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Carl Mansson

- Cycloadditions are step and atom economic

- Thermal [2+2] cycloadditions have the potential for larger substrate scope than
photochemical counterpart

- Concerted thermal [2+2] cycloadditions are forbidden by the Woodward-Hoffman
rules but may be induced to proceed by radicals pathways, donor-acceptor complexes
and metals among others.
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Using a chiral auxiliary for a radical cycloaddition
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pentane, 0°C, 10s - 5 min

Proceeds through
zwitterionic intermediate,
yet highly stereoselective
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o : 'Pr L | TBDMSO
- —~OR* !
Pro  _OTBS ‘ EtAICI, (20 mol%) TBSO ‘ ! 9
j[ + | 0 “'H —°> Me*/ : Il\/\ + C _——
Me” “Me e T Me DCM, -78°C, 1h Me : oTBOMS )\\CN PhH, reflux, 20h  yc++s
Ph ) . Bu By o]
91%; >99 de :
I Gives kinetic product 61%
With alkynes :
I
CO,Me OTMS !
CO,Me 1
(o} OTMS neat 0 2 !
O - = | ,
r.t.,, 5h 1
CO,Me H  CO:Me ! o5
: OB n 1. ClacCOCI, ZnCu Me OH Bu3SnH, Me OH
| o Et,0, r.t., 1h AIBN
I Y/ - —
! BnO o 2. NaBH o~cl PhH
1 <. 4 *RO P 2 *
° _CAN L ey 2o ! o8n iPrOH, 0°C, 10 min ¢ reflux, 24h RO o
-ladder
——~g Acetone [7]-ladder 19% : 44%; 4:1 dr °
Fe(co), 20°C [11]-ladder 11% ! Y
8 34h [13]-ladder 2% ! c More reactive analogue of parent
[9]- Iaodder . cl ketene - chlorides are easily cleaved
E = CO,Me 22% : cl Me OBn
-Formally a 1 jj
series of [4+2]s !
-Does a 4n PhH [4+2] |
electrocyclic ring . HO
opening followed by !
retro [2+2] to cleave |
off phthalate : ! E I
E E E ! Me
E E E I Tf20 S o
1 -,
50% ! \ N tBu (:lj?
_______________________________________________________ |
|
Via ketenes ! )3 DCE, 20°C
| sonicate
. 88%; 98 ee
o | ot &
- LUMO l =Nt
/ , ketene  .Can be viewed as a thermally allowed ,mg + o1, process | T Proceeds via the ketene iminium salt.
;' . -Concerted process predicts stereochemical outcomes well I
' . -However, believed to be a stepwise mechanism : Me
|
|
|
|
1
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Amine catalyst

Wynberg et al. J. Org. Chem, 1985, 50, 1977
Pasto et al. J. Org. Chem. 1992, 57, 12
Kimura et al. J. Am. Chem. Soc. 1997, 119, 10869

