 0 ' R2
____________________________________________________________________ ' CHO

* Electronegative a-substituents increase inversion barrier (memory of chirality).
*» Delocalization lowers barrier and/or favors 1r-radical.

1 1 R1 Deoxygenation
R FG R J. Am. Chem. Soc.
)Pé ~— %FG ~ H FG = EWG, Ar 2020, 142, 13246
R? R? R FG e e e e e eeeeeeeeeeeeeeeeeaa-
Tr-radical stabilized i Reactivity: Riichardt's Experiment Angew. Chem. Int. Ed. 1970, 9, 830
by delocalization '
Y : BrCCls cCly
+ R-Br «——— R —» R-CI r= keike
' ker ci
nBUgan .
E “ E ;;?S Me
Bull. Chem. Soc. Jpn. 1972, 45, 1576 (FG = CN)
Tetrahedron Lett. 1966, 3837 99:1 (FG = Ph) '
-------------------------------------------------------------------- Pors 59 184 278 1700
Summary: ' — selectivity o

Cyclopropane resemble Ph more than °Hex (sp?2% hybridization)
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Reactivity: Electrophilic or Nucleophilic?

Shono's Experiment

hig
(0] R
7
R ° \ﬂ/ Ph—X
o (solvent)
100 °C
H
R=
X _— mIp ratio —8 —
CN 0.09 0.43
Cl 2.8 1.9
Bu 2.5 1.9
OMe 5.6 1.5
Stefani's Experiment
R1

1.6
1.2
&
<8 8
3 o
<
E 4 o\o\

o 1 2 3 4
n substituents on olefin

@\
‘o

0.33 Similar experiment on
1.8 substituted pyridines by Minisci:
1.8 J. Chem. Soc. Perkin Trans. 2,
1974, 1699
14
J. Am. Chem. Soc. 1970, 92, 4168
H
H
H oy
H RY  + )><
R! H
R2 R3 H
addition (kadd) HAT (kHAT)

Tetrahedron 1974, 30, 2183

Cyclopropane radical
seems electrophilic in
nature (like phenyl radical)

34
R.-'"“-o\__o

LT -
28 « %‘\4
CF
20 &\\ 3
jog k . 1
1.2 45 82
4/70/%/1%'@5 e
-2 . LB
8 9 10 11

olefin ionization potential

"(The cyclopropyl radical) behaves with a degree of nucleophilicity that has not

been firmly established" -

H. M. Walborsky

Reactivity: Addition to Unsaturated Species
More examples:

Ph,Sn ( '

Me

via:

Chem. Lett. 1994, 1889

Me Me Me Me Me Me
Ph;SnH Rﬂ Ph;SnH %
cat. Et;B fo) o) cat. Et;B o fo)
D —— p—
Ph;Sn /
‘ M|><e Me Me
o__O + (o]
Ph,;Sn H
H Me i/
49% 24%
Me 734 SnPh; 734
1) Ir(ppy)s, LiBr, K,CO5 (0]
COzEt blue LEDs
2) 60 °C A
> | +-R?
b 4
a
R' \—CO,Et
stereochemistry at C(a)
CO,Et EtO,C transferred to C(c)
17, R
R —_— Org. Lett. 2017, 19, 3652
’74 arene
Rl X O addition Rr2& o
=
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Reactivity: Addition to Unsaturated Species Reactivity: Hydrogen Atom Transfer J. Am. Chem. Soc. 1970, 92, 7573
(Continued) H
R® —/————> R-H competition experiments
W, CONHPI H-donors
Me (solvent)
(o) Ni(CZIO4)L2'(gI20)6 Relative reactivities per hydrogen Ph Me
n, Li
A Me - > Me H-donor Br CH; Ph' Buo" CI' Phb@
DMF
2 equiv. stereoretentive Toluene 1 1 1 1 1 ,
Giese reaction cyclopropyl radical
Ethylbenzene 17.2 4.1 4.6 3.2 2.5 1.8 more reactive than

chlorine radical!

