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Abstract: Intramolecular cycloadditions between cyclobutadiene and olefins can provide highly functionalized
cyclobutene-containing products. The outcome of the reaction depends on the nature of the tether connecting
the two reactive partners in the cycloaddition. Electronically unactivated olefins attached to cyclobutadiene
through a three-atom, heteroatom-containing tether yield successfully the desired cycloadducts, whereas
the corresponding substrates without a heteroatom linkage or with a longer tether are less prone to undergo
the intramolecular cycloaddition. Calculations were used to help uncover some of the factors that influence
the course of the cycloaddition. Successful intramolecular reactions usually require either electronic activation
of the dienophile, conformational restriction of the tether, or a slower oxidation protocol. In general, a facile
intermolecular dimerization of cyclobutadiene is the major process that competes with the intramolecular
cycloaddition.

Introduction complex [GH4Fe(CO}] (2, R = H), for example, has sufficient
CyclobutadieneX, R = H) is a highly reactive, antiaromatic stability to tolerate a wide range of transformations without

species that undergoes rapid and facile dimerizatidn¢ 3, disrupting the cyclobutadiene functionality, including electro-

eq 1)2 Nevertheless, cyclobutadiene has been observed at lowPhilic aromatic substitution reactiofisdeprotonation of the
temperatures (i.e., 8 K, noble gas matfxpferred through cyclobutadiene ring hydrogen(s) followed by trapping with

Rebek's three-phase tésand isolated inside Cram's hemicar-  €lectrophiles, %nd Pd(0)-catalyzed-€C and C-N bond form-
cerand molecular contain@fThe reactivity of cyclobutadiene N9 reactions? In general, the iron tricarbonyl complexes
can be modulated, however, through coordination to a metal SUrvive acidic, basic, and reducing environments, as well as

center® The metalloaromatictricarbonylcyclobutadiene iron ~ SOMe mild oxidizing conditions. Treatment of these complexes
with cerium ammonium nitrate (CAN), however, can oxidize
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chemo-, regio-, and stereoselectivity issues in these cycloaddi-

tions. Furthermore, the intramolecular variants could yield a
unique and rapid access into highly functionalized, cyclobutene-

containing cycloadducts. The strain associated with these

cycloadducts should provide novel opportunities for improved
access to several types of challenging synthetic tafgets.
In support of the intramolecular reaction, Grubbs and co-

workers have shown that cyclobutadiene reacts with tethered

alkynes to yield aromatic systems (eqs 4 anée®resumably,

ARTICLES
(CO)sFe H
| _CAN_ {eq?)
acetone
(0] O
9
(CO)sFe 8
I | _CAN_ dimers (eq 8)
acetone
RO

10 R=H, CH; TBS

these reactions proceed through the desired cyclobutene-

containing Dewar benzene-intermediatéarid6), but rearrange
upon mild heating during the workup to the observed aromatic

products.
. Vo
(CO)sFe A
CAN Me (€q 4)
acetone
o) L 0" 4 O's 50%
Me - E
(CO)sFe i Me A "
d) I =, —_— e (eq 5)
2. CAN
o] L 0— 6 0—7 83%

Our preliminary studies have demonstrated the feasibility of
intramolecular reactions of cyclobutadienes with olefths.
Moreover, we have shown that the resulting highly strained
cycloadducts provide unique and effective entries into seven-
and eight-membered ring systefisThe concise nine-step
synthesis of asteriscanolide, featuring an intramolecular cyclo-
butadiene cycloaddition, is illustrative (eq ).

Me O
Me Fe(CO) me_ H ;
! = Me Me
A A . eq 6
~ Me Me Me (ea®)
o) —O0
(o)
asteriscanolide

While offering effective access to functionalized cyclobutenes,

or the secondary hydroxyl or ether functionality adjacent to the
cyclobutadiene moiety in compourid inhibits the reaction,
substratell was prepared to address this reactivity question.
Oxidation of complexXl1 generates cycloaddut8in 74% yield

as a 3:1 mixture of diastereoisomers (eq 9). Evidently, this
example suggests that the intramolecular cycloaddition with
CAN tolerates a substituent adjacent to cyclobutadiene and,
moreover requiresthe ether linkage to proceed.

H

Examining and understanding the subtle, yet critical effect
of tether composition in the intramolecular cycloaddition is
necessary to exploit fully the utility of the methodologyong
these lines, our studies of the factors that influence the
intramolecular cycloadditions of cyclobutadienes with olefins
are reported hereinin particular, the influence of tether length
and substituents, as well as the stereochemistry and electronic
properties of the cycloaddition partners in the intramolecular
cycloadditions, are described. In conjunction with experimental
studies, theoretical density functional calculations using B3LYP/
6-31G(d) were performed to quantify specific effects of the

our results indicate that the success of these cycloadditions istether and olefin substitution on the relative ease of intra- and
dependent on the nature of the tether connecting the two reactivéntermolecular cycloadditions of cyclobutadiene.

cycloaddition partners. For example, wheris treated with
CAN, cycloadduc® is generated in 85% yield (eq 7); however,
the identical oxidation of complekOyields only cyclobutadiene
dimers without any of the desired intramolecular cycloaddition

Results and Discussion

Oxidative Decomplexation of (CO}Fe-Cyclobutadiene
Complexes.The major competing side reaction in the intramo-

(eq 8). Because it was unclear whether the ether tether oflecular cycloadditions is the dimerization of cyclobutadiene (eq

substrate8 serves to facilitate the intramolecular cycloaddition

(11) (a) Watts, L.; Fitzpatrick, J. D.; Pettit, R. Am. Chem. Sod965 87,
3253. (b) Grubbs, R. H.; Grey, R. A. Am. Chem. S0d 973 95, 5765.
(c) Schmidt, E. K. GAAngew. Chem., Int. Ed. Engl973 12, 777. (d)
Schmidt, E. K. G.Chem. Ber1975 108 1599. (e) For a discussion of

cycloaddition reactions between cyclobutadiene and unsaturated compounds

coordinatedto the iron metal, see: Ward, J. S.; Pettit, RAm. Chem.
Soc 1971, 93, 262.

(12) Limanto, J.; Snapper, M. lJ. Am. Chem. So200Q 122, 8071.

(13) (a) Grubbs, R. H.; Pancoast, T. A.; Grey, R.Tetrahedron Lett1974
28, 2425. (b) Grubbs, R. H.; Pancoast, T.A.Am. Chem. S0d.977, 99,
2382.

(14) Tallarico, J. A.; Randall, M. L.; Snapper, M. . Am. Chem. S0d.996
118 9196.

(15) (a) Snapper, M. L.; Tallarico, J. A.; Randall, M. 1. Am. Chem. Soc.
1997 119 1478. (b) Randall, M. L.; Lo, P. C.-K.; Bonitatebus, P. J., Jr.;
Snapper, M. L.J. Am. Chem. Soc999 121, 4534 (c) Lo, P. C.-K;;
Snapper, M. LOrg. Lett.2001, 3, 2819. (d) Deak, H. L.; Stokes, S. S.;
Snapper, M. LJ. Am. Chem. So2001, 123 5152.

