OCArticle

An Iron-Promoted Aldehyde—Diene Cyclocoupling Reaction

Anthony J. Pearson* and Huikai Sun
Department of Chemistry, Case Western Resésniversity, Cleceland, Ohio 44106

ajp4@case.edu

Receied June 13, 2007

R Fe(CO); O
1. Toluene S
= | H 350 nm, CO 2
N : *
Ph 2. CuCl, in EtOH oé\N
o \
. Ph
H-° H—°
©ocire {7 oorre . H PH
\/ \ ‘\ | 1. Mesitylene :
©/> ©/> 350 nm, CO
XA + :
: : 2.CuClpin EtOH % H
O&\N\ O%N\ 42% two steps O/\N
30a Ph 30b PN Ph

A stereospecific intramolecular iron tricarbonyl-promoted aldehydlene cyclocoupling reaction was
investigated by using simple substraéeand more complicated substra@3a/30b. Demetalation of the

initial products converts all complexed dienes to their pure organic counterparts. In addition, the nickel-
catalyzed carbonylene reaction and the Prins reaction were investigated with two different substrates.

Introduction Results and Discussion

To expand the scope of this iron tricarbonyl-promoted
. o . ] cyclization reaction, we examined the reactivity of substrates
of spirocyclization reaction has been developed in our labora- 6a—c and 7, each having a pendant carbonyl group, in
tory.* This reaction is based on substrates with a cyclohexadi- ypticipation that a carbonylene-type of spirocyclization could
eneiron tricarbonyl moiety and a pendant olefin and affords two 5150 pe promoted by iron to afford products with a functional-
diastereomeric spirocyclic iron complexes, which can be readily jz5pje hydroxyl group at C4. Complex&a—c were readily
converted to organic molecules by subsequent demetalationprepared in good yields starting with iron complexed dienyl-
reactions (Scheme 1). The new carb@arbon bonds (C4 and  carboxylic acidsta—c56 through amidation followed by ester
C5 in compounds2a/2b) are formed stereospecifically, but to aldehyde reduction with DIBAI-H at low temperature
thermal rearrangement leads to isomerizatiorRatto 2b by (Scheme 2). Treatment 6awith MeMgBr at—78 °C followed
iron-mediated hydride shift. Further investigation showed this by in situ Mukaiyama oxidation of the alkoxide afforded
regioisomerization problem can be remedied through tandem substraté&’ with a pendant ketone in 62% yield over two stéps.
double cyclizatiof or introduction of certain functional groups With these substrates in hand, we investigated their reactivity
on the cyclohexadiene rirlg, and excellent dynamic diaste- under various cyclization conditions previously found to effect
reoselectivity can also be obtained by introducing a chiral center diene/alkene cyclocoupling. Substraéa was subjected to
on the side chaifiHowever, formation of a nonfunctionalized thermal cyclization conditions{Bu,O, CO, 145°C) and the
alkyl group at C4 limits the application of this spirocyclization anticipated spirolactam comple3a was isolated in only 4%
reaction in organic synthesis. yield with loss of most starting material (Table 1, entry 1).

An intramolecular iron tricarbonyl promoted-{&] ene type
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TABLE 1. Cyclization of Substrates 6a-c

(©oc)Fe § } (OC)gFe R

AN on N TR o
6a-c | : \ o+ + N o+
S T T e
ga-c ™" oac " 10" 11a-cP "
R=H T
CuCl, in EtOH
rt. 79%
products (%)
time

entry substrate conditiofis  (h) 8 9 10 11

1 6a A 8 4
2 6a B 12 17 5
3 6a C 6 28 4 6 8
4 6a D 6 18 12
5 6a E 12 47 6 7 8
6 6a E 20 35 4 6 4

7 6b C 6 20 5
8 6¢c E 12 7

aConditions: (A)n-BuyO, 145°C; (B) benzene, 350 nm, 8TC; (C)
toluene, 350 nm, 110C; (D) mesitylene, 350 nm, 16%C; (E) toluene,
350 nm, 100°C. P Isolated percent yields.
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N. —_— :
Ph 142°C oﬂN
0 Ph
1 2a
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CuCl, in EtOH
o1 s
07 N 07N
Ph Ph
3a 3b

Photothermal cyclization (benzene, 350 nm, CO;@pafforded
8ain better yield (17%) with 42% recovered starting material

(Table 1, entry 2). Under these conditions, several minor side
products were also observed, among which only one could be
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cyclization to give a single produ@c but in only 7% yield
(Table 1, entry 8). Substantial amounts of polar, uncharacter-
izable material were also formed during this reaction. Subjection
of ketone substratéto photothermal cyclization conditions gave
uncyclized regioisomers from diene rearrangement and no
cyclization products were observed.

This intramolecular iron tricarbonyl-promoted carbonghe
spirocyclization likely proceeds via a mechanism similar to the
all-carbon [6+2] ene type of spirocyclization reported earfler.
Under either thermal or photothermal conditions, one carbonyl
ligand is dissociated from the iron atom in substi@aeo lead
to a 16e iron compleg2 with a vacant coordination site, which
can be occupied by? coordination of the iron atom with the
aldehyde carbonyl double bond to form intermedi8éScheme
3). Subsequent cyclization givesallyl complex 14 followed
by hydride migration to afford5. Then reductive elimination
followed by recapture of one carbonyl group affords product
8a, which can undergo diene migration through intermediates
16 and 17 under the reaction conditions to give regioisomer
10aas a minor product. Generally, iron-promoted+fg ene
spirocyclization affords these two regioisomers in equivalent
amounts, but this carbonykne reaction gives the directly
formed lactamBa as the major product. This stereoselectivity
is likely due to coordination of the iron atom with the newly
formed hydroxyl group in a 16e complexed intermediaé
formed through dissociation of one carbonyl fr@aunder the
reaction conditions, which stabilizé&$. This coordination effect
geometrically favors the position for the diene in the 16e
intermediatel6 and disfavors postcyclization diene migration
to form intermediatel 7, which can lead to minor produ@Da

To investigate the capability of this iron-promoted carbenyl
ene reaction for formation of a 6-membered lactam, substrate
18 was prepared in good vyield through homologation of
aldehyde6a as shown in Scheme %Subjection of18 to
photothermal conditions gave complexed secondary atfde
as the sole product in 46% yield instead of formation of a
6-membered lactam. Thermal cyclization conditions gave similar
results with formation of some unidentified demetalated prod-
ucts. Considering the side chain structurd8fa retro-Michael
reaction to generate9 is not unexpected under these reaction
conditions.

