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Cyclobutenedione$ disubstituted with HO &), MeO (), EtO (), i-PrO (), t-BuO (), PhO ),
4-MeOGH4O (g), 4-O.NCgH4O (h), and 3,4-bridging OCKCH,O (i) substituents upon laser flash
photolysis gave the corresponding bisketeBeesi, as detected by their distinctive doublet IR absorptions
between 2075 and 2106 and 2116 and 2140 'criThe reactivities in ring closure back to the
cyclobutenediones were greatest for the grébpe, with the highest rate constant of 2.9510" s* at

25 °C for 6e (RO = t-BuO) in isooctane, were less féa (RO = OH, k = 2.57 x 10° st in CH:CN),
while 6f—i were the least reactive, with the lowest rate constant of31®* s~ in CH;CN for 6h (RO

= 4-O,NCsH40). The significantly reduced rate constants &ri are attributed to diminution of the
electron-donating ability of oxygen to the cyclobutenediosfesh by the ArO substituents compared to
alkoxy groups and to angle strain in the bridged product cyclobutenedionkéhe reactivities of the
ArO-substituted bisketen&g—h in CH;CN varied by a factor of 50 and gave an excellent correlation of
the observed rate constants logvith the o, constants of the aryl substituents. Computational studies at
the B3LYP/6-31G(d) level of ring-closure barriers are consistent with the measured reactivities. Photolysis
of squaric acid §a) in solution provides a convenient preparation of deltic a@)d (

Introduction high reactivity of these species, which have only been observed
in a few cases in inert matrics® or using fast reaction
technique¥~" by their distinctive ketenyl IR absorption.
Nevertheless, such ketenes have found extensive applications
in synthesis, including those with MeO, EtO, BnGBuO,
PhO, MsO, MeSiO, AcO, and HO substituents! Usually,

T Current address: Department of Chemistry, Fuzhou University, Fuzhou, these reactions involve generation and in situ capture of the
Fujian 350002, China. ketenes.

Evidence for the instability of oxygen-substituted ketenes was
obtained as long ago as 1911, when efforts to prepare
MeOCPR=C=0 as an isolable compound were unsuccess-
ful.l2 Extensive further investigations have confirmed the
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Cyclobutenediones are sources of observable bisketenes andonstants for ring closure of bisketerdsto cyclobutenediones
are the first examples of the family of fully conjugated cyclic 4avary by a factor of 1&, and in recent studies of bisketenes
enediones, of which the 1,2- and 1,4-benzoquinchesid 2 with diamino substituents (R= R%:N), we found these to be
are the most familiar representatives. The parent 1,2-cy- the most reactive that have been observed, a result attributed to
clobutenedione3a)?® has long attracted interest for theoretical the property of these electronegative hutlonating groups to
reasons, and substituted cyclobutenediones are valuable irdestabilize ketenes and stabilize cyclobutenediéhidswever,
synthesigd~k The parent 1,3-isomeBb), for which no Kekule calculations indicate that ketenes with OH and MeO substituents
structure without formal charges may be drawn, is unknown, are destabilized even more than by NHroups, which is
but substituted derivatives, known as 1,3-squaraines, have manyconsistent with the known lower stabilization of ketenes by more
practical application3. electronegative substituerfs® The current study of oxygen-

substituted bisketenes from cyclobutenediéfiems undertaken
to establish the net effect of the substituents in this series.
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Upon photolysis, 1,2-cyclobutenedionds form 1,2-bis- 4a 4b

ketenes4b (eq 1), which have twisted almost perpendicular
conformations as showh?* The stabilities of bisketenesb
relative to cyclobutenedioneda cover a vast range, and
bisketenedb with two electropositive trialkylsilyl substituents
have been found to be more stable than cyclobutenedibmes
but in all other known cases, the latter are prefefréthte