1). In general, minimizing the concentration of free cyclobuta-
diene will serve to favor the intramolecular process over the
facile intermolecular side reaction. For substrates predisposed
toward the intramolecular pathway, a cerium ammonium nitrate
(CAN) oxidation of the iron complex provides the desired
cycloadducts rapidly in acceptable yields (5 equiv of CAN,
acetone, [£2 mM] iron complex, room temperature, 15 min).
For substrates less prone to undergo the intramolecular reaction,
a slower trimethylamin®&-oxide (TMAQO) oxidation affords
better yields of the desired cycloadducts-@ equiv of TMAO,
acetone, [220 mM] iron complex, reflux, 624 h). In either
case, excess oxidant is usually required for complete consump-
tion of the starting complex. Even under high dilution and slow
oxidation conditions, particularly poor cycloaddition substrates
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Table 1. Cycloadditions of Chiral Cyclobutadiene Complexes Table 2. Intramolecular Cycloadditions with Three-Atom
_ Ph — Heteroatom-Containing Tethers
| entry substrate cycloadduct method?® yield®
(CO)sFe Ph /] Mé ) ‘\ H pn Me pp R! R? B R
n T T = f.R2
Me
Me Sofh |cOxFe o*'n o®'n o o
14(n=1) V|8 17 8 o 2 A 85%
18(n=2 Seaod nl| = 20 21 1=N-+T, Ro= 25 A 64%
=2 "M o g @ 26 Ry=H, Ry=n-Pr 27 A 70%
() 28 Ry=Ry=Me 29 A T0%
0, iti a i i
entry SM (% ee) conditions' yield product ratio (ee) 5) (CO)}Fe—Z A 65%
1 14(35%) CAN 66% 1617 =16 (0%):1 (0%) 1 12
2 14 (35%) TMAO  55%  16:17 =14 (0%):1 (0%) 30 O Y
3 18(35%) CAN 48%  20:21=1 (0%):1 (0%) o o
4 18(35%) TMAO  54%  20:21=1 (0%):1 (0%) OBz OBz
2 CAN (room temperature, 2 mM, 15 min); TMAO (S&, 20 mM, © (Co)aFe_% | Ol ol A o0%
6 h).
2 O 33 ©
(see below) are unable to compete with the rapid intermolecular
dimerization. Nevertheless, the TMAO oxidative conditions A 35%
] . " (7) (CO)sFe (4.5:1.0 dr)
generally yield more favorable intramolecular cycloadditions
for a broader range of substrates. 34 O
Clearly, the more that is understood about the mechanism of Me
the intramolecular cycloaddition, the better the reaction outcome ®) (COpFe [>(Me Me A 20%
. . < 2, e, 0,
can be predicted. One longstanding concern has been the role ° v Me Me g ‘;20;"
of iron in the cycloaddition. Previous studies on intermolecular 3 O 37 —O
cycloadditions with olefins and intramolecular cycloadditions H
with alkynes have indicated that the iron does not play a (COxFe)| |
stereochemical role in the CAN-promoted cycloadditidhs.
As shown in Table 1, our findings support the conclusion Q N
that both the CAN- and the TMAO-promoted intramolecular 9) 38 R=S0,p-Tol 39 A 93%
cycloadditions of cyclobutadienes with olefins likely proceed (10) 40 R=allyl ] A T0%

through liberation of a free cyclobutadiene, without involvement
of a chiral iron complex. Specifically, when enantiomerically aReaction conditions: method A, CAN (5 equiv), acetone ZImM),
enriched disubstituted complexé$and18 (both 35% ee) were ~ room temperature, 15 min; method B, CAN (10 equiv), DMF (1 mM), 80
treated with either CAN or TMAO under the usual reaction b%o?a?;g'y?e\?dtgéd €, TMAO (10 equiv), acetone (45 mM), reflux, 12 h.
conditions, a regioisomeric mixture afcemiccycloadducts was

obtained 16:17, 20:21). These results suggest the intramolecular g pstrate32 (entry 6) was prepared to study the possibility of
cycloaddition involves an achiral cyclobutadiene species such g4 competing intramolecular “[3 2]” cycloadditionl? Under
as cyclobutadienés (i.e., not19). the typical reaction conditions, however, the “j4 2]" (cy-
Three-Atom Heteroatom-Containing Tethers.Our initial clobutadiene functioning as a diene) cycloadd3& was
investigation focused on substrates containing a three-atomoptained exclusively in 90% yield. The possibility of employing
tether between the cyclobutadiene and the olefinic partner. Tablean allene as a cycloaddition partner was also investigated;
2 summarizes the results of these cycloadditions witataer subjection of substrat®4 to CAN afforded a mixture of
or aminecontaining linkage. Electronic activation of the ole- diastereomeric cyclobutene cycloaddudfs(4.5:1 dr), albeit
fins is not necessary for these intramolecular cycloadditions jn only 35% vyield (entry 7).
to proceed efficiently. The transformation yields the cyclo- The disubstituted comple36 (entry 8), which was used in
butene-contained cycloadducts in moderate to excellent yieldsthe total synthesis off)-asteriscanolidé? was less prone to
(20-93%). Entries 2 and 3 indicate that the reaction proceeds yndergo the desired intramolecular cycloaddition under the
stereospecifically, results that are consistent with a concertedtypica| CAN-promoted reaction conditions, presumably due to
cycloaddition of cyclobutadiene reacting from the rectangular additional ring strain. The yield for this cycloaddition was
singlet ground staté. improved when the reaction was carried out in DMF at*’80
The cycloaddition clearly tolerates sterically encumbered (20 — 49%). To improve further the reaction, several other
olefins, as illustrated in entry 5. In this example, two adjacent oxidants were screened. TrimethylamM@xide (TMAO) was
quaternary carbon centers (C1, C2) are generated simultaneouslyound to promote an efficient intramolecular cycloaddition of
in the newly formed cyclobutan8l. The kojic acid-derived complex 36 at higher concentrations (i.e., 45 mM), without