18-Deoxycytochalasin H (Scheme 5) is a potent HIV-1
protease inhibitor and its derivatives can regulate plant gréfvth.

purified and fully characterized as the decomplexed monoolefi- Through retrosynthetic analysis, this natural product might be

nyl lactaml1la obtained in 5% yield. The hydrogen source for

formation of this monoolefin compound has not been determined

at this time. When the cyclization &a was attempted under

various conditions by changing solvent, reaction temperature

and reaction time (Table 1, entries-8), it was found that

prolonged reaction time and higher temperature usually caused

accessible from intermedia®0, which comprises a tricyclic
core structure with a 5-membered lactam, and this compound
might be prepared from complexed aldehy@2s/b through

'this iron-promoted aldehydediene reaction with formation of

a single complexed produl. The desired substrat@ab
might be available from known complex28ab, which have

loss of material. Finally, the best results were obtained under y.an obtained through an Fe(G@yomoted [6-2] ene spiro-

photothermal conditions in toluene at 100, which afforded
both expected product8a (47%), 10a (7%), demetalated
product9a (6%) and side produdila(8%). The combined yield
for both diene regioisomers was 60% in an 8:1 ratRa({-
9a)10a). Complexed8a was readily demetalated by CuyGh
EtOH to provide9a in 79% yield®

Cyclization of methyl-substituted compléb under photo-
thermal conditions afforded a 4:1 mixture of regioisomeric
spirolactam complexe8b and 10b in 25% combined yield
(Table 1, entry 7). Methoxy-substituted substéteinderwent

(8) Thompson, D. JJ. Organomet. Chenl976 108 381-383.
7694 J. Org. Chem.Vol. 72, No. 20, 2007

cyclization in excellent diastereoselectivity during our previous
work 4

Before applying this iron-mediated aldehyetiene coupling
reaction to the synthesis of intermedi@tkfor a projected total
synthesis of 18-deoxycytochalasin H, a model reaction was
designed and studied based on simple substrates. Accordingly,
complexes30ab and 31lab were prepared starting with
commercially available aminoalcoh®#, which was protected

(9) Demeke, D.; Forsyth, C. Org. Lett 2003 5, 991-994.
(10) Haidle, A. M.; Myers, A. GProc. Natl. Acad. Sci. U.S.2004
101, 12048-12053.
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SCHEME 2
R Fe(co),  MsCl,DIEA,DCM R Fe(CO); O R Fe(CO)s O
//I 0°C P | HKOEt DIBAI-H / DCM /,| H
OH H o N\Ph -78°C *Ph
o ph NP ort o
4aR=H 5a 77% 6a 75%
4b R =Me 5b 77% 6b 73%
4c R =OMe 5¢c 82% 6¢c 71%
Fe(CO); O
MeMgBr, THF ADD in THF /, HJ\
6a | N
-78°C 0°C-rt “Ph
62% (two steps) )
7
SCHEME 3 directly to give the desired products, b80b needs to be
o o (CO)Fe, converted to30a first via thermal equilibrium under the
A (OC)ZFe\ K (OC)ZFi\% Z cyclization conditions, and then undergoes cyclizati@om-
g2 —— OH(N 1 ! H(J/% plex 32 was readily converted to pure organic compol®d
-Co “Ph “Ph o~ N by demetalation with CuGlin EtOH, and the combined yield
120 . o Ph for formation of33 was 42% over two steps. The stereochem-
y 14 istry at C6 and C7 in compoun8@3 was assigned by NOE
(Copte (COLFe. (COpFe  H difference NMR spectra. A 1.6:1 mixture of kno@_ummpounpls
/ o /\ ] ‘ 0 34ab was also isolated in 17% yield, resulting from iron-
— (/] 3H | 1] ~H Q/i” promoted decarbonylation @&0a/b.
;\N o’z\N‘ o//:\N\ To compare this iron-promoted carboayiiene.reactionlwith
bh Ph 7 P the known nickel-catalyzed carborydiene coupling reactiot?,
15 18 decomplexed aldehyde&bab were prepared in good yields
‘ co “co from complexed alcohol®9ab by demetalation and subsequent

and then oxidized (Swern oxidation) to give aldehg28eén 88%
yield over two steps (Scheme B)Treatment o225 with triethyl
phosphonoacetate under MasamuR®ush conditiond? fol-
lowed by deprotection of the amino group afford2glin 73%
yield over two steps. Coupling of acith via its acyl mesylate
with secondary amin6 afforded amide comple27 (76%
yield) with a pendant olefin, which underwent&] ene type
spirocyclization under photothermal conditions to give a 1.7:1
mixture of lactam complexe®88a and28bin 78% yield.

Attempted direct reduction of est@B to aldehyde30 with
DIBAI-H was problematic. Aldehyde30ab (as a 3.5:1 mixture)
were therefore obtained by reducing est28s/b with LiBH4
to the corresponding alcoha®®aand29b, obtained in a 1.4:1
ratio and 82% yield, followed by Mukaiyama oxidation.
Presumably, the changes in ratio efb are a result of
fractionation during these transformations, possibly reflecting
different stabilities or reactivities of these isomers. Homologation
of aldehydes30ab by treatment with MeOCHPPhR under
Wittig olefination conditions and subsequent hydrolysis afforded
aldehyde substrate3lab in a 4:1 ratio and 88% yield over
two steps.

Subjection of30ab to photothermal conditions (mesitylene,
350 nm, CO, 160°C) gave a single complexed tricyclic
compound32 and its demetalation produ88in 21% and 26%
yields, respectively (Scheme 7). Compl80a can cyclize

(11) Dondoni, A.; Perrone, D.; Merino, B. Org. Chem1995 60, 8074~
8080.