Angew. Chem. Int. Ed. 2016, 55, 1 ' Cumene 37.0 129 97 6.9 55 2.5
Angew. Chem. Int. Ed. 2019, 58, 5930 ' - selectivity —
g
Et0,C.___NSOAr Angew. Chem. Int. Ed. + [ andais: Org. Lett. 2016, 18, 6156
N~ 2018, 57, 14560 I CO.Et
2 equiv. ' ~ Y2 Me CN
R Ni(CZIO4)I_2'((|;II20)6 R ' Me pTsCN, DTBHN, Me
n, Li '
5 : COZEt (M63Sn)2 COzEt CozEt
COCI,NHPI DMF "1INHSOAr : C.H *
EtO,C ; e NG
R = Ph, Me, NHBoc, OTBS 41 - 94%, > 20:1 dr ~ %
° : —CO,Et —CO,Et
14% 64%, 7:3 dr
' . expected product HAT product
2 : via:
RZ R? R, :
. 4DPAIPN cat. ‘ '
é + A R ; Me CH,CO,Et
R ArHN blue LEDs v
1.8 equiv. MeNO, ArHN e .
oxidative ‘e 5 ACS Catal. 2023, 13, 8394
ring opening R? R2 , Me
~ L Me Fe(acac); cat. AT
Chem. Sci. 2019, 10, 10716 ; 1 elacac); cat.
, 10, 1 ' CO,Et Togni Il
//_/ A \FR ; v hetapy —oomil CO,Et
Ar—N* ; DMSO
\H : mostly .
: quinoxalinones ’,CF3
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Reactivity: Rearrangement to Allyl Radical Reactivity: Rearrangement to Allyl Radical

Two possible modes Applications Angew. Chem. Int. Ed. 2021, 60, 4075
H A H CuCl, cat. EWG
YY ! S R EWG_ _EWG  bpa, TMsN, EWG Alkyl, H and TMS
conrotatory dlsrotatory R R _— A / substituents yielded
Ar MeCN r no product
CN
Longuet-Higgins and Abrahamson: Woodward and Hoffman:
Both modes strongly disfavored. Possible, conrotatory slightly favored. 72 -94%
J. Am. Chem. Soc. 1965, 87, 2045 J. Am. Chem. Soc. 1965, 87, 395 | Mechanistic proposal:

Both modes symmetry-forbidden: activation energies c.a. 25-30 kcal/mol. EWG EWG EWG_ EWG

N3

Indeed: 1 i . E— —> \\
l > pn” SN, T Ns AN) NL*
H H Never observed Ph” N 3 Ar N7 2
— D( or | AN despite being from PIDA Ar L=\
H-donor 30 kcal/mol
(solvent) H more stable and TMSN;
EWG EWG
Kinetic stabilization analysis: J. Am. Chem. Soc. 1977, 99, 8145 ! Alternative cationic / EWG EWG
--------------------------------------------------------------------- ' pathway proposed Ar
Is It Really Forbidden? Tetrahedron Lett. 1964, 47, 3551 CN =N
Walborsky's findings: J. Am. Chem. Soc.1971, 93, 671
Ph
Me : R*
Ph M Ph™ X ' BIOAc cat. R TsN I—N;
A \ e ! ABZ, Pyridine XX
_— + ' _ R'— (o)
H-donor  PHh ' N2
H Ph ' blue LEDs N R2
(solvent) Me NS : R3 DCE . ABZ
Ph ¢+ R'=H, Ph, CI, Br R
Diphenyl moiety lowers THF 29% 8% i R2R3 =H, Alk, "eAr o I—OA
the activation energy benzene traces 36% + R*=EWG, Ar, CF,4 ¢
Two Types of Stabilization E Mechanistic proposal: ©
delocalization strain relief E R! BIOAc
y R* =|=
P@ - E / L Product
I ' R3
X 2
Tetrahedron Lett. 1971, 3669 ! R
N.B.: One phenyl not sufficient. J. Am. Chem. Soc. 1969, 91, 4566 , Generated as above Org. Lett. 2021, 23, 5435

5
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Reactivity: Rearrangement to Allyl Radical
Applications (Continued)

ACS Catal. 2023, 13, 5307

N7 “CO,R?
NaOAc, |, cat. 1
1 1 )12 CO,R
R'0,C_ CO2:R Ir(dtbbpy)(ppy),PF¢ cat. 2
> RO AP Ncor
blue LEDs 2
Ar MeCN Ar
Aliphatic substitutents 41 -76%
not tolerated
Mechanistic proposal:
. ] R'0,C_ CO,R!
| SET . R'0,C_ CO,R ,7
—_— N 2 — — | {\ :
| CO,R
CO,R? -I Ar
Ar
CO,R?
CO,R! q (3 CO,R!
R?0,C 1N
2 NKCOZW 4—- " \K\%\COZW