(16) (a) Dewar, M. J. S.; Gleicher, G.J.Am. Chem. Sod 965 87, 3255. (b) (17) (a) Rodriguez, J. R.; Rumbo, A.; Castedo, L.; Mascarenas, J. Qrg.
Reeves, P.; Henery, J.; Pettit, R. Am. Chem. Sod 969 91, 5888. (c) Chem.1999 64, 4560. (b) Wender, P. A.; Mascarenas, JTetrahedron
Reeves, P.; Devon, T.; Pettit, B. Am. Chem. Sod 969 91, 5890. (d) Lett. 1992 33, 2115. (c) McBride, B. J.; Garst, M. Hetrahedron1993
Balkova, A.; Bartlett, R. JJ. Chem. Phys1994 101, 8972. 49, 2839.
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Table 3. Intramolecular Cycloadditions of Carboxylate Derivatives Table 4. Intramolecular Cycloadditions with Three-Atom
All-Carbon Tethers
entry substrate cycloadduct method? yieldb
H entry substrate cycloadduct method?® yieldb (dr)
Ph = Ph 1
3 A 55% RL R2 H R H R
1) (CO)}Fe—o) = wR? = JwR?
( ) 3 = | B 70% (CO)3Fe |
[} 88% \
42 070 400 HO HO HO™"
Ph H  pp (1) 48 R'=Et,R*=H 49 50 A trace
T 0, : B 49%
2) (COxFe)| | A Mc 49:50 (2.9:1.0)
D 0% @) 51 R'=H, R?=n-Pent 52 53  AorB trace
0o 0”0 Ph
44 45 Ph
H (copFe)| | A 53%

55%

CH.I

O >

3) (CO)Fe—= . @)
R § S S R O
07 N SN H

Ph

Allyl Allyt W~
46 y! 47 y! (CO)sFe | 1 A trace
) B 53%
aReaction conditions: method A, CAN (5 equiv), acetone ZImM), 56 57

room temperature, 15 min; method B, CAN (5 equiv), LM (1 mM),

room temperature, 15 min; method C, CAN (10 equiv), DMSEDH1:1), MeO,C, ';' 'g' CO,Me

room temperature, 15 min; method D, TMAO-&0 equiv), acetone (20 COWF T T

mM), reflux, 12 h.P Isolated yields¢ 20—30% starting material recovered, (CO)Fe— I

as well as 65%rans-cinnamyl alcohol. (5) A 92%

HO5 s HO 50:60 (2.3:1.0)

formation of cyclobutadiene-dimer byproducts. The reaction was COMe H COMe H COMe

carried out in refluxing acetone for-6L2 h with excess oxidant CONE I I 2

to give the desired cycloaddu8? in 64% yield. The fact that 6( kFe ! A 66%

the transformation can be carried out at a higher concentration © HO HO' HO™ 62:63 (2.5:1}))

and requires longer reaction times to consume starting materials 61 62 H 63

suggests that the reactive cyclobutadiene is generated more

slowly as compared to under the CAN conditions, and, hence, . (CO)sFe I

self-dimerization of cyclobutadiene is kept to a minimum. @ c 34%
To expand the scope of the cycloaddition methodology, 64 o5

nitrogen-tethered intramolecular cycloadditions were examined.

Conce_rned that free amines may undergo o>_<iq§1tion, th_e sul-  Reaction conditions: method A, CAN (5 equi), acetone 10 mi)
fonajmld_e complex38 was prepared for the _'n't'al Stu_d_'es' room temperature, 15 m'in; method B TMAO (go eduiv), refluxing acétone
Subjection of38 to the CAN-promoted reaction conditions (20 mM), 6-8 h; method C, CAN (10 equiv), refluxing acetone:&CHp
afforded the desired cyclobutene cycloadds@in 93% yield (7:1, 1 mM), 3 min.Isolated yields.

(entry 9, Table 2). Under similar conditions, theN-diallyl-

amine complext0 also afforded the corresponding cyclobutene Under the reaction conditions. The correspondiiy-diallyl-

41 as the major product in 70% yield (entry 10). Again, amide complex6, on the other hand, afforded cyclobutetie
electronic activation of the dienophile does not appear to be in modest yield under either CAN or TMAO reaction conditions

essential for the cycloaddition. These results suggest that(€ntry 3, Table 3).
oxidation of the amine is either slower than oxidative liberation =~ Three-Atom Tethers, All-Carbon Linkage. We also inves-
of the cyclobutadiene ligand or the nitrogen is protected under tigated the feasibility of intramolecular cycloadditions of
the moderately acidic CAN reaction conditions. cyclobutadiene complexes bearing all-carbon tethers. While
We next investigated intramolecular cycloadditions of iron heteroatom-containing three-atom tether substrates undergo
complexes linked to olefins through a carboxylate-containing efficient CAN-promoted cycloadditions, the all-carbon tether
tether (Table 3). Subjection of estdp to the typical CAN substrates, such @8 and51 (entries 1 and 2, Table 4, as well
reaction conditions afforded the desired lactdBén 55% yield ~ @S 10, eq 7), fail to undergo an efficient intramolecular
(entry 1). The yield of the reaction appears to be dependent onCycloaddition under similar reaction conditions. These findings
solvent, with the polar mixture of DMSO#® (1:1) giving the suggest that under fast oxidative decomplexation of the iron
best results (88% yieldf When the ester functionality is ~ complex by CAN, intermolecular dimerization of the cyclo-
transposed as in complesd, however, none of the desired butadiene competes with the intramolecular process even under
cyclobutene lactond5 was obtained with either the CAN- or high dilution reaction conditions. When the reaction was carried
the TMAO-based oxidations. Moreover, incomplete consump- OUt using a slower oxidant TMAO, however, the desired
tion of starting material was encountered<8D% conversion), cycloadducts were obtained as a mixture of diastereomers in
and transcinnamyl alcohol {65%) was recovered upon 49% yield 49:50 = 2.9:1).
aqueous workup, suggesting that hydrolysis of the ester occurred There are numerous differences between the heteroatom- and
the all-carbon-containing tethers that could account for this
(18) Jung, M. E.; Gervay, J. Am. Chem. S0d.989 111, 5469. reactivity difference. The ability of the oxygen in the tether to
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coordinate to Lewis acidic species may influence the course of Table 5. Cycloadditions with Enone Substrates

the reaction. Hoyvever, as will be describ(_ad in the _theoretical entry substrate cycloadduct method® yield®
section, calculations on the corresponding transition states
indicate that the shorter-@0 bond lengths and compressed R H R
C—0O—C bond angles may play a role favoring the intramo- (CO)sFe |
lecular cycloaddition proceds.

