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Lit. Seminar 080618

Strained Molecules in Organic Synthesis

~ featuring on three-membered rings ~

for cyclobutadienes : see Mr. Yamatsugu's Lit. Sem. 061129

A A < stable up to 200°C

cyclopropane methylenecyclopropane 1-methylcyclopropene
SE = 27.5 kcal/mol SE =40.9 kcal/mol SE = 51.1 kcal/mol

0. Introduction

Heat of Formation

3C + 3Hy(gas) — cyclopropane + 12.7 kcal/mol }_»

Strain Energy (SE) : 12.7 - (-29.6/2) = 27.5 kcal/mol
6C + 6Hy(gas) — cyclohexane - 29.6 kcal/mol

(cf. cyclobutane : 26.5 kcal/mol)

The introduction of each trigonal carbon center into a three- - . - .
X X i, . . Table 1. Acidities, Bond Energies, and Hybridizations of Simple
membered ring introduces an additional 12 - 14 kcal/mol of ring strain.  Hydrocarbons?

cmpd hybridization acidity BDE
(J, Hz) AF,(gas)  pK,(lig) AH (gas)
CH, 125 416.8 £0.7 48 104.99 £ 0.03
CH,~CH, 156 4088+03 44 110.7 + 0.6
HC=CH 249 376.86 £ 0.14 24 13332 £ 0.07
[Pa¥a,N
c-C,H, 161 411.5+2.0 46 106.3 £0.3

V 202 398.0 £ 2.0 35-37
A—\ M
H

s 32(_y p68°/ 4&4 166° 409.7 £ 2.0 109.7 £3.3
: o, P: 0
orbital of cycloproane :
y P 1 [>—H 228 3827+ 1.3 30 106.7 + 3.7
SV
@ All energies are in kcal mol~!. See refs 1 and 6 for the cited quantities.
Contents e a

5 13C—H coupling constant. ¢ This value is for the parent compound.
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1. Cyclopropenes

1-1. Asymmetric Synthesis of Cyclopropenes

Scheme 1 Rh catalyzed cyclopropenation
i 5- bered ri ion,
[2+1] gfycloaddition exrt]:ﬁ;]o :,roe' Nr2|ng contraction \ X \n/Y
. o o CN oo i N2
cycloisomerization — N 1,3/1,2-elimination
f vinyl carb
ot vinyl carbenes /\.' {\ X\/\/X
1,2-eliminations \\t hv
A . \\ c d base frorr other
\\ cyclopropenes
Y . \\ ‘ A XY
\ | / Rhaln T
photochemical MG o f ha
rearrangement — 7 (=S S Vi bered .
= /xR . L1 £l N Rh carbenoid
n _—
e \
isomerization E m | h &
[ additions to
hv I /; i cyclopropylium salts XY = R
== kil T\ heat
— alkyne
cycloisomerization L’f bas o R y
O = . .
ﬁn’gfgfg’;ﬁ%om about Rh catalyzed C-H activation;
X X i i i
s Fiaralniar A N extrusion of CO, see Mr. Yamaguchi & Tanaka Lit. Sem.
retrocyclizations Si 060909 & 070207
1,3-elimination
1,1-elimination/4 2-Si shift Figure 1
Various Retrosysnthesis of Cyclopropenes
Doyle et al. JACS, 1992, 114, 2755 Rh,(5R-MEPY),
. . . o N
oR L Rhy(5R-MEPY), (1 mol %) H_ _CO,R N OMe
N \/& H—=R
2 (6] CH,Cl, HA\R
diazoacetate 1-alkyne cyclopropene (6]
1

Table I. Enantiosclective Cyclopropenation of Representative
Alkynes Catalyzed by Rh,(SR-MEPY),°

4(S)-isopropyloxazolidinone

4(R)-bezyloxazolidinone

diazoacetate, l-alkyne, cyclo- yield, ee,
R' = R = propene %t %° H
T Et CH,0CH, 1a 73 (65) 69 N N
2 1-Bu CH,OCH, 1b 56 (38) 78 ‘ OJ"" \\]/J_<
2 ji-mcnthy] gH;ggH; 1c 43 (28) 98 o)
-menthyl H,O0CH, 1d 45 43
5[ _Et #-Bu w0068 s 2 2 3
6 tBu n-Bu 2b 69 (60) 53 same condition 5% ee 6% ee
7  d-menthyl n-Bu 2c 46 (32) 86
S Pmenthyl  aBu N Buw o It seems that dipolar influences from Rha(5R-MEPY),
10 t-Bu +-Bu 3b 57 (37) 10 ‘ ligand's carboxylate substituents are primary determinants
11  d-menthyl 2-Bu 3c 51 (30) 77 of enatiocontrol in these reacton.
12  {-menthyl t-Bu 3d 50 (29) T T e TP