(12) Blanchette, M. A.; Choy, W.; Davis, J. T.; Essenfeld, A.
Masamune, S.; Roush, W. R.; Sakai,TEtrahedron Lett1984 25, 2183~
2186.

oxidation with Dess-Martin reagent (Scheme 8). Treatment of
35awith Ni(acac) and EtZn in THF afforded two isomers in
9% and 52% yields, respectively. They were assigned86as
and 36b based on the known characteristics of this nickel-
catalyzed reaction and further confirmed by NMR spectra.
Subsequent oxidation 86aand36b with Dess-Martin reagent
gave two ketone isomeB¥aand37b, which further confirmed
that 36a and 36b are a pair of regioisomers instead of two
alcohol epimers. Similarly35bwas also treated with Ni(acac)
and E$Zn in THF to afford38aand38b, each in 11% yield.
An increased amount of Ni(aca@nd EtZn and an elongated
reaction time caused loss of most material. Subsequent oxidation
of 38a and 38b with Dess-Martin reagent also afforded two
ketone isomer89a and39b in excellent yields. For this type
of substrate, this comparison shows that our iron-promoted
carbonyt-ene reaction has the advantage of affording a single
major ene product with retention of the diene functional group.
Cyclization of31ab was also investigated under both thermal
and photothermal conditions and produced three regioisomers
40a—c with formation of a five-membered ring instead of the
expected six-membered ring. A plausible mechanism for this
reaction is included in Scheme 9. One carbonyl ligand dissoci-
ates from iron under the reaction conditions and then subsequent
oxidative addition of the aldehyde leads to intermedéteon
which decarbonylation occurs to give intermedid® Then
reductive elimination formst allyl complex 43, which can
undergo a second reductive elimination and demetalation to
afford 40b or 40c Presumablyt0a results from double bond

(13) (a) Shibata, K.; Kimura, M.; Shimizu, M.; Tamaru, 9Org. Lett
2001, 3, 2181-2183. (b) Sato, Y.; Takimoto, M.; Mori, MTetrahedron
Lett. 1996 37, 887-890. See also: (c) Jang, H-Y.; Huddleston, R. R.;
Krische, M. J.Angew. Chew.Int. Ed. 2003 42, 4074-4077.
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SCHEME 4
R H Fe(CO
KHMDS, THF Fe(CO); &(COk
+ - oc 2N HClyq y , Mesitylene, 350 nm &~ , H
MeOCH,PPh;CI 4‘)» | - - . | l:l
6a, THF,-78 °c Dioxane, 90% N.p, 160°C, CO, 46% “Ph
0,
76% o e}
18 19
SCHEME 5
Fe(CO);
{— f—
18-deoxycytochalasin H
(0]
Fe(CO)s CO,Et Fe(CO), COzEt Fe(CO),
H 3 H 3
Bn B + Bn F * Bn B 7
N0 N"So NN
PMB PMB PMB
22a 23a 23b

migration on the initial products. Note that substr8tealso
gives products of decarbonylatioB4) but there is no decar-

bonylative cyclization because this would require 4-membered-

ring formation.

To investigate alternate cyclization methods that can avoid

decarbonylation, a 1:2.7 mixture 4#ialb was prepared in 57%
yield by treating complexe81ab with MesNO in benzene
(Scheme 10). Subsequent treatment of4da@b mixture with
2 N HCl led to 100% recovery of4b and cyclization product
45in 75% yield from its corresponding substratéa which

and then with CO for 10 min. The solution was refluxed under a
balloon of CO for 6-20 h. The cooled reaction mixture was filtered
through Celite and concentrated in vacuo. Flash chromatography
or preparative TLC separation yielded the desired products.
Deviations from this procedure are noted in the experimental
description for specific compounds.

General Procedure for the Photothermally Induced Cycliza-
tion. The appropriate amide was dissolved in freshly distilled
toluene or mesitylene (0.640.02 mmol/mL) under argon in a dried
quartz tube or a glass round-bottomed flask. The air in the solution
was removed by the freez@pump-thaw method three times,

was completely consumed after the reaction (path a in Schemefollowed by bubbling with Ar for 10 min and then with CO for 10

10). A better combined vyield for formation @b, 63% over
two steps fronBlab, was obtained by demetalation with CyCl
in EtOH, followed by direct treatment of the product mixture
with 2 N HCI (path b in Scheme 10). These results indickie

is formed through a Prins reaction from demetalated compoun
44arather than a hetero-DielsAlder reactiont* However, due

to difficulty in forming a seven-membered ring with the diene

min. The reaction flask was put into an oil bath, heated to the boiling
point of the solvent being used, and irradiated in a Rayonet reactor
with a 350 nm light source, with magnetic stirring for84 h under

a balloon of CO. The cooled reaction mixture was filtered through

dCeIite and concentrated in vacuo. Mesitylene was removed under

oil pump vacuum at rt. Flash chromatography or preparative TLC
separation yielded the desired products. Deviations from this
procedure are noted in the experimental description for specific

in 44b, this compound does not undergo the Prins reaction and compounds.

remains unchanged under the conditions used here.
To conclude, an intramolecular iron-promoted aldehyde

General Procedure for Demetalation. Method A: To the
solution of complexed intermediate in benzene was added trim-

diene coupling reaction was discovered and investigated to ethylamine oxide (30 equiv). The reaction mixture was stirred for

provide spirocyclic or bicyclic products. The ability to ste-
reospecifically build new chiral centers, introduce a function-
alizable hydroxyl group, and avoid isomerization of products
significantly expands the scope of our previously reportee]6
ene type of spirocyclization and tandem double cyclization.