One way to enhance the intramolecular DieAdder reaction © o .
is to electronically activate the dienophile (i.e., lower LUMO) M 66 R=Ph &7 ’3 73((/',’,
through conjugation with a phenyl group. As shown in entry 3 @ 68 R = n-Pent 69 A 0%
of Table 4, treatment of theansphenyl substrat84 with CAN B 51%
or TMAO affords the desired cycloaddus$in 53—55% yield, (3) 70 R = t-Butyl 7 A 0%
with no indication of intermolecular side products. This- B 2%
phenyl isomer56, however, failed to undergo the desired @ 72 R=CO;Me 73 A 91%
intramolecular cycloaddition under CAN reaction conditions. R H R
With the slower oxidant TMAO, the corresponding cyclobutene T
cycloadduct57 was obtained in 53% yield (entry 4). These (Co)3Fe%0Me %om
findings suggest that secondary orbital interactions between the oM "OMe
cyclobutadiene and the dienophile, enjoyed in ttems but (5) 74 R=Ph (67 C 70%(100%)°
not thecis-isomers, may be helpful, but are not required for a (6) 75 R =n-Pent (69)° C  57%(75%)°
favorable intramolecular process. In addition, while electronic ™ 76 R =t-Butyl (! C  29%(95%)°
activation oftrans-olefin substrates4@ or 54) is not essential Ph H  pp

for a successful intramolecular cycloaddition, some activation
is necessary for the correspondicig-olefin isomers (complex
51 vs 56). 2" 1
Changing the substituent on the olefin from a phenyl to an Me" ‘Me Me' Me
ester group provides additional electronic activation of the olefin m 78 A 83%
(i.e., further lowers LUMO) and increases the efficiency of the

i iti a2 Reaction conditions: method A, CAN, acetone (1 mM), room tem-
intramolecular cycloaddition. For example, treatmentrahs perature; method B, TMAO., acetone (30 mi). reflux: method C, CAN,

methyl ester complex8with CAN (2 mM, room temperature)  peoH (1 mM), room temperaturé.isolated yields® Overall yield from
affords the diastereomeric cycloaddud8;60= 2.3:1) in 92% the corresponding enoneldyFe(CO} substrate; the number in parentheses

; i ; i represents percent conversion during ketalization of en68e&8, and70.
ylgld (entr.y 5, Table 4).' A similar ylgld was obtalneq when d]solated as the corresponding ketods 69, and 71
this reaction was carried out at higher concentrations. In
comparison, oxidative decomplexation of the correspondigg
methyl ester61 under high dilution (CAN, 2 mM, room

(8) (CO)sFe |

or 70 under typical (acetone, 1 mM, room temperature) or more
vigorous (refluxing acetone, acetonitrile, dioxane) CAN reaction

temperature) affqrds the diastereomeric cycloadducts in a conditions did not afford any of the desired ketone cycloadducts
somewhat lower yield (66962:63/2.5:1, entry 6). These results (entries 13, method A, Table 5); in all cases, only cyclobuta-
suggest that, while secondary orbital interactions between two diene dimers were detected '

reacting partners itransisomers could favor the intramolecular
cyclizations, electronic activation of either tbis- or thetrans
dienophile is an overriding factor in favoring the intramolecular
reaction.

Another way to favor the intramolecular cycloaddition relative
to competitive intermolecular processes is to limit the degrees
of freedom of the tether. The conformationally restricted and

electronically activated compleédd (entry 7, Table 4), however, Eimeltr;]yllketal c<7mp|exe§4—76. .NOt onIy_wmélld t.hﬁ d;}meth;t/]l d
affords cyclobuten&5in only 34% vyield in refluxing acetone: etal help to release any strain associated with the tethere

CH,Cl, [7:1] (CAN, 1 mM, 3 min). These results (as well as carbonyl, it would also increase the population of the reactive
those reported below) indicate a limitation on using functionality rotamer. through Thorpelngold and reactive rotamer effecs.
within the connecting tether to actite the olefin toward Subjection of the dlrr]gthyl ketal'(.:omplex?és—76to the CAN-
cycloaddition promoted cycloaddition conditions (MeOH, 1 mM, room
As mentioned, substrates with all-carbon, three-atom tetherstemperature) indeed afforded the corresponding dimethyl ketal
that possess electronic activation of the dienopéxternalto cycloadd_ucts, which, with the. gxceptiop of the phenyl cycload-
the connecting tether undergo a facile intramolecular cycload- duct derived from74, were difficult to isolate without some
dition (entries 5 and 6, Table 4), especially under the faster hydroly5|s. of the ketal fupchonahty. In. practice, these adducts
oxidative decomplexation conditions of CAN. Given these Were subjected to a mild deprotection protocol ($10%
observations, we investigated the feasibility of cycloadditions 2du€ous oxalic acid, Cil,, room temperature), yielding the
involving electronically activated enone substrates, where the cprrespondlng ketone cycloa_dduﬁt's 69, and71_|n_20—70%
carbonyl functionality is part of the tether (i.e., internal with Yield for the three steps (entries-3, Table 5). Itis interesting

respect to the olefin, Table 5). Subjection of comples@s58, to note that u_nder these depro_tecti_on conditions, no rearrange-
ments associated with carbonium ion character adjacent to the

(19) Jung, M. E.; Kiankarimi, MJ. Org. Chem1998 63, 2968. cyclobutane ring were observed.

The failure of these CAN-promoted intramolecular cycload-
ditions can be attributed perhaps to disfavorable torsional and
angle strains associated with the tethered carbonyl in the
transition state of the requisite rotamer for the cycloaddition.
A way to resolve this limitation is to convert the ketone into an
sp*-hybridized functional group. In this regard, we prepared the
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Along the same lines, gemdialkyl substituent on the tether ~ Table 6. Intramolecular Cycloadditions with Four-Atom Ethereal
should increase the population of the reactive conformer for 1ers

the cycloaddition. In this regard, while phenyl enone substrate entry  substrate cycloadduct method®(yield®)
66 failed to give the desired cycloadduct under CAN-promoted R
reaction conditions, the dimethyl phenyl enone substrate
afforded the corresponding ketone addi®in 83% yield (entry (COkFeg I
8, Table 5). o
When an additional electron-withdrawing groupqGO.Me) 1) 79 R=Et A (0%), B (22%)
is present on the dienophile, such as in compkX the @ 81 R=Ph 82 A (63%), C (55%)
corresponding cyclobutene cycloadd@@is obtained in high @) 83 R=COMe 84 A (65%)
yield (91%, entry 4). When the slower oxidant TMAO is used Ph H pn
in refluxing acetone, enone comple)@s 68, and70 underwent @) (Co)spejt’:_?g Dg
the desired [4+ 2] cycloadditions, affording the corresponding
cyclobutene cycloadduct87, 69, and 71 in 27—70% yields o) \0
(entries -3, method B, Table 5). Substrates bearing a bulkier 85 86 A (0%), B (17%)

substituent on the olefin, such as teet-butyl group in complex coMe  COMeH COMe

70, required higher dilutions (5 mM) and longer reaction times, ) . 3 ER
and only a 27% vyield of cycloadductl, together with (COx e'E? l 2[5
[} [¢)
87 88

“,

significant amounts of the corresponding cyclobutadiene dimers, \O >
was obtained (entry 3, method B, Table 5). 89 A (0%) B (21%)

In general, the success of intramolecular cycloadditions of 88:89 (3.3:1.0)
three-atom-tethered iron cyclobutadiene complexes depends on Ph_ Ph H Ph
several factors. Electronic activation of the dienophile, favorable ®) (CO);,Fe{% E ] "Ph
secondary orbital interactiongrdns-olefin), restrictions in the
degrees of freedom of the connecting tether, and/or incorporation o \0
of a geminal substitution along the tether all serve to facilitate 90 91 A (0%), B (30%)

the intramolecular cycloaddition when the fast oxidant CAN is
employed. In cases lackirgpmeof these favorable elements, 2 Reaction conditions: method A, CAN, acetone (1 mM), room tem-
the slower oxidant TMAO may be used to accomplish the perature, 15 min; method B, TMAO (20 equiv), refluxing acetone (1 mM),