9Reactions were performed by the addition of the diazo compound
(1.0 mmol) in 5 mL of CH,Cl, over a 5-h period to a solution of the
alkyne (10.0 mmol) and catalyst (0.01 mmol} in 10 mL of CH,Cl,.
Average values from 2~4 separate experiments are reported. * Yield of
product following chromatographic separation of catalyst and, in par-
entheses, product yield of the homogeneous sample after distillation
(2a) or column chromatography (silica gel: hexane/ethyl acetate).
‘Determined from integration of the olefinic proton with use of chiral
NMR shift reagent Eu(tfc);!% and for 2a and 1b—3b also by chroma-
tographic separation on a Chiraldex +y-cyclodextrin trifluoroacetate
column (£2% from separate experiments). Diastereomeric excesses for
1c-3¢ and 1d-3d were obtained by direct NMR analysis (£3%).

WO
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d-menthyl

Carbene dimer is major byproduct.
——> Slow addition & higher aklyne ratio suppress it.

In reactions with methyldiazoacetate, intramolecular C-H
insertion compete with cyclopropanation.

o}
N H . .

Scheme2 L devstedalynes ,

i Met+——Ph y. 39% 16% ee:

. Rhy(5R-MEPY), !

' NoCHCO,Et * —_— !

: TMST=—"Bu y- 26% 20% ee;




Doyle, Muller and Shapiro, JACS, 1994, 116, 8492

catalyst
N,CHCOZ + = cyclopropene
(10 eq)
Table 2. Enantioselective Cyclopropenation of Representative
1-Alkynes by Diazoacetate Esters and N, N-Dimethyldiazoacetamide
Catalyzed by Rhy(55-MEPY), and Rhy(SR-MEPY),
N;CHCOZ, cyclo- yield, ee, absolute
catalyst Z= R propene® %t %< configd
1) Rhy(5S-MEPY), OMe CH(OEt); 8aS 42 =98 s
2 Rhy(5§-MEPY); O--Bu CH;OMe 9¢§ 52 18 S
3 Rhy(SR-MEPY), OEt CH;OMe  9bR 73 69 R
4 Rhy(5SR-MEPY)y O-+-Bu CH;OMe 9%cR 56 18 l R
5 Rhy(SR-MEPY): NMe;  CH;OMe 9dR 22 R
6 Rhy(5R-MEPY), OEt n-Bu 10bR 70 54 R
7 Rh(SR-MEPY); O--Bu  n-Bu 10cR 69 53 ¢ R
8 Rhy(SR-MEPY); NMe; n-Bu 10dR 49 R
9 Rhy(55-MEPY), OEt n-Bu 10bS 60 51 s
10 Rhy(5R-MEPY), OEt r-Bu 11bR 85 57 R
11 Rhy(5R-MEPY); O-1-Bu  r-Bu 11cR 57 70 R
12Rhy(SR-MEPY); NMe;  t-Bu 11dR 47 J R
13Rh;(55-MEPY); OMe n-pentyl 12a§ 83 48 S
@ Ror S isthecatalyst configuration. ? Yield of the chromatographically
purified cyclopropene. ¢ From GC or 'H NMR analyses. Results
confirmed with duplicate runs. 4 For assignment see section on absolute
configurations of cyclopropenes.

substituent on alkyne

Davies, OL, 2004, 6, 1233
quarternally carbon center forming

CO,Me  Rhill) COMe
R—= + Nzi 2 catalyst

CAyD R i H 0—rh
- ‘
A CO,M H.__CO,M s e

r e e S0,CgH4R
O > Ty 4

N2 stability N2 R =C12Has
Rhg(S-DOSP), (1)

donor/acceptor type acceptor type

The donor/acceptor-type carbenoids are more stabilizedthan
the conventional carbenoids derived from diazoacetate.