Going in Reverse: Cyclopropane From Allyl Radical

Trapped in
NN —— ZA !
X 850 °C 2 '/\\ Ar matix at 18 K
H
H
410 nm H

A —— + H H

Ar matrix H Ar matrix H H

18 K 37Kto 27 K H
observed by IR observed by IR

J. Phys. Org. Chem. 1990 3, 219

Reactivity: Solvent Cage

J. Am. Chem. Soc. 1971, 93, 671

Walborsky:
Ph Me Ph Me
Ph el Ph H
20% 2%
"optically active" racemic 67% retention of

configuration

variation of concentration or
presence of iodine did not
affect yield of HAT product

disproportionation happening
within solvent cage?
(kipy 10" s 15 1071 5)

=

Competition experiment:

observed (optically active)

Ph Ph

H Me D CD3
Ph’% Ph’\)P<

H D

H D
+

Ph Me Ph cD,
HS\F \/ DF \/
PH PH

D H

H D

not observed (crossover products)

ring hydrogens preferentially
transferred over methyl hydrogens
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Reactivity: Solvent Cage
Disproportionation Mechanism

dOQPO<3 i

Phll,
Me

Cyclopropane Radical Anion: Conformation
Conjugated cyclopropanes:

Preference for bisected

H H
— conformation coherent with Walsh
model (three internal o-bonds and
three external m-bonds)
J. Am. Chem. Soc. 1967, 89, 3265

Ph
Me bisected planar
—_— + preferred disfavored
Ph Ph
H
O O O )P:\“: Cyclopropane semidiones: J. Am.Chem. Soc. 1967, 89, 161
Ph

R = °Pr, ketyl stable for days in solution!

P ™ T R

\C\
Not observed, but:
"Not stable under rxn conditions"

three resonance bisected planar
Q O O O structures preferred disfavored
O C’ O ° ° \\Ph
0% - \ Exceptions: polyaromatic hydrocarbons J. Am.Chem. Soc. 1967, 89, 3948
Ph J. Am.Chem. Soc. 1969,91, 6666

O e
OCbOooo ;v%
f

planar conformation favored
combined sterics and
conjugative effects

Exomethylene lactone not observed Where are the electrons? J. Org. Chem. 1968, 33, 2532
= "Orange solution
NP . . . EtO,C ¢y KLKCN EtO,C oy L with an EPR
* Mechanism A inconsistent with deuteration studies (HAT from Me should be NC or Et;N NC .
preferred but KIE not considered); ) 3 3 spectrum consistent
« Mechanism B in line with deuteration experiments, but pathway A cannot be NC CO,Et NC CO,Et with ad'cytjlop(op?ne
radical anion

ruled out completely. CO,Et CO,Et
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Reactivity: Reductive Ring Cleavage J. Am.Chem. Soc. 1949, 71, 3595 « Reactivity: Reductive Ring Cleavage J. Am.Chem. Soc. 1969, 91, 1565
First report: Carbanion vs radical stabilization
H Na/NH3 LilNH
i (NH4)2304 /\)J\ /\)\ e, Ph M P Mo ké’é’é”
e o cleave a Me
Proceeds with high regioselectivity: Acta Chem. Scand. 1965, 19, 1289

Ph Me
Me  LilNH,
2. ) b/ N Ph//\\T/ Ki/ka
Ha Me

cleave b

a cleavea

Case 1: Free rotation for Ph ring. Stabilization of carbanion dictates regioselectivity.
Case 2: Hindered rotation for Ph. Sterics dictate regioselectivity.

Case 3: Rigid CpH ring gives no conformational advantage to either pathways.
Small preference indicates only small amount of & on Me-substituted carbon.