. . 24 h; method C, TMAO (8 equiv), refluxing acetone (20 mM), & tsolated
desired transformation. yields. (8 equi) g ( )

Four-Atom Heteroatom-Containing Tethers. Inserting an
additional atom in the tether to generate a four-atom connection MM, refluxing acetone, 24 h), compl@&6 afforded a 17% yield
between the cycloaddition partners increases the degrees off cycloadducB6. Interestingly, under these reaction conditions,
freedom and number of possible nonproductive rotamers, which the cismethyl ester substrat®7 gave two cycloadductssg:
can result generally in a less efficient intramolecular process. 893:1; entry 5) in a modest 21% yield. The major cycloadduct

Under typical CAN oxidation conditions, compl&® failed to (88) was the product of a Type Il intramolecular cycloadditi®n.
undergo the desired cycloaddition (entry 1, method A, Table A role for the beneficial secondary orbital interaction is also
6); only dimers were obtained as judged by thé NMR consistent with thetrans-olefinic substrates undergoing the

spectrum of the reaction mixture. On the other hand, switching intramolecular cycloaddition in higher yields as compared with
to the slower TMAO oxidation leads to the formation of some the correspondingis-olefin-containing compounds. Neverthe-
of the corresponding cyclobutene cycloadd@&¢ (entry 1, less, there may be additional unfavorable steric interactions in
method B). Optimization of the reaction conditions provides a the transition state of theis-isomers that may also slow the
modest 22% vyield of cycloaddu&0. When the dienophile is  intramolecular reaction relative to competitive intermolecular
activated, such as imans-phenyl comple»81, the cycloaddition ~ processes. Comple®0, which has both &is- and atrans
proceeds more smoothly, affording the corresponding cycload- substituent on the pendent olefin, was prepared to help dif-
duct 82 under either CAN (63%) or TMAO (55%) reaction ferentiate between these effects. If it is the favorable electronic
conditions (entry 2). More activated dienophiles, such as in interactions of theranssubstituent that lead to a successful
transmethyl ester comple83, also provide the desired cy- intramolecular cycloaddition, the30 should cyclize smoothly.
clobutene84 in a 65% yield (entry 3) under CAN-promoted  Alternatively, if the cis-substituent suffers unfavorable steric
reaction conditions. These results suggest that electronic activainteractions in the transition state, then the intramolecular
tion of the reacting dienophile in the four-atom tether substrates reaction will suffer relative to competitive intermolecular
is essential for a successful and synthetically useful intramo- processes. Subjecting complég® to the CAN cycloaddition
lecular cycloaddition. conditions did not result in the formation of any of the desired

While activated transolefinic substrates afford the cy- Ccyclobutene cycloadduct; again, only the corresponding cyclo-
clobutene adducts in reasonable yields disésomers undergo  Putadiene dimers were obtained. With TMAO (1 mM, refluxing
amuch less efficient intramolecular cycloaddition. For example, acetone, 24 h), cyclobutene cycloadditivas obtained, albeit
subjection ofcis-phenyl substrat@5 (entry 4) orcis-methyl in only 30% yield (entry 6, Table 6). These findings suggest
ester87 (entry 5) to CAN did not result in the formation of the ~ that while activation (i.e., primary and secondary orbital
mtramolecular cycloadducts; in each case, _only dlm_e_rs were (20) Bear, B. R.: Sparks, S. M. Shea, KAhgew. Chem., Int. EQ001, 40,
obtained. Under the TMAO-promoted reaction conditions (1 821 and references therein.
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Table 7. Cycloadditions with Four-Atom All-Carbon Tethers

Table 8. Transformations Used To Examine Transition States

entry substrate cycloadduct  method® yield®
MeO,C £ COMe
(1) (CO)sFe |
HO HO
92 93 A <5%
MeO,C
@ (COhFe%

88%

33%°

aReaction conditions: method A, CAN (5 equiv), acetone (1 mM), room
temperature? Isolated yields® The yield represents a two-step sequence:
Knovenagel condensation of the corresponding iron aldehyde with Mel-
drum’s acid followed by CAN-promoted cycloaddition.

interactions) of four-atom tether substrates is essential for
efficient cycloadditions, steric factors (i.e., nonbonded interac-
tions) also play a significant role in dictating the outcome of
the reaction.

Four-Atom Tethers, All-Carbon Linkage. Intramolecular

cycloadditions between cyclobutadiene and olefins connected

through an all-carbon four-atom tether were also examined
(Table 7). All studies involving these substrates were performed
using CAN to promote the oxidative decomplexations and
intramolecular cycloadditions.

Unlike the electronically activated three-atom tether methyl
esters8 (entry 4, Table 4), the corresponding four-atom tether
substrate92 afforded only a trace of the expected cycloadduct
93 under identical reaction conditions (entry 1, Table 7).
Resorting to refluxing acetone or GEIN did not improve the
intramolecular cycloaddition. When the tether was rigidified by
incorporation of a phenyl ring as in compl&x4, however, the
desired cycloadduc®5 was obtained in 88% yield (entry 2).
Evidently, restricting the degrees of freedom in the four-atom
tether favors the intramolecular process, presumably by increas-
ing the relative population of the reactive conformer.

The failure of methyl este®2 to undergo efficient intra-
molecular cycloaddition prompted us to investigate further
the effects of electronic activation of the tethered olefin. We
reason that structural modifications to the dienophile that
decrease the HOMEGLUMO gap of the cycloaddition part-
ners could outweigh the extra entropic freedom of the longer
tether. On the basis of this assumption, substéétevas pre-
pared via a Knovenagel condensation of the corresponding
four-carbon-tethered aldehyde. Because of the reactivi86of
toward Michael additions, the compound was subjected to the
typical CAN-promoted cycloaddition conditions without rigor-
ous purification. The reaction proceeded to give the corre-
sponding cyclobutene cycloaddué# as the only isolable
monomeric product in 33% vyield for the two steps (entry 3,
Table 7).
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entry model (reaction) entry  model (reaction)
@A) l% & EE& ®) % %
8*9> _______________________ ( .1_‘!::93'_1395?2 ______
© EZ L 9] ®) 9 & E]
42— 43) (44 — 45)
_______________________ e T
(E) | . F) @\/IL_, %
(75 — 69) (68 — 69)
" coMe
0,Me CO,Me
©) % H) 1? g 3
— \
o)
o o
83— 34) (87— 88,89) (E

'CO,Me “CO.Me

These studies suggest that the intramolecular cycloadditions
of all-carbon four-atom-tethered substrates require strongly
activated dienophiles to compete favorably with the intermo-
lecular cyclobutadiene dimerization process. In addition, unlike
the three-atom-tethered examples, the incorporation of a rigid
group in the four-atom tether, such as a phenyl ring, which
decreases conformational freedom, can improve the efficacy of
the intramolecular process.

