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What is a propellane? i Key Players in Propellane Chemistry:
The trivial name 'propellane’ was coined by Ginsburg to describe compounds "having three nonzero bridges and one zero
bridge between a pair of bridgehead carbons." This is best understood by example: Kenneth Wiberg (Yale University) - Completed the first synthesis [1.1.1]propellane, extensive studies of its reactivity

Giinter Szeimies (Universitat Miinchen) - Reported the first (and only) practical synthesis of [1.1.1]propellane to date

Joseph Michl (Univ. of Colorado, Boulder) - Synthesis and applications of [1.1.1]propellanes (staffanes, bicyclo[1.1.1]pentanes)

David Ginsburg (Israel Institute of Tech.) - Coined term 'propellane’, extensive studies on larger ring propellanes (~70 papers)
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[1.1.1]propellane [2.1.1]propellane [2.2.1]propellane [2.2.2]propellane
tricyclo[1.1.1.0"3]pentane tricyclo[2.1.1.0"#]hexane tricyclo[2.2.1.0"4]heptane tricyclo[2.2.2.0"#Joctane

Some brief history:

Much of the longstanding interest in propellanes has been academic: these compounds serve as useful models in which to study
ring strain in organic systems. Of the ~1000 papers which appear from a SciFinder keyword search of 'propellane’, the majority
were published from 1970-1990. During this time period many of the parent propellanes shown on the left succumbed to synthesis.
The field has been mostly dormant since then in large part due to a lack of notable applications of the chemistry.

[3.1.1]propellane [3.2.1]propellane [3.2.2]propellane [3.3.1]propellane Stability of Propellanes:

tricyclo[3.1.1.0"%]hept tricyclo[3.2.1.0"%oct i 15 tricyclo[3.3.1.0"°
ricyclol Theptane rieyelo loctane fricyclo[3.2.2.0""Jnonane ricyelof Inonane As might be expected from the obvious ring strain, most small propellanes are quite reactive across the central carbon-carbon

bond. In fact, there was much debate leading up to the first synthesis of [1.1.1]propellane in regards to whether or not
such a compound could exist, let alone be successfully prepared and isolated. Some small ring propellanes have been
observed only fleetingly in a matrix.
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There has been a tremendous amount of theoretical, computational, and experimental research as to the character of the central
bond in [1.1.1]propellane... More then 20 papers have been published regarding the nature, or lack thereof, of the central bond.
For our purposes, it is best to consider the reactivity of the central bond similar to an alkene. Though as will be discussed, the
analogy is imperfect (some nucleophiles will add to the bond, for example).

[3.3.2]propellane [3.3.3]propellane [4.1.1]propellane [4.2.1]propellane
tricyclo[3.3.2.0"-5]decane tricyclo[3.3.3.0"5lundecane  tricyclo[4.1.1.0"®Joctane tricyclo[4.2.1.0"6]nonane
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C,—C3 bond is 1.605 A (compare to 1.514 A in cyclopropane)
Other C—C bonds in the propellane are 1.525 A to 1.555 A
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[4.2.2]propellane [4.3.1]propellane [4.3.2]propellane [4.3.3]propellane C5-C4-C, type bond angle is ~95° (“inverted" geometry)
tricyclo[4.2.2.0"]decane tricyclo[4.3.1.0"®]decane tricyclo[4.3.2.0"%lundecane tricyclo[4.3.3.0"®|dodecane 2 1 s Other bond angles range from 58° to 63°, similar to cyclopropane

Why a renewed interest in propellanes?
[1.1.1]propellanes remain the best way to access staffanes and bicyclo[1.1.1]pentane derivatives

[4.4.1]propellane [4.4.2]propellane [4.4.3]propellane [4.4.4]propellane Bu ‘ O O ‘ Bu
tricyclo[4.4.1.0"®lundecane  tricyclo[4.4.2.0"-6]dodecane tricyclo[4.4.3.0"Cltridecane  tricyclo[4.4.4.0" ®]tetradecane ! : Z X Z X ¢ X ;n e\ e\
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Della and Lochert, Org. Prep. Proc. Int. 1996, 28, 411-441 (synthesis of bicyclo[1.1.1]pentanes and derivatives)
*Wiberg, Chem. Rev. 1989, 89, 975-983. (chemistry of small ring propellanes)
Ginsburg, Acc. Chem. Res. 1969, 121-128 (older review on chemistry of carbocyclic and heterocyclic propellanes)

Ginsburg, Acc. Chem. Res. 1972, 249-256 (older review on chemistry of small ring propellanes) COOH COOH
------------------------------------------------------------------------------------------------------------------------------------ ' F.C [amino acid surrogates HOOC
Scope: 3 NH and rigid linkers/spacers] NH
2 2

This talk will focus on the synthesis and reactivity of [1.1.1]propellane and many of the parent propellanes shown above. A more
substantial body of literature exists on the synthesis of their derivatives, but the chemistry used is largely similar.