Experimental Section

General Procedure for the Thermally Induced Cyclization.
The appropriate amide was dissolved in freshly distilteBu,O

24 h at rt, then filtered through Celite and concentrated in vacuo.
Purification by flash chromatography or preparative TLC afforded
the pure productdMethod B: To a small vial was added the iron
carbonyl complex (0.1 mmol) and sat. Cy&blution in EtOH (2.5
mL). The solution was stirred at rt for-24 h, then concentrated

in vacuo. After water (4 mL) was added to the residue, the mixture
was extracted with ether (8 3 mL). The organic layer was washed
with brine, dried (NaSQy), filtered, and concentrated in vacuo. The
crude products were purified by preparative TLC or flash chroma-
tography.

ether (0.02 mmol/mL) under argon in a dried glass round-bottomed ~ Cyclization of 6a To Afford 8a, 9a, 10a, and 11aAccording

flask. The air in the solution was removed by the freegemp-
thaw method three times, followed by bubbling with Ar for 10 min

(14) (a) Prins, H. JChem. Weekbll919 16, 1072-1073. (b) Yadav, J.
S.; Reddy, B. V. S.; Kumar, G. M.; Murthy, C. V. S. Retrahedron Lett.
2001 42, 89-91.
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to the general procedure for the photothermally induced cyclization,
a solution of aldehydéa (43 mg, 0.11 mmol) in toluene (22 mL)
was heated at 100C for 12 h. Flash chromatography (Hex:EA/
3:1) afforded8a (20.2 mg, 47%) as a pale yellow solid. Mp 189
191°C. R 0.60 (Hex:EA/2:1)H NMR (400 MHz, CDC}) 6 7.57
(dd,J = 9.2, 1.6 Hz, 2H), 7.3%#7.33 (2H), 7.13 (tJ = 7.2 Hz,
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SCHEME 6
CO,Et
OH . Q1. (E10),P(0)CH,CO,Et | 2
BocyO, 94% H DBU, LiCl, MeCN 76%
Ph/N\R Swern oxidation Ph’N‘Boc 2. TFA, CH,Cl,, 0°C N
" 94% 96% Ph" H
25 26
CO,Et
MsCl, DIEA, CH,Cl, _ Fe(co)ﬂ CO, PhH
4a T ——
amine 26, DIEA | N 350 nm, 85 °C
76% “Ph 78%
27 ©
E10,C OH OH
(0C)sFe 1 (0C)Fe (OC)sFe K (OC)sFe
| s i LiBH,, Et,0 | N AT
; ' 0°C, 82% : TN
: 82% : :
O//\'?l o//\'T' o//\'Tl
Ph Ph Ph
28a 29a 29b
1.7 : 1 1.4 : 1
oc)Fe  H ° H—°
(OC)s ‘i \f (OC)sFe \< MeOCH,PPh,CI, THF
i-PrMgCl, THF ©/> . A S KHMDS,0°C
- < N
ADD, THF g : 30alb in THF, -78 °C - 1t
76% 0N 07N
30a Ph 30p Ph
3.5 : 1
o o
(OC)sFe H)k\ (OC)sFe H»\\
HCl,q in dioxane | ‘\ ,\/
. :
88% over two steps : X :
O%\N\ 0¢\N\
31a Ph 31b Ph
4
SCHEME 7
(OC),Fe H OH H OH Fe(CO);  (OC)sFe
30a Y = | Xy ’
. 350 nm, CO \/ ’ + p + - +
Mesitylene ZN\ Al ;
sop  160°C.%h Y 07\ N
Ph Ph Ph
32 (21%) 33 (26%) 34a
CuClyin EtOH | 17%

74%

1H), 5.72-5.69 (m, 1H), 5.51 (ddJ = 5.6, 5.2 Hz, 1H), 4.46 found 242.11739a (1.6 mg, 6%). Mp 155157 °C. R 0.40 (2%
4.30 (m, 1H), 3.94 (dd) = 10.4, 4.8 Hz, 1H), 3.68 (dd, = 10.8, MeOH in CHCl,) *H NMR (400 MHz, CDC}) ¢ 7.66 (dd,J =
2.4 Hz, 1H), 3.2£3.18 (m, 1H), 3.09 (ddJ = 6.8, 1.2 Hz, 1H), 9.2, 1.2 Hz, 2H), 7.4%7.30 (2H), 7.18-7.15 (m, 1H), 6.36 (ddJ
2.19 (br, 1H), 1.921.81 (2H).*3C NMR (100 MHz, CDC}) 6 = 9.6, 5.2 Hz, 1H), 6.066.02 (m, 1H), 5.925.87 (m, 1H), 5.74
211.7, 175.1, 139.5, 129.1, 124.8, 119.7, 86.8, 85.2, 74.4, 60.3,(d, J= 9.6 Hz, 1H), 4.46-4.37 (m, 1H), 4.04 (dd) = 10.8, 5.6
57.8,54.8,53.1, 37.2. HRMS (FAB) calcd for MHC;gH1sFeNQ;) Hz, 1H), 3.73 (ddJ = 10.4, 3.2 Hz, 1H), 2.88 (dJ = 18.0 Hz,
382.0378, found 382.0378. Purification of the remaining material 1H), 2.21 (dd,J = 18.0, 5.6 Hz, 1H), 1.96 (d] = 3.6 Hz, 1H).
by preparative TLC (2% MeOH in Ci€1;) gave recovered starting 13- ’NMR (100’ MHz CbC&) 5 1'75 9 '139 41292 1254; 1250
material (7.0 mg, 8%) and affordetDa (2.9 mg, 7%) as a pale ' T . - ) o
. 5 . 1 124.0, 121.8, 120.1, 70.0, 53.0, 51.4, 30.0. HRMS (FAB) calcd