Theoretical Calculations. Geometry optimizations were
performed for all reactants, transition structures, and prod-
ucts using RB3LYP/6-31G(d) as implemented in Gaussian
9821 When an unrestricted wave function was found to be
more stable, a reoptimization was performed using UB3LYP/
6-31G(d). All stationary points were characterized with fre-
qguency calculations.

As shown in Table 8, the calculations focused on four pairs
of model systems, each corresponding to a set of specific
experimental reactions. In each pair, the first entri®sQ, E,

G) model a reaction in which the intramolecular cycloaddition
was successful, whereas the second systenis,(F, H) model

an apparently similar reaction in which intermolecular dimer-
ization, instead of intramolecular cycloaddition, was the major
process. Entried andB specifically address the reactivity of
an ether versus an all-carbon tether. Syst€nasidD examine

the effect of transposing the three-atom carboxylate tether.
SystemsE and F probe the consequence of changing aft sp

(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. Maussian 98 revision A.9;
Gaussian, Inc.: Pittsburgh, PA, 1998.
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Figure 2. Transition state geometries for intermolecular cycloadditions
between substituted cyclobutadienes and olefins.

AE+ZPE! 62 109
AG' 91

Figure 1. Calculated transition states for reactiohsnd B.

hybridized carbon in the tether to an?sgarbon. System&
andH study the influence dE versusZ stereochemistry of four-
atom-tethered alkenes.

Because cyclobutadiene dimerization is the major competing
side reaction, several other model systems were examined
computationally. Using systemisthroughK, we established @]
the influence of alkyl and carboxylate substituents. N/

AE+ZPE; 182 19.5

® 8 — [ AG* 199 203

Figure 3. Calculated transition states for reactic@sandD.

14)) )Z] —= 7 possible dimers
HsC force along the series. For example, th&, changes from

) — 7 possible dimers —42.1 kcal/mol (cyclobutadien¢ ethylene) to—39.4,—37.8,
H3CO,C and finally —33.8 kcal/mol (methylcyclobutadierke propene).
The second additional set of calculations involved a simple
The transition structures for intramolecular{42] cycload- comparison of dimethyl ether and propane (see inset Figure 1)

dition for systemsA andB are shown in Figure 1. Two sets of {5 the ether tether and the three-carbon tether. The optimized
energies (relative to the reactant) are provided for each transitiongeometry of dimethy! ether is very similar to that of the ether
structure. The first energy valuE + ZPE) is the calculated  tether inA-TS. On the other hand, the optimized geometry of
electronic energy with zero point energy correction. The second propane deviates from that of the all-carbon tetheB4iS. It
energy valueAG") is the calculated free energy at 25. Free  appears thaB-TS is more asynchronous and higher in energy
energie_s_were computed for the conversion of global minimum than A-TS because the natural length of the propyl tether is
to transition state. longer than the natural length of the ether tether. This is partially
A comparison ofA-TS andB-TS reveals that the intramo- compensated for by a compression of fhabcin B-TS, but
lecular cycloaddition is more favorable with the ether tether as only at the expense of angle strain that destabilizes the TS. Note

compared to the all-carbon tethéAG* = 4.4 kcal/mol) A-TS e difference in tether lengths arises from@ and G-C bond
is more synchronous thaiB-TS, and the incipient five- |ength differences.

membered ring is more fully formed iA-TS. To evaluate the
structural features of these two transition states, two additional
sets of calculations were performed.

First, the ideal bond lengths of a cyclobutadiene-alkene [4
+ 2] transition structure were determined in thiesenceof a
tether. Examples of such transition structures are shown in Fig-
ure 2. In the case of cyclobutadiene plus ethylene, a concerted
synchronous TS is fourd. The bond lengths clearly illustrate

The above calculations corroborate experimental results
obtained for reactions d and 10. Assuming that the rate of
dimerization is approximately equal for both systems, we expect
a reactant with an ether tether would produce more of the desired
intramolecular adduct.

Figure 3 compares three-atom ester tethers connected in two
ways. TheC-TS andD-TS have very similar energieA AG*
= 0.4 kcal/mol) withC-TS being slightly favored. These two

that this is a prototypical [4 2] transition structure, and not a . - . . .
[2 + 2] transition structure. Substitution of a methyl group on transition structures are significantly higher in energy than either
' A-TS or B-TS; this is counterintuitive because we generally

either the alkene or the cyclobutadiene leads to an increase in

. o . expect electron-withdrawing groups (such as an ester) to activate
asynchronicity and activation energy. Methylcyclobutadiene plus " .
. . a [4+ 2] cycloaddition. However, as shown in the box on the
propene has the most asynchronous TS, and its electronic .

activation barrier AE + ZPE* = 14.7 kcal/mol) is higher than right of Figure 3, the ester tether is too short to connect the
either of the intramolecular casésTS orB-TS (6'2 and 10.9 (22) A stepwise, diradical mechanism was also studied. The rate-limiting step

kcal/mol, respectively). Methyl substitution has a significant for the diradical pathway was the addition of ethylene to cyclobutadiene

i ati ; ; _ to form a diradical intermediate. This transition structure had the following
effect on the activation barrier of the intermolecular cycload energy using UB3LYP/B-31G(A)AE + ZPE — 12.0 keallmohAG* =

dition and is partly due to a decrease in thermodynamic driving 22.5 keal/mol.
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Figure 4. Calculated transition states for reactidasandF. AE+ZPE! 114 Type I .
, . : _ _ AG' 148 Cycloaddition 170
reacting groups without strain, and the ester is forced into the
unfavorableS-cis conformation in the TS3 Figure 5. Calculated transition states for reacticdBsandH.