[application in polymer and nanochemistry] [liquid crystals]
. o-N
[6.3.3]propellane 2,4-propano[1.1.1]propellane 1,3-ethanobridged[3.2.1]propellane : < |
tricyclo[6.3.3.0"8]tetradecane tetracyclo[4.2.0.0"7.0%7]octane tetracyclo[4.2.1.125.0"%]decane \N N [nonclassical O-n
: 0—?—0 bioisostere] <\ | 0=S=0
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" H N CF, —— N |

Key reviews: N maintains potency and gives /%\/N wN\_-CF3
*Kaszynski and Michl, [1.1.1]Propellanes. In The Chemistry of the Cyclopropy! Group, Vol. 2, 2004, pgs 773-812. F increased pern_'u_aability
“Levin, Kaszynski and Michl, Chem. Rev. 2000, 100, 169-234 (summary of bicyclo[1.1.1]pentanes and related chemistry) : 07 "NH, and solubility 07 NH,
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Methods for the preparation of bicyclo[1.1.1]pentane derivatives: 1 State of the art to potential pharmaceutically relevant intermediates, part 1:
i Pellicciari, JMC, 1996, 39, 2874-2876
Br : (MeCO),, hv NaOBr
h E —_— MeOC COMe —— > HOOC COOH
. v :
6% 16-20% ony
E P o] Ol
:CH. ' A CICO,iBu NaOH, MeOH
Hg, 254 nm \ : Meozc%o Bu 777 MeO,C COOH = MeO,C co,Me

H \< 88%

. 1% :

Id H o)
PN no yiel IZI : 1) NaBH,
reported 2)PCC
: 16%
. . - ) } : (three steps) R .
Note: Some related carbene insertions have been reported in yields of 10-40%, but the starting materials take 5-6 steps i) 2-phenylglycinol Ph 1) Pb(OAc), NH
to prepare and the chemistry only works for a few selected derivatives. i) TMSCN HN— 2) 6N HCI s 2
MeO,C CHO "——— | ¢ > _\_OH HoOC N
22% €0 N 76% COOH

Preparation of bicyclo[1.1.1]pentane derivatives from [1.1.1]propellane:

88%

PhSH

98%
Bu;SnH
28-72%

H SnBu; » H CO,Me
HCO,Me, hv
40%

i) PhLi
i) cO,

Li-DTBBP 66%

Ph%&COOH

e

COo, TMSCI
HOOC COOH —-—-+--—1-— T™S T™MS
36% 61%

COOH
**Similar type of route for the preparation of F3C%&<
NH,

State of the art to potential pharmaceutically relevant intermediates, part 2:
Stepan, JMC, 2012, 55, 3414-3424

(MeCO),, hv NaOBr
—— »  MeOC COMe ——>» HOOC COOH
58% 90% socl,
89% | meoH
i) (cocl),
i) NH3 NaOH, MeOH
MeO,C CONH, ~-~———— —  MeO,C COOH -=——————  MeO,C CO,Me
86%
socl, ol
94%
LiBH,
MeOch &CN — > MeOch &CHZOH + N
98% 0=9=0
HNJ:\\/CF3
07 NH,
Cl cl
DIAD
o i) NH,0H/H,0 PPh,
~N ii) BF5, CH(OMe), 50%
~<~——— o /| 9=5=0

42%
(two steps)
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State of the art to potential pharmaceutically relevant intermediates, part 3: . First total synthesis of [1.1.1]propellane
Bunker, Org. Lett. 2011, 13, 4746-4748 and Adsool, Org. Lett. 2014, 16, 1884-1887 Wiberg, JACS, 1982, 104, 5239-5240

o :\)IIB(ZCN )NB::SH Pto.. H : 1) LAH 1) NaCH(CO,Me), COOH
n(dpm 3, 1H3 2, M2 H MeO,C. CO,Me TsOH,C. CH,OTs
F COOH A ANHNHz NH,HCI | 2 Me  2)Tscl N N 2) KOH COOH
| ||) HCI, EtOAc 79% ! Ph 47% Ph 63%
Ve N N (three steps) : (two steps) (two steps) Ph 1) MeOH, heat
F : 2) NBS, Bz,0,
TTMSS, then H 97%
H,N NaN;, KOH AIBN, HSCH,CH,0H : (two steps)
I I —_— N3 —_— NH,-HI
Fluoroquinone antibacterial 76% 80% . ¢l c CO,Me
: CI;CO,Na Ph NaH
MeO,C. - CO,Me -
: o & o Ph
Thermal stability of [1.1.1]propellane: bh 2% 91% Br