substituent on diazoacetate

Table 1. Rhy($-DOSP);-Catalyzed Enantioselective Table 2. Rhy(S-DOSP):-Catalyzed Enantioselective
Cylopropenation with Methyl Phenyldiazoacetate® Cylopropenation of Phenylacetylene with Various Aryl- and
R—= Vinyldiazoacetates!?
Na /A/COgMe
©)kCOEMe 1 mol% Rhy(S-DOSP); /. C _
hexane, 23 °C C: No A ,COMe
R” “CO.Me 1 mol% Rhy(S-DOSP), 2
) hexane, 23 °C
entry R product  vyield, % ee, %
‘HL entry Ra product yield (%) ee (%)
; ©/ 2 62 )
“-~ Neal NN
L e
Br . .
The reactions proceed without 5 , o6
5 regard to EWG or EDG . 2 Br/©/ 10 °
3 /©/ 4 67 86
MeO 1%_
5 3 1 24b 66"
4 5 60 % Too stable to react ...? MeO
.y
%y L 4 OO 12 55 86
5 6 48 87 Cyclopropenation is favored
over benzylic C-H insertion. \
5 U 13 57 88
. 5 , T Cyclopropenation precede s
U % cyclopropanation.
r’Z :
i i 6 14 0 -
7 (CHa)CHs 8 51 ” This substrate reac(t)s with @
styrene and gives 90% ee.
“ %fxﬁgﬁ\’ex;gerfommd by the Eddi‘izﬂd of the dlia;o COI}‘PITW“T]\(I-O Then the failure may be due to 72510 equiv of alkyne was used. See the Supporting Information for
mmol) in 5 of hexanes over a 5-h penod to a solution of the alkyne . e details. ® 2 mol % lyst was used.
(10.0 mmol) and catalyst (0.01 mmol) in 10 mL of hexanes. See the the |nstab|l|ty of the prOdUCt. s mol % catalyst was use
Supporting Information for details.
Ph.__COsMe
= jfl/ /\CO2Me A\ COM
+ 2 2 siVie
i + i
R—==  Rhy(S-DOSP);  Ph ‘Ph R ‘Ph
Table 3 tthexane Electron rich alkynes react faster than normal alkyne.
R relative rate vs phenylacetylene |:> Does the reaction mechanism have a close relation to
i ?
- MeOCqH, 59 electron density of alkynes 7
P-EtCuH.| 1.9
p-CICsH4 1.1
n-Bu 0.06 3 /1 0




1-2. Mechanism Study of Catalysis

Electron rich alkynes react faster. ——> Stabilized cationic species at transition state concern ...?
The author proposed that the alkynes and olefins react by side-on mannar.
For olefins, the reaction proceeds with retention of stereochemistry.

Davies, JACS, 1996, 118, 6897

| Rh T Hh |

Figure 1. (a) Alkene approach at the top face of the carbenoid from a
sideways trajectory (least encumbered approach). (b) “Side-on” transition Sterica”y hindered
state for cyclopropanation. (c) Cyclopropane formed with absolute stere-

ochemistry set.

! .
alkyne ; olefin R Ro Ry M
@ ®) © — —
:;::(H Side-on model W R,
! H
| ~
I I | |
1 wr
' MeO,C. ,,K,J Rz H' Meo;,c "/ H A MH"Ra
1 — H .\ — slle
| | | ]
|
|
|
|

Novel Catalyst
Rh2L3(OAC)

Alph
h

Scheme 3. available for C-H insertion

COsMe
N, cat. 1 (1mol%)
PN CH,Cly, rt
O" Ph

Figure 3
y. 51%, ee. 96%
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SNy r°
"X
d R
B g I Rh
7
activit 2 the upper right | 10
Figure 2 y quadrant is achiral
however...
1
Table 1. Catalyzed Enantioselective Addition of Ethyl : Ph.Z + N,CHCOE cat (0.5mol%) — H /N H + Ph\A,H
Diazoacetate to Terminal Acetylenes . Ch,Cly, rt Ph*"  ‘CO,Et HY ‘CO,Et
1 1
H COOEt 1 [ ) ~D- [V
., cat. 1 . 84 99%ee 2:1 94%ee
RC=CH + N,CHCOOEt %"ﬁ. 5 | y /o % ( ) %0
) . 5 0
2a°c. R H ! cat. 10 97%ee 91%ee
entry R yield, % ee,%* cat.2 cat.10 !
! The rate determing step is nucleophilic
1 CHy(CHy)s 90 95 ' addition of diazoacetate to RhyL4
2 CHy(CHy)s 90 93 = 86%ee 91%ee : high face-selectivity for carbenoid
3 t-Bu 81 92 ! low(only 2:1) n-facial selectivity
4 (CHCH,0),CH 64 92 80% ee
5 BnOCH, 86 92 88% ee !
6 MeOCH; 78 92 .
7 BICH, 62 95 ;
H 1
b 1
8 CgHs \Hé\CHZOCHZ 76 95 :
|
1
7 Enantiomeric purity for entries 1—7 was determined by GC analysis .
using either a Cyclosil B or y-TA column; for entry 8, ee was determined i
by HPLC analysis using a Chiracel OJ column. Absolute configurations \
were assigned from comparison of rotation with literature values except '
for entries 2. 5. 7. and 8 for which the assignment followed from the 1
observed dextrorotation. ? Pentane was used as a solvent. !
1
1
1
1
1
1
1
1
1
1
1