The similar activation energies fof and D appear to methyl trans-crotonate cyclobutadiene+ cyclobutadiene +
contradict the experimental results in which a carboxylate- Y rfmh}q acrylate Qj,(,m_mmm
tethered compound?2 gives a high yield of desired product ENDO
but a carboxylate-tethered compoudd gives none of the 2 ""‘3(3\;— »-.‘J,.\.&J’_
desired product. It is possible that the conjugation of the -r“'{ 10 "‘:{im ¥ 0
cyclobutadiene to the carbonyl retards the oxidation process; 134y Q”S{ )s__ « A hgl p
consequently, ester hydrolysis occurs faster than the intramo- TN \);l_{»—:k ' ))_Of';"‘";"f 1
lecular cycloaddition. The cyclobutadiene-Fe(g@®)jght also _f“"" i
activate the ester toward nucleophilic attack. In addition, the
phenyl substituent on the olefin may also influence the relative methyl cis-crotonate cyclobutadiene+ cyclobutadiene +

T . . methyl acrylate cis-crotonate
reactivity of this system. These calculations show, nevertheless, EXO
that there is no inherent difference in cycloaddition reactivity _ N J-..,qu .
betweerC andD; the ester tethers increase the activation energy \J'-3‘{ T 7220 ""’:;9
substantially because they are too short to be accommodated f —&K‘_ 236 | 249 LT p

. .. = . Gl £ - i gp— L e A
without strain in the transition state, and thgtconformer is ’\*'. } 4 S ‘—f o {‘
unfavorable. < 4

Transition structure&€-TS andF-TS illustrate clearly that N, N,
an sﬁ-_hybridized carbon of a ketal can be incorporated more AB+ZPE 418 AE+ZPE' 409 AEszPE: 31
easily into the three-atom tether than ai-bpbridized carbon a +1.6 AG* 406 AGH 428

{rel. to above isomer}

of a ketone (Figure 4). The activation energy oS, AG* =
10.4 kcal/mol, and the lengths of the formiadponds are similar Figure 6. Calculated energy differences betwesie andexageometries,
to those ofB-TS, which is expected because both tethers are as well as olefin stereochemistry in cycloaddition transition states.
composed of three 3arbons. Replacing the hydrate func-
tionality (model for ketal) with the corresponding ketone
introduces significant angle strain into the {4 2] transition
structure, resulting ifr-TS being 4 kcal/mol higher in energy
than E-TS. The additional strain induced by the ketone is
reflected in the compressed angle of the ketanatc= 114°).
These calculations support the experimental result that dimethy!
ketal complexes74—76) undergo the intramolecular cycload-
dition more readily than their ketone analogués, (68, 70).

Because systents andH have a longer tether (four atoms k ) ] et -
instead of three), two intramolecular cycloadditions are now 1S cgn5|stqnt W'th the experlmental finding th&B glve_s
feasible. These two reactions are known as Type | and Type I rela_twely high yleld_s of the Qeswed add_uct relative to dimer-
intramolecular cycloadditions. Figure 5 shows the four relevant 1Zation, whereas7 gives relatively poor yields of cycloadduct
transition structures for system@® and H. In each case, 'elative to dimerization.

conformational searches were performed to determine the lowest As a quant[tatlve measure of the .factors that contribute to
energy conformation of the tethgs-TS-1 andH-TS-I are the the energy d|ﬁer.enc§.s between tois and trans.systems,
lowest energy conformations corresponding to Type I, and galculatlons' on §|mpl|f|ed §ystems were done (Figure 6). The
G-TS-Il and H-TS-II are the lowest energy conformations 1St comparison is betweeris andtransmethyl crotonate, and
thecis-isomer is found to be 1.6 kcal/mol higher in energy than
(23) Tantillo, D. J.; Houk, K. N.; Jung, M. El. Org. Chem2001, 66, 1938. the transisomer. The second comparison is betweereado

corresponding to Type Il. For each system, the Type | transition
structure is lower in energy than the Type Il transition. The
results forG are consistent with the experimental results shown
for the reaction of83 in which only the Type | cycloadduct
was isolated. On the other hand, the calculationdH@ppear

(to disagree with the experimental observation that the product
ratio of Type | to Type Il cycloadduct was 1.0:3.3. The second
important trend is that th&-alkeneG leads to lower energy
transition structures as compared to #ialkeneH. This result
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Figure 7. Transition states for dimerization of substituted cyclobutadienes.

versus ancexo cycloaddition involving methyl acrylate as the
dienophile. Theendoorientation is preferred by only 0.6 kcal/
mol relative to theexoorientation in the [4+ 2] transition state.
Third, the transition states involvirtgans-crotonate versusis-
crotonate differ by 2.8 kcal/mol. This indicates that ap-
proximately 0.6 kcal/mol of additional strain in the transition
state can be attributed to this- versus thérans-configuration.
Because cyclobutadiene dimerization is the major competing

side reaction, the energetics of the bimolecular process were

also probed. The dimerizations of three model systems (cy-
clobutadiene, methylcyclobutadiene, and methyl cyclobutadi-
enecarboxylate) are illustrated in Figure 7. Only the singlet

energy surface was explored because singlet cyclobutadiene ha§all

been calculated to be significantly lower in energy than the
triplet. Bartlett's MRCCSD(TH- ZPE calculations indicate that
the rectangular singlet ground state is 12.5 kcal/mol below the

Table 9. Predicted Relative Rates of Cycloadditions

model cyclobutadiene AG*  kyyo(s™") cycloaddition results

A % g 91 1.3x10°
O
MeO,C,
G ? | 1.7 1.6x10* HIGH YIELD
(o]
E | 128 2.6x10°
\'OH DIFFUSION
OH \—' CONTROLLED
B | 135  78x02| DIMERIZATION
10°M1s X [10°M
CO,Me
H [% | 154 32010
e}
F | 169  2.5x10°
o LOW YIELD
c % L 199  1.6x107
o’ 0
D E g 203 8.1x10°
0™ ™o

a Calculations predict no intramolecular cycloadditions, but experimen-
ly a good yield of cycloadduct3 is obtained from42.

of the dimerization. On the basis of these calculations, dimer-
ization of monosubstituted cyclobutadiene is expected to be

triplet. Even at the square geometry, the singlet state is 8.8 kcal/barrierless and, therefore, diffusion controlled.

mol lower in energy than the triplet state.

The discussion begins with the dimerization of parent
cyclobutadiene, which was studied previously with HF calcula-
tions2 The most striking feature of the dimerization transition
structure is that is does not resemble a typical 44 2]
cycloaddition. It actually resembles the Cope transition state,
and the motion associated with the imaginary frequency is
highlighted in Figure 7. This is similar to the dimerization of
cyclopentadiené’ in which a bispericyclic transition structure
leads to the formation of only oreebond. A subsequent valley
ridge inflection breaks th€, symmetry by mixing in the Cope
TS, and either the [4 2] or the [2+ 4] cyclopentadiene dimer
is formed. The main difference for the cyclobutadiene dimer-
ization is that there is no barrier to formation of the fivdtond.