yellow solid. Mp 50°C dec.R: 0.50 (2% MeOH in CHCI,). H

. ) 5 for MH* (CysH16NO,) 242.1181, found 242.1143.1a (2.2 mg,
NMR (400 MHz, CHOD:CDChk/1:1) 6 7.62-7.58 (2H), 7.39- 0 N 0 . Ly 1
7.34 (2H), 7.19-7.15 (m, 1H), 557 (ddJ = 5.6, 4.2 Hz, 1H),  8/0). Mp 195-197°C. R 0.30 (2% MeOH in CHCl,). ’H NMR
5.39-5.36 (m, 1H), 4.29 (dd) = 10.8, 4.4 Hz, 1H), 3.69 (d] = (400 MHz, CDC}) 6 7.65 (dd,J = 9.2, 1.2 Hz, 2H), 7.467.35
11.2 Hz, 1H), 3.48-3.40 (m, 1H), 2.84 (dd) = 6.4, 1.2 Hz, 1H),  (2H), 7.17-7.13 (m, 1H), 6.28 (ddd] = 10.0, 4.0, 3.6 Hz, 1H),
2.35 (dd,J = 16.0, 3.2 Hz, 1H), 1.93 (dd] = 16.0, 1.6 Hz, 1H). 5.68 (d,J = 10.0 Hz, 1H), 4.26-4.22 (m, 1H), 4.09 (dd) = 10.4,
13C NMR (100 MHz, CHOD:CDCk/1:1) 6 211.5, 176.4, 139.6, 5.6 Hz, 1H), 3.71 (ddJ = 10.4, 3.2 Hz, 1H), 2.232.05 (2H),
129.1, 124.9, 120.0, 88.8, 82.2, 71.8, 63.8, 60.8, 55.1, 54.7, 31.1.2.00-1.90 (2H), 1.89 (dJ = 4.8 Hz, 1H), 1.751.62 (2H).13C
HRMS (FAB) calcd for [MH" — Fe(CO}] (C1sH1dNO;,) 242.1181, NMR (100 MHz, CDC}) 6 175.7, 139.6, 135.8, 129.1, 124.8, 122.2,
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SCHEME 8

1. CuCl, in EtOH, 80%

29a + 29b

2. Dess Martin Reagent
14 1

2%

Ni(acac),, EtoZn

Pearson and Sun

7N N
Ph Ph
35a 35b
12 1
H O H O
DMP +

>~ S 8 S H
A A H A A
THF o\ oy ST S
Ph Ph Ph Ph
36a (9%) 36b (52%) 37a (100%)*  37b (83%)°

Ni(acac),, Et,Zn
b ——— -

THF

38a (11%)

aYields are based on the corresponding single alcohol.

SCHEME 9
H H H
350 nm, CO
31b + 31a < H + < M + - 9y
. Mesitylene A PA PN
1 : 4 A A
(| cyctzaton | 160°C,0n  © N SR o7\
Cycllgafmon Ph P h« p h/
conditions 40a 40b 40¢
12% 27% 5%
Oxidative 1. Reductive
addition elimination
2. Demetallation
Hoo o f
(OC),Fe (OC)sFe (OC)xFe H
. \ Reductive \— o
/s Decarbonylation | A elimination /
g < PA H
% Fs o\
0" N o~ N Ph
41 Ph 42 Ph 43

120.0, 73.3, 53.4, 52.0, 29.4, 24.9, 19.0. HRMS (FAB) calcd for
MH™* (CysH1gNO,) 244.1337, found 244.1331.

Demetalation of 8a To Afford 9a. According to the general
procedure B of demetalation, compl8a (11 mg, 29umol) was
treated with CuGlin EtOH for 20 h. The crude products were
purified by preparative TLC to givea (5.5 mg, 79%).

Cyclization of 6b To Afford 8b and 10b. According to the
general procedure for the photothermally induced cyclization, a
solution of aldehydé&b (23 mg, 0.06 mmol) in toluene (5.8 mL)
was heated at 11TC for 6 h. Flash chromatography (Hex:EA/3:1)
afforded 8b (4.5 mg, 20%) as a pale yellow solid. Mp 158
—160 °C. R 0.70 (Hex:EA/2:1).MH NMR (400 MHz, CDC}) o
7.59-7.56 (2H), 7.36-7.32 (2H), 7.157.11 (m, 1H), 5.41 (d)
= 6.4 Hz, 1H), 4.26-4.16 (m, 1H), 3.93 (ddJ = 11.2, 4.8 Hz,
1H), 3.70 (dd,J = 10.8, 2.0 Hz, 1H), 3.04 (dJ = 1.6 Hz, 1H),
3.02-2.99 (m, 1H), 2.31 (s, 3H), 2.16 (d,= 4.0 Hz, 1H), 1.83-
1.72 (2H).13C NMR (100 MHz, CDC}) ¢ 211.9, 175.6, 139.5,

38b (11%)

J
N
Ph
30b (76%)°

Y
o/ N
Ph
39a (93%)?

7.33 (2H), 7.16-7.12 (m, 1H), 5.47 (dJ = 4.0 Hz, 1H), 5.20 (dd,
J=16.0, 4.0 Hz, 1H), 4.3t4.28 (m, 1H), 4.22 (dd) = 11.2, 4.4
Hz, 1H), 3.71 (dJ = 10.8 Hz, 1H), 2.62 (ddJ = 6.4, 1.2 Hz,
1H), 2.34 (dJ = 16.0 Hz, 1H), 1.96-1.91 (2H), 1.72 (s, 3H)*C
NMR (100 MHz, CDC}) 6 175.5, 139.7, 129.1, 124.8, 119.6, 91.0,
80.3, 78.5, 72.6, 59.7, 55.5, 54.6, 36.9, 25.8. HRMS (FAB) calcd
for MH* (CyoH1sFEeNG;) 396.0534, found 396.0542.

Cyclization of 6¢c To Afford 8c. According to the general
procedure for the photothermally induced cyclization, aldel§ae
(29 mg, 0.07 mmol) in toluene (15 mL) was heated at 10Gfor
12 h. Preparative TLC (Hex:EA/2:1) afford&d (1.9 mg, 7%) R
0.70 (Hex:EA/2:1)H NMR (400 MHz, CDC}) 6 7.62-7.59 (2H),
7.36-7.32 (2H), 7.157.11 (m, 1H), 5.265.24 (m, 1H), 4.22
4.19 (m, 1H), 3.94 (dd) = 10.8, 4.4 Hz, 1H), 3.77 (s, 3H), 3.70
(dd,J = 10.8, 1.6 Hz, 1H), 3.39 (d] = 2.4 Hz, 1H), 2.74-2.70
(m, 1H), 2.25 (br, 1H), 1.75 (ddd,= 14.8, 2.4, 0.8 Hz, 1H), 1.63
(dd,J = 14.8, 3.2 Hz, 1H)13C NMR (100 MHz, CDC}) 6 175.4,
141.3,139.2, 128.8, 124.6, 119.4, 73.7, 67.6, 56.5, 55.2, 53.2, 51.6,
48.2,36.7. HRMS (FAB) calcd for MH(CygH1gFeNQs) 412.0484,
found 412.0487.