Theoretical calculation

tribridged carbenoid

Davies, JACS, 2003, 725, 15902
Singleton, JACS, 2005, 127, 6190

Me /E Me | 216 U\ H Pr
“N” Yo o] 0 Me, © : 220 ﬁé?)? If 6 reacts... -
/ 2.18 N\ ANT L0 | i Me—L —— H—7—Rh;
Rh—Rh OCHO Fih—Hh/\ ! WA O H MeO,C
MeO2C ,\ — H /O/ N/\ 234 ! O= Hh—ﬂh—'__ _<O 2
>y MSN\Me 1.06 0> Me | MeO” 222 oyﬂ\ N \
! Let A exist.. Me : \(N*M
H H - H € r
A B | 6 | Pr
21.5 kcalimol higher MeOHC Rhy + Rhyly
. than tetrabridged one | ; 2 H® ‘co,Me
Figure 1 ! Figure 2 enyne metathesis 2
sone SO;Me
Ph
@—‘70 S
— N
Me-n-|-rh—o sVen_|-ah—o
O—th o’_H 042, O—Rfim—0~H
H-'Qfa o) :HL
o med o/
/OMe Y 3 4
H H Figure 4. Calculated transition structures for reaction of 1-pentyne with
Figure 3 7Ew 8w =19 thodium carbenoids. Distances outside brackets are for the potential energy
saddle points. while distances i brackets refer to the approximate canonical
variational transition structures.

Corey et al. JACS, 2005, 7127, 14223

+

H3C(H,C)y N,CHCO,Et ——

Scheme 1. Synthetic Tree for Sequential Formation of Rha(OAc)(DPTI)s—,, Complexes#

Table 1. Anionic Ligand Displacement of Acetate by DPTI Anion
in THF: Observed Ratio of Product to Remaining Starting Material
(9) as a Function of Time

&
) n;!'j:,"
SN ¥

11, P-cis-anti 12, cis-syn
_(X-ray) (70% ee) (0% ee)

I | Il
(-ORh i 3 (Dﬂh
<

10, M-cis-anti
(91% ee)

Rhy(OAC)(DPTI) (T (’l'
-F;%:“i_"w ﬂ.}'T‘“ i

il

n CH-Cls.

13, frans-anti

ko el

@ The ee values shown i Scheme 1 refer to those measured for the catalyzed addition of ethyl diazoacetate to 1-heptyne (CH,Cl; at 23 °C). ? At 40 °C

Rhy(OAc), (R.R)-DPTI Rh2(OAc)y(DPTI) £ min 9 10 1 12 13 14
9
10 1 0 0 0 0 0
(R.R)-DPTI 30 1 0.02 0.03 0.02 0 0
60 1 0.04 0.05 0.03 0 0
120 1 0.09 0.12 0.05 0 0
1807 1 013 0.19 0.06 0.03 0.15
Rh,(OAc),(DPTI), 6'0 6‘74 6007 1 031 0.53 0.10 0.20 0.45

21 (0.36) and 16 (0.03) also formed. 1 (0.61) and 16 (0 16) also formed.

14, trans-syn
(5% ee)

(64% ee)

il

N
1 15 16 7
-l o) X_ 79" U/ 0
(X-ray) (95% ee) (X-ray) (7% ee) (80% ee) (3% ee) Alkynes Catalyzed by 23
J’t 0.05mol % H, ,CO:Et
R—= + 23 /A
HTScoEt oo .
Rh,(DPTI), N/-b p 6-N entry R T.°C yield, % ee, %?
| | I | I | 1 CH:(CH), 23 87 89
_ 1-rh— 2 CH;(CH,), 0 84 91
SRh—N Rh
(=rhamo) —Rh e (mimo) [ Gomi 3 +-Bu 0 81 9%
I | I | | | 4 MeOCH> 0 78 93
O) o O) “ Enantiomeric excess was determined by GC using a y-TA column 1°

18, cis-(2,2) 18, trans-(2,2) 2,(3,1)
(71% ee)” (X-ray) (35% ee)  (X-ray) (80% ee) They can't synthesize.
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1-3. Ring Expansion [3 to 5] Ma , JACS, 2003, 125, 12386

Table 2. Regioselective Cycloisomerization of Cyclopropene
Ketones 1 under Conditions A and B

Battiste , TL, 1975, 1, 45
R2

R! r\Q’ <

\ / en. on P * /C. A Pr

X—& . ]D<~ 4+ PACIy(PRCN), ——= _.< E“ e
1_ 2 ‘g" ™ ] / |

aw)
Conditions A: [PdCl(CH3CN)5] (5 mol%), CHCIs, reflux; {pn \JL\
i
2

Conditions B: [Cul] (5 mol%), CH3CN, reflux. p'ii o

3 )
B — RI {7

SCHEME 1 Y
]