Nair et al. Synthesis. 2002, 12, 1655
Padwa et al. J. Am. Chem. Soc. 1995, 117, 7071
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(0} (o] (2 mol%) 1
no T, | MoLe ;
|
Il H CCl, PhMe, -25°C & R2 Attack from top I
with quinidine |
HO :
Attack from bottom ! fo) -0
MeO X with quinine | y «—> \
Quinine: R' = | _/
RZ2=H L =C=
(o] |
1
|
Quinidine: R' =H o) :
R2 = CI3C :
89%; 98 ee :
1
1
1
_______________________________________________________ !
|
Allenes Allenes 10-11 kcal/mol 1
more strain comapred to |
alkenes - more reactive 1
R 1
|
R Fo _F X R R, :
\“ AN /4 !
C + | o > + + :
Et, F cl F cl F cl
” Cl Cl 160°C F cl F cl E ol : PhO,S
48h :
R = Et 50.5 27.3 15.4 |
R=Bu  48.2 27.2 24.7 | Phozs
R='Pr 55.0 20.0 25.0 : 2
R='Bu 55.0 - 35.3 |
| L - 80-98%
1
X 1
| _
c{/ : PhO,S PhO,S . .Soz?
X 1 Cx~ N
neat I R — » PhOsS
/ ! PhO,S
o N—R + ! e ,  PhO5S PhO,S 2 :
d 0° —_ PhO,S E
\« ' 11 25h o/ ® : 2 PhO,S . R
0 \\< \ L i 64-77%
R=Ts,Bz (o] | R = Me, Br
X = CO,Me, Ph 55-73% | Outcome rationalized from radical stability
95-99 dr !
|
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|
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|
|
CO,Et | e 0Ph Ph
= ! TiCl,(O'Pr),
- o — > \OTBS I Ph O~ . OH
neat, ! Ph Ph
110°C MeMe O*TBS 2\ : B J\
Me Me OTBS 14d Me Me X COEt | MeS SMe R~ N 10 mol%
S G g | -
1
: 0 0 petroleum ether, toluene SN?eMe
A ! R = H, Me, COOMe 0°C, 1h
O/
13,3] : 64-96%; 80-98 ee
| e e e e
Me :
CozEt : Ficini reaction (non catalyzed)
1
| NEt, 0 o
M H 1 Et,N H
eMe O : | | + \
—>
T . I
- (o]
(x)-Hedychenone MeMe OTBS | R MeCN, 85°C |!|
1
Me Me OH 43%; 2:1 dr :
et e TP
(x)-Hedychilactone :
: Enantioselective Ficini reaction - proceeds by double carbonyl chelate
_______________________________________________________ |
- - 1
Catalyzed - Lewis acid . R2 T
Ph | N7 2 o 'BuO,C
0 I cat. | (10 mol%) R2TsN
).AlNTf2 TSSO ! (I o jj'
2 ” OPh
TTMSSO Hl\ 3 mol% : | L (Et,0)PF,, DCM, 55°C Rl
1
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DCM, -40°C 4h 10:1; 84% |
: s N
! R'=Ph,C
K™ Ph : R2 = Bn, ' Me /
Cry 0 | ey
B |
oTBS BrAl - o-tolyl . SN ' AN
10 mol% To0T CR PO CI P
Hj\ /\ 1 th Ph2
> : I
DCM, -78°C, 30 min e : cat. |
|
|
|
|
1
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|
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99%; 99:1 dr; 98 ee

Hayashi et al. Chem. Lett. 1989, 793
Ficini. Tetrahedron. 1976, 32, 1449
Schotes et al. Angew. Chem. Int. Ed. 2011, 50, 3072
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Ficini type Cu reaction has been employed in natural product synthesis i Metallacvclopentanes - Ni
:
| (PhSP)SNiG 2.3mM
|
SPh o cat. Il (20 mol%) : Z > L]
|
OMe ———> I 80 psi PhMe, 0°C, 72h
(- DCM, -78°C ! 72%
1
:
1
( ! Ni(COD),:P((2-Ph)PhO),
o 1 : 1
1
o] 2-pyridine i (liquid) 20°C, >30 min
O\H/ 2-pyridine : H =
1
OO o CuC|2, AngPFG : 36%
: \==
1 H
Cat. ll ) | :. z 750
: N:lo r Ni fe— Ni
: X
: =/_
: =0 P l l
! AcO OAc v
O co,me } AC LN P
SPh : \/\/\ : As temperature, time and H
l : i /\/ COMe : conversion of 1’,3 butadiene I
b | increase, 1,2 divinyl cyclobutane
' (+)-Tricycloclavulone | is converted to 1,5 cyclooctadiene | —
+ * b e e P
1
1
_ - :
I
g z o =z oLi : Thermal selectivity problems of allenes can be overcome with Ni catalysts:
7 / g - ! E
— [ — |
! Y
H H : E Ni(PPhg), (10 mol%)
L J (+)-Precapnelladiene I // -
| —=C— N
: PhMe, -10°C to r.t., 30 min
1 E
: E - “C5F13, c6F5, COZEt, 71 '81%
|
|
I
|
|
|
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Takenaka et al. Tetrahedron, 2007, 63, 510

Yamamoto et al. J. Am. Chem. Soc. 2000, 122, 10776
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Ruthenium

-Dr. Take-Aki Mitsudo, Kyoto University,
Dept. of Energy and Hydrocarbon Chemistry

-Big name in early studies on ruthenium
catalysts for [2+2] cycloaddition

Nickel seems to react only with norbornene whereas Ru is not as picky:

. RuH;(PPh;), R
R (10-20 mol%) st [ R1 or/and R2 = Ph,
1 _ ':
1 + | | R2 Cy, Et, Me, 002Me,
PhH, 80-100°C CH(OEt),, CO,Et
6-120h 23-91%