Similar transition structures are found for methylcyclobuta-
diene and methylcyclobutadiene-carboxylate. One additional

Table 9 summarizes the predicted rate constants at room
temperature, using the computed valueA & found here and
transition state theordf. The table orders the reactions according
to increasing activation free energy. From the calculated
activation barriers for systens—H, the experimental yields
can be explained if the rate of cyclobutadiene dimerization is
slower than the intramolecular cycloadditions/AfG, andE,
but faster than the intramolecular cycloaddition®8oH, F, C,
andD. The intramolecular cycloadditions, G, andE occur in
good yields, while dimerization appears to be the major reaction
for B, H, F, C, andD. This suggests that the first-order rate
constant for cyclobutadiene dimerization under diffusion control
in acetone is approximately 181, which allows for reaction
E to produce intramolecular cycloadducts but for reacBoio
produce mainly dimer. The value of 3§ appears low because
the bimolecular diffusion rate constant is expected to be on the

complication is that the methyl or ester groups can adopt various order of 1¢ M~ s71 (the typical diffusion rate constant in water)

substitution patterns about each four-membered ring. A total

and the Fe(CQjcyclobutadiene complex is present in milli-

of seven dimers are possible for each system, and one is showmmolar concentration. However, assuming that free cyclobuta-
in Figure 7 as a representative example. The nature of thediene is reacting as it is formed and that only 18 is present

substituent has very little effect on the activation free energy

at any given time during the reaction, the diffusion rate could

(24) Balkova A.; Bartlett, R. J.J. Chem. Phys1994 101, 8972.
(25) Caramella, P.; Quadrelli, P.; Toma,l.Am. Chem. So2002 124, 1130.

(26) The first-order rate constants were evaluated using the Eyring equétion:
= (kpT/h) exp(—AG*/RT).
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be 1073 s71, so that the fastest intramolecular cycloadditions, along with HO and NaHC@ (aq). The organic layer was separated,

such asA, G, andE, can compete with dimerization. and the aqueous layer was back-washed with@# The combined
] organic layers were then dried over /88, and concentrated. The
Conclusions resulting ether was purified by silica gel chromatography.

Oxidative decomposition of iron-cyclobutadiene complexes = General Procedure for Cyclobutadienyl Alkylation. Tricarbonyl-
with CAN or TMAO liberates free cyclobutadiene, which can [n%-(methoxymethyl)cyclobutadiene] iron (1.0 equiv) was dissolved in
. ; . - CH.CI, (0.5 M) under an Ar atmosphere at room temperature with
be trapped intramolecularly with various olefins to afford

il ful d highly f . lized lob stirring, resulting in a yellow homogeneous solution. Addition of the
potentially useful an ighly tunctionalized cyclobutene- enol silyl ether (1.3 equiv) followed by boron trifluoride-diethyl etherate

containing cycloadducts. Generally, cyclobutadiene complexes (1.1 equiv) resulted in a dark brown solution. The reaction mixture
that fail to undergo the intramolecular cycloadditions under the \as stirred for 0.5 h and quenched with saturated Naki@@). The
CAN-promoted reaction conditions (room temperature, acetone reaction mixture was diluted with Gl and poured into a separatory
or MeOH, 1 mM) react to afford the corresponding cycloadducts funnel containing water and GBI, the organic layer was separated,
when the slower oxidant, TMAO, is employed (acetone4 and the aqueous layers were extracted with,Clld The combined
mM, 56 °C, 12-24 h). Electronically unactivated olefins, organic layers were then washed with brine and dried with anhydrous
connected through a three-atom etherate tether, have successfull§odium sulfate. The solution was filtered, concentrated under vacuum
trapped the free cyclobutadiene to give§42] cycloadducts and purified by silica gel column chrclmatography. All compounds were
in good yields. With four-atom ether tether substrates, on the stored under a Natmosphere at 20 °C.

ther hand. electroni tivation atrdn nfiquration of th Intramolecular Cyclobutadiene Cycloaddition Methods. The
other hand, electronic activation a sconfiguration ot the intramolecular cycloadditions were promoted by oxidative removal of

tethered olefin are required for an efficient intramolecular e iron from its corresponding cyclobutadiene ligand according to one
cycloaddition. Unactivatettans-olefin or activatedcis-olefin of the following methods:

complexes afford only moderate yields of the corresponding  Method A (CAN-Promoted Cycloadditions). To a solution of the
cyclobutene cycloadducts under TMAO-promoted cycloaddition iron complex (1.0 equiv) under adtmosphere in either HPLC-grade
conditions. acetone or MeOH (3 mM) was added CAN (5.0 equiv) as a solid

In the carbocyclic series of substrates, electronically activated over 3 min at room temperature. The resulting orange solution was
three-atom-tetheredis- and trans-olefins efficiently trap the  stirred for 10 min, and then quenched with saturated Nati@@
free cyclobutadiene under fast CAN reaction conditions, provid- transferred to a separatory funnel containingnd HO. The aqueous
ing good yields of the corresponding cycloadducts. On the other 1&¥6" Was separated and extracted withCE(2x). The combined

. organic layers were washed with® and brine, dried over MgSQD
hand, enong substrates, where th? carbonyl group_ls part of th%QCOg, filtered and concentrated in vacuo, and purified by silica gel
tether, require one of the following: (1) conversion of the g o column chromatography.
carbonyl group into a dimethyl ketal functionality, (2) incor- Method B (TMAO-Promoted Cycloadditions). To a solution of

poration of an additional external electron withdrawing group the iron complex (1.0 equiv) under & Mtmosphere in HPLC-grade
(i.e., COQMe), (3) geminal dialkyl substituents in the tether, or acetone (+40 mM) was added a portion of TMAO {410 equiv) all

(4) employment of TMAO as a slower oxidant. Furthermore, at once. The resulting reaction mixture was refluxed for 6 h, treated
substrates with unactivated dienophiles connected through awith a second portion of TMAO (410 equiv), and refluxed for an
three-atom tether require the use of TMAO. Incorporating rigid additional 6-18 h. Once all of the starting material has been consumed
functional groups into the tether, as well as the presence of as judged by TLC and GC, the resulting brown suspension was cooled
strongly activated dienophiles, are essential for efficient CAN- 10 room temperature and then transferred to a separatory funnel

promoted intramolecular cycloadditions of four-atom, all-carbon SNtaining EO and saturated NaHGOThe aqueous layer was
tether substrates separated and extracted with@t The combined organic layers were

. . . . . washed with HO, brine, dried over MgS&K,CQ;, filtered, concen-
Theoretical considerations of the transition states in these trated, and purified by silica gel chromatography.

cycloadditions provide useful insight into the factors influencing

the course of the reaction. Moreover, the calculations offer a Acknowledgment. M.L.S. thanks the National Institutes of
means to predict the success of the intramolecular cycloadditionsHealth (GM62824), the National Science Foundation (CHE-
versus competing intermolecular dimerization processes. The0132221), and the ACS-PRF for financial support. K.N.H.
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acid (0.20 equiv) was added to a solution of the tricarboplyl[ . . . . . | d
(hydroxymethyl)cyclobutadiene] iron (1 equiv) in the allylic alcohol Supporting Information Available: - Experimental procedures,

(solvent) at 0°C. The reaction was judged complete by TLC usually data on new compounds, and computational results (PDF). This
after approximately 90 min at @C. CH.Cl, was added to the reaction ~ Material is available free of charge via the Internet at
http://pubs.acs.org.

Experimental Section 27

(27) See the Supporting Information for general experimental and computational
methods as well as details about specific compounds. JA0203162
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