cyclopropenyl ketones 1

PR

entry RR?R? cond.tfh) yield® (2:3)° synysyn
1 TBSO(CH:)}/CO:EUCH: (Ib) A3 (2b) 65 (95:5)
2 1b B/10 (3b) 85 (<1:99) Scheme 2
3 TBSOCH:/COEt/CH: (1c) A3 (2¢) 60 (96:4) 1
4 1c B/10 (3¢) 83 (<1:99) R' R2
5 t-BwCO.Et/CH;(1d) A/13 (2d) 66 (98:2) CIPd R 2 RZ. 3 ﬁ 3 Cu-\l_‘fR
6 1d B/4.5 (3d) 80 (< 1:99) o S ~R3 fW e
7 Ph/CO.Et/CH; (le) A/10 (2€) 73 (99:1) T - ,A—R_/L. PdCl /_ cul - |—\O./—R
g8 le B/2.5  (3¢)89(1:99) R 2 R .
9 »-CsHyy/CO.Et/Ph (1f) A4 (2) 50 (98:2)4 ﬂ - 1
10 1f B/10 (3) 80 (<1:99) Ve
11 #2-C4Hy/COMe/CH:; (1g) A3 (28) 78 (95:5) Cycle A path a path b Cycle B
12 1g B/6 (3g) 80 (<1:99) ) | R?
13 n-C4Hy/SO-Ph/CH; (1h) Af/5 (2h) 88 (99:1) T O o] R l R3
14 1hb B/10  (3h) 96 (<1:99) A+ __R? ra. L R L, Wr-“\”
e RinC R R R &
a . .- 5 . . 1 Pd g i iy ~ s+ 0
Isolated yield of the major 1somer. ® The ratio was determined by 'H r1 ¢ P cu” ~ | Cu
NMR. analysis of the crude reaction mixture.  CH:Cly was used as the Cl cl PdCl
solvent. 4 Unidentified product was also formed. 5 4 7 8
2. Methylenecyclopropanes (MCPs)
2-1. Ring Expansion [3 to 4]
Furstner et al, JACS, 2006, 128, 6306
Scheme 1. PiCl-Catalyzed Cyclobutene Formation Scheme 3. Deu'[erium'!‘abe“ng ExPenment

Cs,C0 g
S0 THROMF (3:1) S PICL (1 mobs)
_ Cco (1 atm)
P NN Do Ph 3 (76%)
S =
1 r'LN>_ X PLCI, (1 mol%), CO (1 atm) I, 40 & P

toluene, 40°C > 97% D—Iabeled

—-———

2
Scheme 2. Proposed Mechanism
PH 4 (T7%) ,PtCIz-(CO),, [=]
/ PiCly(COJp
Table 1. Cyclobutenes by PtCl,-Catalyzed Rearrangement of R/w -= R0

Alkylidenecyclopropanes? % [1 2] rearr
Nr Product Yield ’
Bn
= PICly (CO!
BnO. Q 90%, & ( )n R
G 6

- @
R"@ PtCIz (CO), ePtCl;(CO),
&)
gn% / hydrogen shift

O
2 oI Y
SO0V

LY

PtCIz (CO)n
3 MeO. Q 61%
10
MeO Br Al
QO MeO. For entry3 and 4, high concentration causes
4 MeO 50%" dimerization.
12 21 OMe

1
OMe
5 o~ A g
14
6 Ph/\/Q 16 95%

@ All reactions were performed with PtCL (5 mol %) i toluene (0.1 M)
at 80 °C under CO (1 atm) unless stated otherwise. ¢ = 0.02 M.

Alkyl substituted MCPs also undergo ring expansion.

6/10



Table 2. Ring Enlargement of MCPs 1 to Cyclobutenesd Shi, JACS, 2006, 128, 7430
Y PA(OAC); (3 moi%), CuBr; (10 molt) HD _ _ _
i DCE - . R are aromatic substituents. Substrates which have EDG at ortho-
1 2 position give better yield.
_ entry R temp.'C _timeth  yield[%]" (conv.%])° When R are aklyl substituents, reaction doesn't proceed.
1 CgHs (1b) 80 24 2b, 46 (68)
J X [>00) Scheme 1. Proposed Mechanism for the Pd-Catalyzed Ring
2 p-CH3CeH, (1c) rt 3 2c, 52 (>89) Enlargement of MCPs to Cyclobutenes
3 p-CH30C:H, (1d) rt 1 2d, &0 (>99) F'u(o,ﬂ\c)2 MEr,
4 0,p0-(CH30);CgHs (1e) 1t 3 2e, 74 (>58) (D)H Y
5 p-CICgH, (11) &0 24 2f, 41 (80) J] PdBrz \\ Ar H(D)
6 m-CICgH,y (1g) 80 24 2g, 36 (BZ) Y
Vo PdBr
7 @O@ {dhy ot 3 2h, 89 (>99) ﬁ)’mm AéPBr
Ar
p PIBT2 H(D)
Y Cl A
1 i, 91 (>89
8 @ (} o () 80 0 2i, 91 (>08) ‘\ o) J
i Ar—_pggr ~ |[-PdBH(D)
9 [ (1j) rt 3 2j, 91 (>99) Br Ar” CBr
0Bn C B
OMe
cl \ gcheme 2. Deuterium Labeling Experiment of the Ring Enlargement
10 @ 1K 80 24 2k, 64 (82) eaction 0
OBn I |
C":’ D Pd{DAC); (5 mol%), CuBr, (10 mol%)
11 @ rb “n ot 3 21, 93 (>99) OBn DCE.r.t.3h 0Bn
DMQO % 1a-d 2a-d, 83%
\, r--T T T T T T T T T T T T T T TS TSI T T T T TSI T T T T TSI T T T T TS TSI TSI TS ST T TT TSI S ST TS ST E T
12 @ 1m rt 3 2m, 91 (>99) ) e .
o~ 1™ . 2-2. [3 + 2] Cycloaddition & Theoretical Study
13 (:L\ o 3 2n,85(>09) ! "
OPh . Scheme 3. Thermal [3+2] cycloaddition o] CO,Me
& . (-
(1o) rt 3 20, 83 (=89) !
" OCzHy3-n i CO,Me o 91%
| 80 C, MeCN
15 e (1p) rt a 2p, 90 (>59) ! o o O
| SRINES X
GBrn OO0 A - PhH reflux >>j
7 Reactions were camed out by use of MCP 1 (0.3 mmeol) m 1, 2-dichloroethane | s 86% (96:4)
(DCE) (2.0 ml) with palladim acetate (2.0 mz, 3 mol %) and copper(I) bromide | ’(’9 > BnO
{7.0 mg, 10 mol %). ? Isolated vields. < Starting material consumed after column i a MeCN. reflux COQMe
| wemdogpky. ! trimethylenemethane ><: !
(see Mr. Nagawa's Lit. Sem.) 0 "OBn  91%