R2

-Large scope of disubstituted acetylenes
-Similar reaction scopes with various other catalysts: RuH,CO(P(p-PhF)3)3;
RuH,CO(PPh;);, RuCOD(COT)

Mitsudo et al. Angew. Chem. Int. Ed. Engl, 1994, 33, 580
Mitsudo et al. J. Org. Chem. 1987, 334, 157
Mitsudo et al. J. Org. Chem. 1979, 44, 4492
Mitsudo et al. JCS. Chem. Comm. 1976, 722

E
E CBDFe(CO); RuHZCO(PAr;,)
—_—
E CAN DMAD

Rqu(PPh3)4 R

2x\

m

T [4+2] [2+2]

\
k)

Cp'RuCI(COD) NR,'
il / swry
- Ph

THF

R =H, CH,OMe, Br 0 98%; 131:1 dr

Warrener et al. J. Am. Chem. Soc. 1994, 116, 3645
Villeneuve et al. Angew. Chem Int. Ed. 2004, 43, 610
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Rhodium

PN CO,Me Rh(COD)(Hg-BINAP)BF, CO,Me

{ : + (5 mol%) e

s‘\,‘ . ] // ('z‘ ',:

DCE, 60°C < - Ar
Up to 98%; 99 ee
R = both EWG
and EDG
R
Rh catalyst gives excellent
stereoselectivity on the
model norbornene system
(S)-Hg-BINAP
Me
[Rh(COD)napth]SbFg COOCH;
COOCH; (5 mol%) /i
’ + > COOCH,
COOCH;,4 DCE, 80°C, 3h 65%
(+ 28% of
[2+2+2] product)
Palladium

4% TCPCHFB
e S—— o
bcg, soog 1 PO-0toly)s  hep ggoc
85%
CO,CH,(CF5),CF3
= — CO,CH,(CF,),CF3
TCPCHFB = pg
==~ C0,CH,(CF,),CF;
CO,CH,(CF,),CF3

Shibata et al. Org. Lett. 2006, 8, 1343
Wender et al. Organometallics. 2009, 28, 5841
Trost et al. J. Am. Chem. Soc. 1993, 115, 5294

Cobalt
Co(dppp)Br, pn_ M
@ Zn, anz : n
DCM, 25°C N Sensitive to ligand - dppe gives
=1or3 H Alder-ene product (1,4 diene
34-99 adduct) as major adduct

R = Ph, "Bu, CCPh

Rare example of Mo use in a 2+2

)F\ TIPS
Mo(CO)¢ (10 mol% F
TIPS\fC F (COJs ( ) N /-F
_—_—m
DMSO/PhMe, 100°C TsN
N A \R
T
R 57-92%
Rh,(OAc), H o
0O,
//
Proceeds via Rh 0 (2 mol%) — 4
catalyzed “thia - Wolff JI\¢N2 > N\ )
rearrangement” PhS DCM, 40°C, 3h “SPh

H
96%; 11:1 dr

. 0

(0}
]

C
hS)LH

ha(OAC)4

Hilt et al. Org. Lett. 2010, 12, 1536
Shen et al. J. Am. Chem. Soc. 2002, 124, 6534
Lawlor et al. J. Org. Chem. 2000, 65, 4375
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-Professor Paul Chirik, Princeton University

-Advancing the field of [2+2] cycloaddition
using the more abundant first row T.Ms -
iron in particular

Example of a redox active ligand for the cycloaddition of unactivated alkenes

/\¢ cat. IV ( mol%)
X ’
x> ¢,D,, 23°C, 5 min - 5h

ipr

XGH

24-95% ipr ipr

- t .
X = CH,, C(CO,Et),, N'Bu, NBn, NBoc cat, IV (PrPDI)

-Original report proposes a ligand metal pair with constant Fe(ll) oxidation state:
(PrPDI)?>Fe" <-> (PrPDI)°Fe'!

-Follow up studies revises this mechanism to another pair: (PrPDI)!"Fe' <-> (iPrPDI)"-Fel!