1) BusSnH

ILJ|/ 114-140 °C 370-430 °C 2)0,
—— H
-~ A : 53%

ty/; @ 114 °C = 5 min. (two steps)
mp =-11°C

: HO,C
bp =30 °C : 2 Bry, HgO B BuLi
[decomposes over time in solution at rt] 68% > 46% > A\
: CO,H ° Br °
General reactivity of [1.1.1]propellane:
Nucleophilic attack: May be synthetically useful; slow reaction and limited substrates with moderate yields. i Practical synthesis of [1.1.1]propellane

Szeimies, JACS, 1985, 107, 6410-6411
See also Dailey, Org. Synth., 1998, 75, 98

Nu = RLi, RMgBr
Nu E '
(slow) CHBr;, NaOH, pinacol Br. Br

dibenzo-18-crown-6 MelLi Br. CH,CI
e 2 [ o A
¢l ¢l 4 days (!) 2 ether 75-88%

Radical attack: Most synthetically useful reaction pathway; generally good yields with a variety of substrates. 60-80% CH.CI
Treat dibromocyclopropane (above) with a lithium dispersion in triglyme and n-decane. A 25-38% vyield of the solvent-free

Radical source
[ . R . R R R
(generally fast)
[1.1.1]propellane is isolated as a colorless liquid after distillation.

Radical sources include: C-H bonds [e.g. CHy(CO,Et),], Sn/Si-H bonds [e.g. BuzgSnH and EtzSiH], 1o oo oo oo oo oo oo oo oo oo o oo oo oo oo o s
S-H bonds [e.g. PhSH], C-X bonds [e.g. CF;l], X-X bonds [e.g. I7], etc. Propellanes in flow. Case study of the "potentially explosive" [1.1.1]propellane.
Booker-Milburn, Chem. Eur. J. 2014, Early View (DOI: 10.1002/chem.201404347)

[as a solution
in ether]

Alternatively, a solvent free prep. is available (Szeimies, Chem. Ber., 1989, 122, 397-398):

NO, CS, : Br. Br (COMe),, hv
A _— OZN%SCN mechanism? : MelLi, ether 70 mizn
90% —_— A\ —— > MeOC COMe

: Hzlc ! 98% 56%
CH,C [200 g batch] [as 2 0.5M [40 g SM in
Electrophilic attack: Not synthetically useful as a reaction pathway; rearrangement predominates. solution flow reactor]
' in ether]
: Compare to literature batch preparations of the dione:
A —_— E%& — ® —_— E ' 1) ~20 g scale, 8h irradiation — 58% yield
(fast) E N 2) ~25 g scale, 2h irradiation — 49% yield

Note: In the 70 minute run time, 1400 mL of the propellane solution was run through the 53 mL flow reactor.

Note: A few examples exist of the ring system being preserved under presumed electrophilic conditions, but these are rare.
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Synthesis of [2.1.1]propellane.
Wiberg, JACS, 1983, 105, 3638-3641 Synthesis of [4.1.1]propellane.
. H Hamon, JACS, 1981, 103, 4962-4965
1) Ni(CO), :
2) H,S0, PBr; H
=—=—CH,0H OH —_— Br H
EtO,C EtO,C : o 1) BnONa, BnOH CH, 1) Na/NH; CH,
: 2) PhyP=CH, 2) PCC
' —_—
Ni(CO), : 47% 62%
70% (two steps) OCH,Ph (two steps) o
TSNHNH,
COOH F CO,Et H 90%
aq. NaOH, reflux hv CO,Et
- - i
79% CO,Et
COOH (two steps) CO,Et : CH, CH, CH,
: 180-200 °C
' + + -
tBuOI :
hv H NNHTs
60% observed
: by NMR
| . H
potassium metal Br, complex mixture of i
B B —————— . '
polybrominated products Unified synthesis of [n.1.1]propellanes.
I Szeimies, Chem. Ber. 1992, 125, 2517-2522
observed in nitrogen matrix :
: BulLi
----------------------------------------------------------------------------------------------------------------------------------- | J_on _ueon I o
H —_—
Synthesis of [3.1.1]propellane. Me OH LiH,C OLi
Gassman, JACS, 1980, 102, 6863-6864 H Ec,,
: (CH,0)n o
1) TsOH, MeOH : 21%
COOH 2; 5% Rh/AI,O;, CO,Me COMe : 15% VAN ° 33%
50 psi LDA, CHl, CHyl :
. " /\)I\/ /\/\)I\/
COOH CO,;Me . OH \/\)]\/ OH
2 CO,Me HO HO OH HO
KH, reflux socl, socl, socl,
, H 719 0 o
2 days % \ 62% ¥ 61% ¥
46%
i) KOH : /\)]\/
i H cl CI\/\)I\/CI /\/\)I\/m
i) red HgO, MgSO, | 1
Na, triglyme Br CH,Bry, Br, 4 CO,Me ¢ ¢
vé < X “T'Ag CHBr3 | .0 CHBr, CHBr, o
75% B/ 25% MeO,C NaOH | 46% NaOH | 73% NaoH | 4%
. . (two steps)
stable in solution
polymerizes when concentrated
Br Br Br Br Br Br