[N-Phenylcyclohexa-1,3-dienecarboxamidel]tricarbonyliron (19).
According to the general procedure for the photothermally induced
cyclization, a solution of aldehyd&8 (31 mg, 0.09 mmol) in
mesitylene (16 mL) was heated at 16C for 12 h. Flash
chromatography (Hex:EA/3:1) recovered starting material (5.5 mg,
18%) and affordedl9 (12 mg, 46%).R: 0.50 (Hex:EA/2:1).1H
NMR (400 MHz, CDC}) 6 7.47-7.45 (2H), 7.29-7.24 (3H),
7.06-7.02 (m, 1H), 6.16 (ddJ = 4.0, 0.8 Hz, 1H), 5.395.37 (m,
1H), 3.30-3.28 (m, 1H), 1.981.93 (2H), 1.75-1.64 (2H).*C
NMR (400 MHz, CDC}) 6 169.6, 138.1, 129.3, 124.5, 120.4, 88.6,
85.0, 68.0, 61.8, 25.1, 24.7. HRMS (FAB) calcd for MKCyeH14-
FeNQ,) 340.0272, found 340.0272.

[Ethyl 2-[6,9,n-2-phenyl-1-0x0-2-azaspiro[4.5]deca-6,8-dien-
4-yllacetate]tricarbonyliron (28a and 28b). According to the
general procedure for the photothermally induced cyclization,

129.1, 124.8, 119.8, 104.2, 86.4, 74.3, 60.6, 56.4, 55.9, 53.4, 36.7,complex27 (104 mg, 0.23 mmol) in benzene (15 mL) was heated

22.6. HRMS (FAB) calcd for MH (CyH1gFeNQ;) 396.0534, found
396.0552. Further purification of the remaining material by prepara-
tive TLC (2% THF in CHCI,) gave recovereéb (4.5 mg, 19%)
and affordedLOb (1.2 mg, 5%). Mp 170C dec.R; 0.20 (2% THF

in CH,Cl,). IH NMR (400 MHz, CDC}) 6 7.64-7.60 (2H), 7.38
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at 80°C under CO in a quartz tube (Rayonet reactor) for 6 h. Flash
chromatography (Hex:EA/4:1) afforded two inseparable diastere-
omers28aand28b (81 mg, 78%) in a 1.7:1 ratidz 0.50 (Hex:
EA/4:1). *H NMR (400 MHz, CDC}) 6 7.62-7.56 (4H, two
isomers), 7.3#7.32 (4H, two isomers), 7.157.10 (2H, two
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57%

path a:
path b:  50% (63%)?

isomers), 5.555.53 (m, 1H, minor isomer), 5.545.49 (2H, major
isomers), 5.345.31 (m, 1H, minor isomer), 4.18 (4,= 7.6 Hz,
2H, major isomer), 4.144.05 (2H, minor isomer), 3.90 (dd,=
14.4, 6.8 Hz, 1H, major isomer), 3.58.53 (2H, two isomers),
3.41-3.39 (m, 1H, minor isomer), 3.323.25 (m, 1H, major
isomer), 3.02 (ddJ = 6.4, 1.2 Hz, 1H, minor isomer), 2.88 (ddl,
=15.2, 3.2 Hz, 1H, major isomer), 2.78.88 (10H, two isomers),
1.29 (t,J = 7.2 Hz, 3H, major isomer), 1.22 (#, = 6.8 Hz, 3H,
minor isomer)33C NMR (100 MHz, CDC}) 6 211.7, 211.5, 176.2,

JOC Article

(0] o
H Hk\
07N 07N
44a P aan "

path a
2 N HCI/THF(1/1)

20% (100%)? (one step)
19% (95%)? (two steps)

80% (75%)°

mixture was allowed to warm to rt and stirred for 2.5 h. The reaction
solution was quenched with brine (10 mL), extracted witfCE{2

x 10 mL), washed with a mixture of brine and water (1:1x 5
mL), dried (NaSQy), filtered and concentrated in vacuo. Flash
chromatography (Hex:EA/3:1) afford@&daand30b (118 mg, 76%
combined yield) in a 3.5:1 rati®0a(91.7 mg, 59%):R; 0.50 (Hex:
EA/2:1). 'H NMR (400 MHz, CDC}) 9 9.85 (s, 1H), 7.537.48
(2H), 7.29-7.25 (2H), 7.08-7.04 (m, 1H), 5.46:5.44 (2H), 3.91
(dd,J=10.0, 6.4 Hz, 1H), 3.38 (dd,= 10.0, 4.2 Hz, 1H), 3.27

175.9,172.2,172.1, 139.8, 139.6, 129.1, 129.0, 124.8, 120.0, 119.63.24 (m, 1H), 3.02 (dJ = 14.4 Hz, 1H), 2.652.53 (3H), 2.05
119.5, 89.0, 87.8, 83.6, 82.2, 63.2, 63.1, 62.2, 61.1, 59.0, 51.5, 50.0,(dd, J = 15.2, 2.8 Hz, 1H), 1.81 (dd] = 15.6, 2.8 Hz, 1H)1:C