Metal catalyzed hetero [3+2] cycloaddition

Scheme 4

A <—Y'x {A) proximal attack at C1-C2 bond
/ a G 4
y =
& B i D XY 3T 02 () distal attack at C2-C3 bond
at—3 M x=y
‘\\\c . " 2
a 4w ' 1
e ": '\\ ‘M IR G 73 (C) formation of TMM intermediate
xX=Y
3

Noyori, JACS, 1970, 92, 5780 & TL, 1978,48, 4823

Scheme 5
Ni(MeCN),
D D CgHg, 60°C
. Erozc\_,;mcoza
D D
195
1330 0.08 0 035D
1.34D 1340 ca 2D wE
1820 182D
E‘. E ca.2D E
196a a8 : B2 196b 195

E. Nakamura, JACS, 1989, 111, 7285
JOC, 1990, 55, 5553 JOC, 1998, 63, 1694

Lautens, JACS, 1996, 118, 9597
from previous studies...
Ni0: 1. parent MCP undergoes proximal ring opening
2. monosubstituted MCPs undergo proximal and
distal ring opening
3. MCPs which bear dialkyl substituents at cyclopropyl
or vinylic carbon undergo distal ring opening preferentially
. all types of MCPs undergo distall ring opening regardless
of the substitution pattern

Pd°

Ni(COD), : proximal attack (A)

with phosphine or phosphite : distal attack (B)

Ni(MeCN), : distal attack (B)

Scheme 6 AT _onems Q
MLy K, ) 196a
VI
L N\
$ _ CHZ=CHZ & z
iLn

= 2 196b

v Z = COOCH,
L = oletinic ligand 7/1 0




Theoretical Study of Pd Insertion & [3+2] Cycloaddition Mechanisms

Fujimoto et al, Inorg. Chem. 1996, 35, 231
Inorg. Chem. 2000, 39, 1113

~ S ” S Theoretical works on d'” matal-TMM have revealed that
TMS\)L/OAC Pl %5—_ — = — p they have a zwitterionic charge distribution.
i oL Experimental results support this mechanism: TMM-PdL,

complexes demand that olefin has electron-deficient groups.
On the other hand... MCP-Pd complexes react both with electron-rich olefins and electron-poor olefins.

Scheme 2 72 mechanism

L"Pd o &
A R 5

Palladacyclo mechanism

—S=0-4

Scheme 1

ML stepwise

\\/ p:

distal bond insertion
4

2 3 | Path 2
Path 1 ( PHs P|d

— 109.3
1"("'9') 938 ()

cz

C5

Q.cs
)
CB o

11(TS) gg

|
15(T) 1173~

91.5
- 16(TS) {355 ¢
13 54 12 969

Figure 2. Structures of the ground and transition states of the species on the paths for the [3 + 2] cycloaddition reaction between
methylenecyclopropane and ethylene, involving the cleavage of the distal bond of the cyclopropane ring or an 1 complex. Bond lengths (in A)
have been calculated at the MP2 level of theory. Relative energies (kJ/mol) are given for the MP4/BS2//MP2/BS1 (above) and B3LYP/BS2//
B3LYP/BSI1 (below) calculations. by taking 9 as the reference. Bond lengths in parentheses are the BALYP/BS1 optimized values.
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Figure 3. Calculated structures of !h:‘ ground and transition states of the species on the paths for the [3 + 2] cycloaddition reaction between
methylenecyclopropane and ethylene, involving the cleavage of a proximal bond of the cyclopropane ring