L|/NH3 W
Mell- nlMe Men-
.\\Me

only product

o (o) o (0]
H Li/NH; H
—_—— Me\\‘
we Me''*
Me
Me Me
Me Me Me Me Mé

Another example: J. Org. Chem. 1968, 33, 4102
only product
Regiochemistry controlled by overlap between acceptor m-orbital and outer Walsh Ph Me Na/NH, Ph Ph
orbital of cyclopropane. Steric probes: J. Org. Chem. 1970, 35, 374 - + Ph Me
Ph Me
fo) Ph
M;j&_ o} . _ _ Me
Me optically active 6:1
a Me
Me (RSM same ee)
M " t_ ) ) cleaves along a
e hindered rotation Me ] (steric hir;dranpﬁ ) re +e e
0 A) o orces overlap with a +H* +H*
MD & Me Li/NH;
a — Me
Me 17w Ph H
H™b [‘free rotation H Ph Me 5 . CH,
H Me Me O cleaves along b PH irreversible H e Me
a )\/U\ (termodynamically ring opening
Me Me more stable carbanion) (protonation) more stable less stable
Me b
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Reactivity: Reductive Ring Cleavage J. Am.Chem. Soc. 1968, 90, 2179 E Reactivity: Reductive Ring Cleavage
Conrotatory or disrotatory? ' Reversibility (continued)
5 Ph Ph  NaK Bh o _NaK Ph
K K : D TN \D\
—_— . Ph
DME DME : \\ l NaK /
cis-isomer delocalized radical anion cis-cis-cis-cis-dianion Ph \_/\_/Ph
, +
: -H x
K K '
— —X— : .
DME = DME ' Ph\/\/Ph P PhWPh Ph\/\/Ph
trans-isomer triene radical anion cis-cis-cis-trans dianion : 1) How do we exclude thermal isomerization?
: Ph Ph Ph
Ring opening seems to follow a disrotatory pathway (expected by W.-H. rules) E —_— to =10° years at 0 °C!
-------------------------------------------------------------------- : me, T h
Reactivity: Reductive Ring Cleavage Angew. Chem.Int. Ed. 1981, 93, 923 E
Reversibility Tetrahedron Lett. 1984, 25, 2961 E 2) How do we exclude base-catalyzed isomerization?
Ph pph 1)Nak, 0°c PR Ph Ph : Ph KO‘Bu Ph
b/ —_— b\ + ‘l.=\_ . \_\_ : \D/ "isomerizes only slightly"
2)H,0 at t Ph Ph E 25 °C, 70 days
tx (m|n) 2 X Ph : Ph
0 95% 5% 0% 0% E 3) How do we exclude isomerization via dianion? R=H H
10 83% 5% 0% 12% 5 /_> Ph A _-Ph
45 8% 57% 5% 30% ; 7810 0 °C -
120 1% 28% 30% 41% : \;i/ \;&/ H allyl anion
(o] (o] (o] (o] '
+  Ph Ph Ph Ph
L} _>
240 0% 9% 33% 38% ' - - 78 °C - -
' synthesized stable dianion \, R = Me Me, Me
cis-isomer isomerizes to trans-isomer under reductive aprotic conditions. ' independently Ph\)k/Ph
trans-isomer further reduced to allyl and alkane products (after quenching). ' -78to 0 °C B -

stable dianion
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Going polar: Cyclopropyl Anions Going polar: Cyclopropyl cations
Structure and properties Structure and properties
» Pyramidalized anion (like radical counterpart);
H R « Highly configurationally stable (barrier H R * Expected to be planar (never observed);
depends on R); » Extremely unstable, rearranges to allyl cation;
H * pK, = 46 vs 50 for cyclohexane; H * Three structures observed based on

* Krel,deprotonation = 7x10% 5™ vs cyclohexane. peripheral structure.

H H H H Open structure:
— — H AE;,, = 20 kcal/mol
H H inv (’/Cl Me . Me
H H H* AN
Me 5 disrotat > + Disrotatory mode prefers the
H M Me isrotatory H H direction that better overlaps
Me — Me H — Me>? AE;,, = 5 kcal/mol opening the C—C breaking bond with
Me Me ® H Me H H the o of the C—LG
5* (Cl N bond (aromatic TS)
Me / . > +
_____________________________________________________________________ . disrotatory Me Me
5 opening

Going polar: Cyclopropyl Anions
Reactivity: deprotonation

Half-open structure

—_— —EWG to isopropyl analogs due H 5 AcOH AcO OAc H
H H to increased ring strain =-0Ts _____ 5 + OAc
resonance greatly 100°c

H EWG B H reduced acidity compared '
H ; ( .
lowers inversion barrier '

LQ

Going polar: Cyclopropyl Anions
Reactivity: ring opening

Steric constraints hinder
d/srotatory opening ring opening

ring opening not possible

: disfavored retention of configuration
CN CN : (1 ¢} )
5 H_UALUPh :
Ph conrotatory ="  Closed structure
Ph opening Ph H strong m-acceptors
Ph isomerization required, otherwise | NaNO,, HCI
CN CN anions are stable | AcOH b
L}
. Ph _A_Ph __ ' > L >
conrotatory - » HyN *N,
Ph opening H H '

10
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