The reduced ligand accounts for an Fe!/Fe! cycle preventing the formation of Fe® and
catalyst death

Chirik et al. J. Am. Chem. Soc. Comm. 2006, 128, 13340
Chirik et al. J. Am. Chem. Soc. 2013, 135, 4862

R cat. Va or b (1 mol%) R <R
ﬁ > ]
0, 7 \ ~
neat, 23°C, 48h 32.959% Ar le N, Ar
_ L cat. vV y
R = Me, nBuy Bn, amyl; IBu! (CHZ)ZPh!
N-methylene-pyrrole
Me
Va: R = Et
Ar =
Me
a R cat. Vc (5 - Vb: R = Me
| ] mol%) Ar =
+ —_— /
| H CGDSa R
S equiv. 530¢, 48h
myrcene

(also tested
various other
1,3 dienes)

30-95% Ve: R = Me Me
95:5 dr Ar= /ﬁj
Me

R = "Bu, 'Bu, Bn, (CH,),Ph, CH,!Bu, amyl, cyclohex-3-ene

Silver Rearrangement into ketene then 1,4 conjugate addition
Q H
OTIPS A gNsz (5 mol%) TIPSO
+ ="Bu, Bn
| | DCM, 20°C 68 3%
R
AgNTf, (o]
— Ag'NTf
TIPSO TIPS o+ MPS< o O 9T
Tl n
CAgNTf, —> j\ — C
R R Ag'NTf, R

Chirik et al. Science, 2015, 349, 960
Sweiss et al. J. Am. Chem. Soc. 2004, 126, 7442
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Gold
Enantioselective allene-alkene using a gold catalyst
Me Me
%\ cat. VI (5.5 mol%) |"| ~m
AgBF, (5 mol% e
. /\40 Me gBF, ( i X(]
\—=_Ar DCM, 0°C to r.t. \ Ar
H
52-98%
81-99% ee
(
R Ph
X = C(ester), or C(sulfone), or NTs
Ar = 4-0'Bu-Ph, 4-OMe-Ph, 2-OMe-Ph, MeO 0\ Me
2-napthyl P+-N
/1
MeO*® OAu-c|>—Me
R R Ph
R = p-'Bu-Ph
cat. VI
.
When applied to 1,3 dienes, only the [4+2] product is observed.
The ruthenium catalyst below avoids this.
ie y Me
RuH,Cl,(P'Pr;), (5 mol%) /" H
C
XM H > x@
= DCE, 45°C —
H
72-86%

X = C(CO,Me),, NTs, O

Teller et. al. Angew. Chem. Int. Ed. 2010, 49, 1949
Gulias et al. J. Am Chem. Soc. 2011, 133, 7660

Gold effectively catalyzes an indirect [2+2] on indoles

AuCIPPh; + AgSbFg
(1 +1 mol%)
o
DCM, r.t., 2-12h

69-98%

Indole l
R R aut
Au Il 0+—
0 X 07 YCs R
I — X N\ "R
Au
o R (0] N
Indole Indole H
Hetero [2+2
( )
R2 2
o cat. lll (1-5 mol%) 88-99% OO
(o] PPh,
+ OBt 5 | | 81-99ee P
| | F,C \''CF PhyP
DCM,-40°Ctort.  pi CO.Et
R o 2 2SbFg
R', R? = p-MeOPh, p-NO,Ph, Me, cat. lll
I, Bpin, thiophene i.a. O F;c OH \ d
ArMCOZEt
For R2 = Ar and R' = SiMe,

Zhang. J. Am. Chem. Soc. 2005, 127, 16804
Aikawa et al. J. Am. Chem. Soc. 2011, 133, 20092
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[Cu(MeCN),]BF, om
(R)-tol-BINAP Ts_ e
|| Et0C (10 mol%) N R
c . - 60-92%
L N 58-97% ee
MeO R Ts THF, -78°C  EtO,C

¢ H* -
R = SiMe;, SiMe,Ph, Si'Pr3, Tso OO
GeEt; NH O P(p-tol),
Etozc/'\n/u\n O O P(p-tol),

(R)-tol-BINAP

B-Lactam synthesis

DIPEA, CO (30 atm)

Pd,(dba)sCHCI, (2 mol%) Hl\m
PPhs (8 mol%) y
A /\[!- --Pd |

> R2

1} END
P(OEY2 THF, r.t. to 70°C, 5h

(o)

lpd base
/ Rz'N RZ’;N R1
1
(0] Pd*X -

Pd*X

R' = Ph, 2-furyl, CH,CH(OMe), i.a. = = =
R2 = Ph, OMe, Bn, PMB, PMP i.a. /N—Rz /N—RZ
Pd fo) Pd

\
\

Akiyama et al. Org. Lett. 2003, 5, 3691 0
Tanaka et al. J. Org. Chem. 1994, 59, 3040

27-86% 11-63%