Pd catalyzed [3+2] cycloaddition of aldehydes and imines
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Figure 1 Proposed mechanism
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Table 1. Palladium-catalyzed cycloaddition of alkylidenecyclopropanes 1 :
with aldehydes 2.4 o . ) 5 mol% Pd(PPha)s R1
2 mol% [Pd(PPhy)y] , Other Pd, Pt sources didn t, R 1_2 3 . R\= 10 mol% P(O)Phs ) .
A O 4mal% P(O)By R catalyze the reaction. ! = N. toluens R
A Lot ot il IV 1 R2 4 Ts e
R R7H No solvent o additive: ' 120° R Ts
1
3 g 3 PPhs, PBus, P(OPh)3 . ' Table2 2 3
Entry 1 2 Time 3 Yield slow and low yleld: . . b
. [h] %] | entry 1 2 time /h 3 yield / %
%! .
By Ph I
NS A : Bu .
1 By Q‘CHO 5 3 75 ) ' 1 >=<] mNTS 16 3a 89
1a 2a no reaction [ Bu o
Hex N 1a 2a
2 H 2a 11 in 71 ' additive: Hex
“o ! ) 2 >=< 2a 18 3b 88
P \ PPhg, OP'Bug, P(o-tolyl); Hex
= . i i 1b
3 Me 2a 16 3c o s6(s3ap 1T good to high yield Ph
. = ! pidentate ligands 3 =] 2a 13 3¢ 91(56:44F
h ,  —> trace M:’
\ 4 \%=<] 2a 20 3d 42(54:46)9 | ¢
1d — 4 <_>=< 2a 20 3d 71
.l \ ! 1d
5 La M”QC”D 6 3¢ 65 | solvent: M
20 \ THF, MeCN, Diox, DMF 5 1a QtNTs 17 de 91
g <:>~<] - = ay ! —> good to moderate|yield 2b
; =b .
1o Y ' CH,Cl, — no reaction o
_— ' 6 1a 4 :@\ 16 af 93
; ! o] =NTs
7 la /N 2 3 sl : e 28
e
8 1a g “CHO 19 64 =NTs
2d 2d
€:©/CHO MEO\|/\
8 1a 9 3h 94
9 la 19 3i 43 WNTS
2
CHO 2e
] /©/ 32 3j 3 @
104 1a oo 3 j 38 s 1a O 2 3 88
2 =NTs
[a] The reaction of 1 (0.5 mmol) with 2 (1.5 mmol) was carried out in the 2f
presence of 2mol% of [Pd(PPh;),] and 4 mol% of tributylphosphane
gl‘s:e‘:';:‘;m (:::;e:; :‘ [L:i"( ;m Et;]u:f;’lit‘:? rz;:,f[,hf;dt:;:‘:& [\:]lt:lhi #The reaction of 1 (1 mmol) and 2 (0.5 mmol) was caried out in the presence of 5 mol% of
(0.5 mmol) ; dipindliol i bd i) o ’ - Pd(PPh,), and 10 mol% of triphenylphosphine oxide in toluene at 120 °C. blsolated yield
: based on 2. “The diastereomeric rafio of 3c.

Other Reactions

Ma, JACS, 2004, 126, 9645

b__ 5 mol% PdCl,(CHZCN), D CO,Et
COZEt || @
C7H4sg Acetone, rt
75% CsHism O
18 O 19
83% D 76% D
H
—_so,pnh  PACI(MeCN)y(5 mmol%) ~ C! SOzPh
cl || (3)
4 benzene, rt [}
1 76% 201
Shi, Chem. Eur. J., 2006, 12, 510
] R"
RrR' R? sl R?
) CF.SO.H _
| + RCH=0 ——————
CH.,CL, RT o OH
1 2 3

Isolated Yield [%]

1b: R' = R? = 4-MeOC,H,
1¢:R' = R? = 4-MeC,H,

2e: R® = 4-CICH,
2j: R* = 4-BrCH,

3h: 50
3i: 58

Scheme 10. Reaction of MCPs 1 (0.5 mmol) with aldehydes (1.0 mmol) in
the presence of CF:50:H (0.1 mmol) at room temperature.
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pcpd‘\ Nj

NSy

v N
These heteroaromatics can't
make rigid coordination to Pd.

Then reactions don't proceed
(at all).