40.8, 39.7, 34.0, 33.5, 14.4, 14.3. HRMS (FAB) calcd for MH
(szszFeNQ) 452.0797, found 452.0790.
[2-[6,94-2-Phenyl-1-0x0-2-azaspiro[4.5]deca-6,8-dien-4-yl]e-
thanol]tricarbonyliron (29a and 29b). To a solution of ester@8a
and 28b (451.0 mg, 1.0 mmol) in EO (28 mL) under Ar was
added LiBH, (110.0 mg, 5.0 mmol) in one portion. Stirring was
continued for 12 h and the reaction was complete according to TLC.
The reaction mixture was quenched kit N HCI (25 mL) at
0 °C, extracted with ED (3 x 25 mL), washed with brine (X
15 mL), dried (NaSQy), filtered, and concentrated in vacuo. Flash
chromatography (Hex:EA/4:1) afforded two inseparable diastere-
omers29aand29b (337.0 mg, 82%) in a 1.4:1 rati® 0.30 (Hex:
EA/2:1). IH NMR (400 MHz, CDC}) o 7.55-7.50 (4H, two
isomers), 7.367.25 (4H, two isomers), 7.207.05 (2H, two
isomers), 5.555.45 (m, 1H, minor isomer), 5.43%.38 (2H, major
isomer), 5.26-5.23 (m, 1H, minor isomer), 4.04 (dd~= 14.4, 6.4
Hz, 1H, minor isomer), 3.773.51 (7H, two isomers), 3.353.32
(m, 1H, minor isomer), 3.263.23 (m, 1H, major isomer), 2.96
(dd,J = 6.4, 1.6 Hz, 1H, minor isomer), 2.74 (dil= 6.4, 1.6 Hz,
1H, major isomer), 2.382.32 (m, 1H, minor isomer), 2.1&.14
(m, 1H, major isomer), 2.122.06 (m, 1H, major isomer), 2.03
(dd,J=16.0, 2.8 Hz, 1H, major isomer), 1.97 @= 3.2 Hz, 2H,
minor isomer), 1.81 (dd]l = 15.6, 3.2 Hz, 1H, major isomer), 1.77
1.70 (m, 1H, minor isomer), 1.661.31 (5H, two isomers)'3C
NMR (100 MHz, CDC}) 6 211.9, 211.7, 177.0, 176.6, 139.9, 139.8,

129.1, 129.0, 124.7, 124.6, 119.7, 119.6, 89.0, 87.9, 83.2, 82.3,

NMR (100 MHz, CDC}) 6 211.7, 200.4, 176.1, 139.5, 129.1, 124.9,
119.6, 87.9, 83.6, 62.4, 59.1, 51.3, 50.1, 43.0, 39.8, 38.4. HRMS
(FAB) calcd for MH" (CyoH,gFeNG;) 408.0534, found 408.0531.
30b (26.2 mg, 17%):R; 0.40 (Hex:EA/2:1)*H NMR (400 MHz,
CDCl3) 6 9.72 (s, 1H), 7.537.51 (2H), 7.36-7.26 (2H), 7.09-
7.05 (m, 1H), 5.56-5.47 (m, 1H), 5.29-5.23 (m, 1H), 4.15 (ddd,
J=10.8, 6.0, 1.2 Hz, 1H), 3.343.32 (2H), 2.98 (ddJ = 6.4, 1.2
Hz, 1H), 2.79-2.74 (m, 1H), 2.652.60 (m, 1H), 2.37 (ddd] =
18.4,11.2, 1.2 Hz, 1H), 2.02 (dd,= 15.6, 2.4 Hz, 1H), 1.83 (dd,
J=15.6, 3.2 Hz, 1H)}C NMR (100 MHz, CDC}) 6 211.5, 200.3,
175.9,139.7,129.1, 124.9, 119.5, 89.1, 82.3, 62.9, 62.9, 51.5, 50.9,
43.8, 36.6, 33.6. HRMS (FAB) calcd for MH(CyoH2sFeNG)
408.0534, found 408.0527.
[2-[6,9m-2-Phenyl-1-oxo-2-azaspiro[4.5]deca-6,8-dien-4-yl]-
propionaldehyde]tricarbonyliron (31a and 31b). To a mixture
of methoxytrimethylphosponium chloride (146 mg, 0.43 mmol) in
THF (3.3 mL) under Ar at ®C was added KHMDS (0.5 M in
toluene, 0.94 mL, 0.47 mmol). Stirring was continued at this
temperature for 30 min, then a solution of aldehyf&b (133
mg, 0.33 mmol) in THF (2.0 mL) was added a¥8 °C and the
reaction was maintained at this temperature for 1 h. The mixture
was allowed to warm to rt and stirring was continued for 1 h. The
reaction mixture was carefully quenched with brine (10 mL),
extracted with BO (3 x 7 mL), washed with brine (% 8 mL),
dried (Na&SQ,), filtered, and concentrated in vacuo. The residue
was dissolved in dioxane (3.0 mL) and treatedwatN HCI (1.0

63.6, 63.5, 62.6, 61.2, 60.9, 59.7, 52.2, 51.6, 50.3, 49.9, 41.7, 39.8,mL) for 3 h. EtO (50 mL) was added, then the solution was washed

39.5, 33.2, 31.5, 30.7. HRMS (FAB) calcd for MHCyoH 0FeNQ)
410.0691, found 410.0692.
[2-[6,94-2-Phenyl-1-oxo-2-azaspiro[4.5]deca-6,8-dien-4-yl]ac-
etaldehyde]tricarbonyliron (30a and 30b). To a solution of
alcohol29ab (155 mg, 0.37 mmol) in THF (2.0 mL) under Ar at
0 °C was added isopropylmagnesium bromide solution (2 M in
THF, 0.24 mL, 0.47 mmol). After 30 min at 8C, a solution of
1,2'-(azodicarbonyl)dipiperidine (105.0 mg, 0.42 mmol) in THF
(1.0 mL) was added. Stirring was continued for 30 min, then the

with water (10 mL) and brine (10 mL), dried (BBOy), filtered,

and concentrated in vacuo. Flash chromatography (Hex:EA/3:1)
afforded inseparabl@laand31b (120 mg, 88%) in a 4:1 ratid