Synthesis of a [3.1.1]propellane derivative.
Majerski, JACS, 1982, 104, 4027-4029

TsNHNH,
B ——
o
<X

Cl

TsClI
-20 °C

E % NNHTs

180 °C
0.005 mm Hg % complete decomposition
—_— h y
35-40% in 30 min at room temp.
HCI (gas)

-80 °C

G

CH,CI

SN

Avcmm

CH,CH,CI
MeLi l

58% of a mixture of
[2.1.1]propellane adducts

AVCHZCI AvCHZCI

CH,CH,CH,CI CH,CH,CH,CH,CI
MelLi l MelLi l
37% isolated 15% trapped

with thiophenol
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Synthesis of [2.2.1]propellane.
Wiberg, JACS, 1982, 104, 2056-2057

I
potassium metal

A

tyl, = >20h (195 °C)

Synthesis of [3.2.1]propellane.
Wiberg, TL, 1969, 317-319

CCI,CO,Et RN
NaOMe NaINH3

> _—
40% 30%

Synthesis of [3.2.1]propellane.
Gassman, TL, 1969, 1093-1095

CH,N,, cat. CuCl PdIC, H,
> . — >
50-65%

polymerizes rapidly
at room temp.

isolated in nitrogen matrix;
all attempts to isolate or chemically trap failed

H OAc

rt, < 5 min

AcO x

Me

74%

e

Synthesis of a [2.2.2]propellane derivative.

Eaton, JACS, 1973, 95, 7508-7510

AcO. ethylene, hv ethylene, hv
.90 °C KOtBu -90 °C
5% 50%
o o)
1) HCO,CH,
NaOMe
2) TsN,
1) HCO,CH,
NaOMe
2) TsN3 CH3CH20HO
<(————————————
N, 3%
! ;
hv
NHMe,, SiO, CDCl3, rt
+ —_— —_—
C MeO 40% ty/, = 28 min CONMe
S 0 (two steps) CONMe, ?

Synthesis of [4.2.1]propellane.
Warner, TL, 1972, 2141-2144

CHCI, ci_ _cl
O:‘ KOtBu Na/NHg
—_— _ =
~30%

(two steps)
[unstable]

Synthesis of [2.2.2]propellane.
Wiberg, JACS, 1977, 99, 2297-2302

COOH Br Al/Br,
Bry/HgO CHyl
40%
81%
HOOC BY °
Br
Br Br Br,
+ - +
Br
24% Br

Br

PYC, H,

for reaction with HOAc, !

ty/, = 1.6h (50 °C)

tBuLi

Synthesis of a fluorinated [2.2.2]propellane derivative.

Lemal, JACS, 1996, 118, 9454-9455

F
F Br 30% F,/He
F F hv Fz Ff F ABrg Rer F -80°C
—_— —_— —_—
F F
F e F .
F
hv, >280 nm
KI, MeCN

EtOCH=CH,

F Hg

ultrasound

m T

on
standing
rt

(70:30)

_,‘_n
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Synthesis of a second fluorinated [2.2.2]propellane derivative.
Lemal, JACS, 2003, 125, 5590-5591

M\ FVP F F

Z 5 Zn, MeCN 275 °C F F

* N — S
én 67% 82% f f

Bu,NX
B ——

moist MeCN

Synthesis of [3.2.2] and [4.2.2]propellanes.
Eaton, JACS, 1971, 93, 2786-2788

AcO. KOH, NH,NH,

3 steps HOCH,CH,OH
—_—

see [2.2.2] synthesis

stable solid
mp = 58-60 °C
o

1) HCO,CH,
NaOMe
2) TsN3

hv, MeOH 160 °C

81% 60% 45%
MeO,C

liquid, mp =11 °C

Both [3.2.2] and [4.2.2]propellane are stable to 160 °C and to hydrogenation at room temperature. However, both

compounds react quantitatively with bromine across the central carbon-carbon bond to furnish the expected dibromide.