2
Smol% Pd{PPhsg),
\=<] Q 43‘.. R‘ . - “)

H no solvent, 120 °C !

dlfferentlreactlon position

2
(5 equiv)

N
P NKNj NS
A B/ =

y.52~61% 34~49% 6%)

K/N U s __oac A |2 complicated mixture
AorB Pd of unidentified products
no reaction no reaction NI\/N 2

2-3. Intramolecular Cycloaddition
E. Nakamura, Tetrahedron, 1989, 45, 3088

{ﬁ)} %&ED

diene  calalyst 20 mol %)°  temperature  yield of 215

Motherwell, TL, 1989, 30, 7107

Scheme 2 .
MeO,C—= ggzm:

222a.R=H 223a: 40 % .
222b: R = Me 223b° 59 % bicyclo [4,3,0]
a: 10 mol% Pdy(dba)j, 40 mol% (i-Pr()sP, toluene, 110°C, 42 h

retention

213a:R = CDM
Table 1 2132 A= 2Me

213a NI(COD)z, PPhy 110°C 74 %

R
213a  [PPhg),PdCl;, DIBAL 130°C 98% i ZgI%ONéCODiz 1
213b  (PPha);PdCly, DIBAL 50°C 74 % 222a, b L- COM anti Bredt I'U|e
MeO,C Ve -
a: reaction procedure: the catalyst in degassed loluene was treated with e
DIBAL and 213 at -78°C, then heated at the indicated temperature CO;Me
224a 20 %
224b: 50 %
Stereospecificity of the Cycloaddition bicyclo [3,3,0] Lautens, JACS, 1996, 118, 9597
E E = - = =
N Payldbaly (210 mol%) = Effect of Substituent on the Cyclopropane Carbon
PIOIPY)4 (2 pguiv i Pd) = . .
A, - - 3 [
. )\rn toluene, reflux, 152 b j 'Substltutlon atR4 and Rz' have 2 ot
; W I'm, Ry little effect on stereoselectivity. h P (4-14 mof) .
Table 2 Ry Ry R ) . =
ﬁf s} toluene, reflue, 2-h }[{
Entry Substrate” Cycloadduet Yield (%) P [ b
! Al
1 38 Ry=CeHyy, Ay = H, fiy = H, E = COOCH, 11a 75 Table 3 Ceth
2 3b Ay =CeHyy, Bp =M, Ry = H, E = CHOH 11b a5°¢ Entry Substrale® R Catalyst ® Cycloadduct Yield (%)
3 4 Ry =H,Ry=CeH,,. Ay = H, E = COOCH, 12 72 P a Pooale! PO = =
. . 1 a Friglana)y / PIOIFT)y a 5
4 §  FymGyHyg fp = H, Ay = H, E = COOCH, 13 7 '
5 68 Ry=H, Ay = CoHs Ry = H, E = COOCH, 142 70 (B3)* 2 a OCHy Flaltbalsf P[Ofpr_ld i7 L
6 7 Ry, Fz2=(CHgs Ay =H, E = COOCH, 15 c8 = 10 CH, Faaldtal / P(OIFA; 8 COHpRE NG
7 8§ Ry=CeHyy, Rz=H, Ry=nPr, E = COOCH; 16 8 4 10 CHy Pd(PPhy)y 18 43
@ P/Pd = 2/1: typically 2—10 mol % of Pdy(dba); was used. See a CgHy; refers to cyclohexyl.  P/Pd = 2/1; typically 2—12 mol %
experimental for details. ? CgHy; refers to cyclohexyl and C;H,; refers of Pd® was used
to n-heptyl. € Reflux for 4 h. 4 10 mol % of Pd(PPh;); was used at reflux i
in toluene for 2 h. Scheme 3
___________________________________________________ \
Effect of Substituent on the Acetylene : E E Pd '
]
) BN Prly{dha)y (2-10 mols) A i _Pd /:|| Pd /: | Ve 1
A FCPr) 5 (2 equiv 12 Pd) ® '&;:ﬂ() | J P —— e H :
(o] toluene, reflux, 212 b 3{ : H \ H 0 R\ o :
H I H Gy ' ~ > 1
Table 4 Cettry ' R 1 R 2 ﬂ 3 :
I
Entry Substrate® R Calalyst Cyeloadduct Yield (%) : E :
1 ]
c , ! 2 —Pd !
1 da COOCH, Pdgidba)y ! FIOIPr, 11a 75 \ E |
=== 1
2 3b CHyOH Pdaldba)y / PIOIPr, 116 85 : 0 -~ H % :
I -
3 2 CHOTBOMS  Pyidbaly ! P{OPr)y 11e 100 ! H & R\‘ 0 !
4 kT COCH; Pugldbial, / POV A MS  1le 52 (a2) ! 5 4 '
& dbal. / o 11 59 . Piatror iy Ty iuiai pRPiED TV T rEPRPN T Pttt ettt 4
s % CH Pugidbals ! PIOPT)s g =S Si subsutituted alkynes also didn't cyclize.
7 P/Pd = 2/1; typically 2—10 mol % of Pdy(dba); was used. See
experimental for details. ® CsH;; refers to cyclohexyl. € 11 mol % of
Pd(PPh;)y was used at reflux in toluene for 1.5 h. ¥ A similar result
was observed when Pd(PPh;); was used as the catalyst.