0.60 (Hex:EA/2:1)1H NMR (400 MHz, CDC}) 6 9.84 (t,J=1.6

Hz, 1H, major isomer), 9.74 (1] = 1.6 Hz, 1H, minor isomer),
7.62—7.54 (4H, two isomers), 7.387.32 (4H, two isomers), 7.16
7.11 (2H, two isomers), 5.55.52 (m, 1H, minor isomer), 5.51
5.48 (2H, major isomer), 5.325.30 (m, 1H, minor isomer), 4.16
4.10 (m, 1H, minor isomer), 3.75 (dd= 10.0, 6.8 Hz, 1H, major
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isomer), 3.48 (ddJ = 10.0, 6.0 Hz, 1H, major isomer), 3.448.40
(2H, minor isomer), 3.323.28 (m, 1H, major isomer), 2.98 (ddl,
= 6.0, 0.8 Hz, 1H, minor isomer), 2.82.79 (m, 1H, major
isomer), 2.66-2.2.0 (6H, two isomers), 2.312.03 (4H, two
isomers), 1.931.71 (4H, two isomers)*C NMR (100 MHz,
CDCly) 6 211.8, 211.6, 201.2, 201.1, 176.6, 176.0, 139.6, 129.2,

Pearson and Sun

9 h. Preparative TLC (Hex:EA/8:1) gave recovered starting material
(2.6 mg, 10%) and afforded decarbonylated cyclization products
40a (1.4 mg, 12%) and inseparabf#®b and 40c (3.8 mg, 32%
combined yield) in a 1:5 ratielOa R 0.35 (Hex:EA/8:1)IH NMR

(400 MHz, CDC¥) 6 7.70-7.67 (2H), 7.39-7.34 (2H), 7.15-7.13

(m, 1H), 6.02-5.97 (m, 1H), 5.63-5.60 (m, 1H), 4.10 (ddJ =

129.1, 124.8, 119.6, 119.5, 89.0, 87.8, 83.6, 82.3, 63.4, 63.3, 62.2,10.0, 8.4 Hz, 1H), 3.52 (dd, = 10.0, 3.2 Hz, 1H), 2.602.54 (m,
59.2,52.2,51.9,50.1, 49.6, 43.9,41.8,41.4, 41.3,39.9, 33.0, 21.4,1H), 2.51-2.45 (m, 1H), 2.252.12 (2H), 2.09-2.02 (m, 1H),

20.5. HRMS (FAB) calcd for MH (Cy1H20FeNG) 422.0691, found
422.0711.

Cyclization of 30a/b To Afford Compounds 32 and 33.
According to the general procedure for the photothermally induced
cyclization, aldehyde80ab (15.1 mg, 37«mol) in mesitylene (3.0
mL) was heated under CO at 16C for 9 h. Preparative TLC
(Hex:EA/3:1) recovered starting material (2.6 mg, 17%) and
afforded decarbonylated produ@4ab (2.4 mg, 17%), cyclization
product32 (3.2 mg, 21% fromH NMR, with some impurity), and
demetalated produ@3 (2.6 mg, 26%). According to the general
demetalation procedure B3was decomplexed by Cugh EtOH
to afford 32 in 74% yield (42% combined yield over two steps).
33 Mp 138-140°C. R 0.40 (Hex:EA/2:1)1H NMR (400 MHz,
CDCly) 6 7.62 (d,J = 8.0 Hz, 2H), 7.33-7.29 (2H), 7.1+7.07
(m, 1H), 6.176.13 (m, 1H), 5.94 (dd) = 9.6, 4.2 Hz, 1H), 5.74
(dd,J = 9.6, 4.4 Hz, 1H), 5.56 (d) = 9.6 Hz, 1H), 4.46-4.37
(m, 1H), 4.11 (ddJ = 10.0, 7.6 Hz, 1H), 3.56 (d] = 14.4 Hz,
1H), 3.20-3.16 (m, 1H), 2.87 (ddJ = 18.0, 7.6 Hz, 1H), 2.06
2.01 (m, 1H), 1.81 (br, 1H), 1.381.31 (m, 1H).13C NMR (100
MHz, CDCk) 6 176.2, 139.7, 129.1, 125.6, 125.4, 125.0, 122.8,
122.3,120.1, 77.5, 56.1, 50.6, 48.7, 44.1, 37.6. HRMS (FAB) calcd
for MH* (C17H1gNO,) 268.1338, found 268.1332.

Cyclization of 31a/b To Afford Compounds 40a, 40b, and
40c. According to the general procedure for the photothermally
induced cyclization, the mixture of aldehyd@sab (20.1 mg, 48
umol) in mesitylene (4.8 mL) was heated under CO at i®Gor
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1.87-1.79 (2H), 1.63+1.56 (2H), 1.48-1.39 (m, 1H).13C NMR

(150 MHz, CDC}) 6 177.4, 140.0, 130.1, 129.0, 127.2, 124.6,
120.0, 59.2, 53.5, 42.1, 42.0, 32.4, 31.2, 25.1, 23.0. HRMS (FAB)
calcd for MH" (Cy7H20NO) 254.1545, found 254.154@0b and

40c R:0.40 (Hex:EA/8:1)1H NMR (400 MHz, CDC}) 6 7.71—

7.68 (4H, two isomers), 7.397.35 (4H, two isomers), 7.167.12

(2H, two isomers), 5.855.78 (2H, two isomers), 5.55.59 (2H,

two isomers), 4.09 (dd] = 10.0, 8.4 Hz, 1H, major isomer), 4.01
(dd,J = 10.0, 8.4 Hz, 1H, minor isomer), 3.58 (dil= 10.0, 2.0

Hz, 1H, minor isomer), 3.46 (dd] = 10.0, 2.0 Hz, 1H, major
isomer), 2.98-2.97 (m, 1H, major isomer), 2.6€1.40 (19H, two
isomers)13C NMR (150 MHz, CDC}) 6 179.2, 178.6 140.0, 139.8,
130.7, 129.0, 127.0, 126.9, 124.6, 124.5, 120.1, 119.9, 57.3, 57.0,
54.1,53.2, 43.1, 40.5, 39.5, 37.3, 33.8, 32.7, 31.6, 30.8, 29.9, 28.8,
27.5, 26.7, 21.2. HRMS (FAB) calcd for MH (C17H20NO)
254.1545, found 254.1543.
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