Synthesis of [3.3.1]propellane.
Warner, TL, 1974, 1409-1412
For sulfur extrusion chemistry, see Corey, JOC, 1969, 34, 1233-1240

1) LAH i) tBuLi
SCl, cl 2) peracetic acid ii) BrCN
—_— —_—
96% cl 92% 76% ar
(two steps)
[o]
SN
S NaOC(CHj;),CH,CH,

o

81%

Synthesis of [3.3.1]propellane, continued.
Warner, TL, 1974, 1409-1412
For sulfur extrusion chemistry, see Corey, JOC, 1969, 34, 1233-1240

Br_ Br
CHBr;, KOtBu Bu;SnH stable for 22h @ 180 °C
—757 > 56% unreactive to hydrogenation
o

The [3.3.1]propell

Synthesis of [4.3.1]propellane.
Dauban, TL, 1962, 453-456

CH,NH, NaNOz, HOAc ®:>
74%
Me, Me,
H,N OH OH
NaNO,, HOAc
Me —_— Me
35-45%
HO HO
Synthesis of [10.3.3]propellane.
Cook, JOC, 1976, 41, 1903-1907
(o]
KMn04, Ac,0 Meozc\)l\/coz""e
—_—
20% MeOH, citrate-phosphate buffer
94%
R =CO,Me
6N HCI
90%
o (o]

Zn(Hg), HCI
-_ .
70%

NH,NH,, KOH
B ——
54%
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A limited number of carbt_)cyplic propel_lanes are known in nature. ) ) ) Synthesis of [3.3.3]propellane.
A recent group meeting (Triquinanes, Weidner, 2012) covered the natural product syntheses in exhaustive detail, so here ' Cook, Can. J. Chem. 1978, 56, 189-192
we will look at two syntheses of the parent [3.3.3]propellane. For a review covering the synthesis of carbocyclic and Cook, Tetr.ah-edron 1.981 3"7 4521_4542

heterocyclic natural products, see Koskinen, Tetrahedron, 2005, 61, 8769-8807.

Chart modified from Koskinen, Tetrahedron, 2005, 61, 8769-8807

For studies on the rearrangement of exo-cis-2,3-tetramethylenenorbornane to [3.3.3]propellane, see Inamoto, JOC,
anionic cyclization 1975, 40, 2929-2937 and JOC, 1979, 44, 854-856; a related study was disclosed by Kakiuchi, JOC, 1986, 51, 281-287
Cook 1983
Kraus 1991

Suri 1993

Me Me Me Me Me Me OHC Me MeO,C CO,Me
B R O ; 3 o o] o citrate-phosphate buffer o
2 ' MeOH
: B + MeOZC\)I\/COZMe —_———————>» O o
e Aco/% Me” 2 40% K
Me Me Me : [addition of cyclopentadione was done MeO,C CO;Me
portionwise over a two week period]
modhephene 13-OAc-modhephene modhephene epoxide pulicaral :
6N Hel
Me HO e NH,NH,, KOH 92%
HO o : -~
3 49%
o RSC Adv. 2013, 3, 7880-7883
Mé:“ Me ity
dichrocephone A dichrocephone B 6,6,8,9-tetramethyltricyclo Synthesis of [3.3.3]propellane.
[3.3.3.0Jundec-7-en-2-ol H Wender, JACS, 1982, 104, 5805-5807
: hv KOH, MeOH =
+ /\OAC - P — . OH
' o,
AcOu,, OH  Chem. Commun. 2003, 68-69 : 21% 86% >
HO. Tet. Lett. 2007, 2721-2724 :
M Eur. J. Org. Chem. 2008, 5414-5417 | BaMnO,
B 95%
___________________________________________________________________________________________________________________________________ 9% overall yield NH,NH,, KOH 5% PdIC, H, = o
H T -
Total and formal syntheses of modhephene and derivatives: from indane 54% 100% >

thermal Me
rearrangement
Dreiding 1980

Paquette 1981 {———

Oppolzer 1981

radical cyclizations
Curran, 1990

Sha, 1990
IZ; Lee, 1996, 1999, 2005, 2009

M Rawal, 1997

3’;"’52 ;g?? Pattenden 1998, 2005
modhephene

photochemical acid-catalyzed
rearrangement rearrangement
Wender 1982 Smith 1981
Mehta 1985 Mundy 1984
Uyehara 1996 Tobe 1984

Fitjer 1988