1,2-Dihydroxycyclobutenedionga (squaric acid®P upon
photolysis in a matrix at 10 K formed biskete®a as identified
by the IR absorption at 2125 crh and with further photolysis
at 10 K successively forms deltic acidand dihydroxyacetylene
8 (eq 2)>¢ Other reported photolyses of di(oxygen)-substituted
cyclobutenediones include those with di(E@®)C di(i-PrO)&d

(1) (a) Staudinger, H.; Kupfer, GBer. Dtsch. Chem. Ged911, 44, di(t-BuO),*** di(Me;SiO) * and di(AcOJe" Substltuent_s. Cy-
1638-1640. (b) Lee. E. K. C.; Sodeau, J. R.: Diem, M.; Shibuyu, k. clopropenones and alkynes are observed products in some of
Proceedings of the Yamada Conference on Free Radicals, 1972198 these reaction® 9 as in eq 2, and these have been proposed to

Chem. Abstr.198Q 93, 140857e. (c) Leung-Toung, R.; Wentrup, C.  form through further reactions of unobserved bisketene
Tetrahedron1992 48, 7641-7654. (d) Krantz, AJ. Chem. Soc., Chem. intermediate§ade

Commun1973 670-671. () Wright, B. B.J. Am. Chem. S0d988 110, ! lates.

4456-4457. (f) Fedorov, A. V.; Danilov, E. O.; Rodgers, M. A. J.; Neckers,
D. C.J. Am. Chem. So@001, 123 5136-5137. (g) Merzlikine, A. G.;

Voskresensky, S. V.; Danilov, E. O.; Neckers, D. C.; Fedorov, A. V. hv hv

Photochem. Photobiol. S&@007, 6, 608-613. (h) Chiang, Y.; Kresge, A. jz/( 0O — HO OH ()

J.; Popik, V. V.; Schepp, N. RI. Am. Chem. Sod997, 119 10203~ 10K ‘-

10212. (i) Palomo, C.; Aizpurua, J. M. [&cience of Synthes{slouben-

Wey); Bellus, D., Danheiser, R., Eds.; Thieme Verlag: Stuttgart, 2006; 5a 6a 7 8

Vol. 23.6. (j) Tidwell, T. T.Ketenes2nd ed.; Wiley: Hoboken, NJ, 2006.

(k) For a review of recent developments in ketene chemistry, see: Tidwell, . L .

T. T. Eur. J. Org. Chem2006 563-576. (I) A listing of references is The goal of the present investigation was to characterize

given in the Supporting Information. examples of oxygen-substituted 1,2-bisketenes in solution and
(2) (@) Hinshaw, J, CJ. Chem. Soc., Cher®ommun.1971 630. () to obtain quantitative measurements of their reactivity and

Kasai, M.; Oda, M.; Kitahara, YChem. Lett1978 217-218. (c) Martin, . . .
H.-D.; Oftring, A.; Iden, R.; Schwichtenberg, E.; gchiwek’ HT<(§t2ahedron stablllty_. The results would increase the understgndlng of the
Lett. 1982 23, 841—844. (d) Allen, A. D.; Tidwell, T. T.Can. J. Chem properties of oxygen-substituted ketenes and bisketenes and
1999 77, 802-805. (e) Schang, P.; Gleiter, R.; Rieker, Ber. Bunsen- facilitate their practical application.
Gesell. 1978 82, 629-633. (f) Gleiter, R.; Schang, P.; Seitz, Ghem.
Phys. Lett.1978 55, 144-148. (g) Schmidt, A. H.; Reid, WSynthesis
1978 1-22. (h) de Meijere, A.; Kozhushkov, Methods of Organic Results
Chemistry (Houben-Weylrhieme: Stuttgart, 1997; Vol. E17f, pp 99 . . . . .
126. (i) Butenscho, H. Methods of Organic Chemistry (Houben-Weyl Squaric acid%a) is commercially available, and cyclobutene-
Thieme: Stuttgart, 1997; Vol. E17f, pp 12740. (j) Knorr, H.; Reid, W. diones5b—e, RO = MeO,2EtOf29i-PrO8d andt-BuO £ are
S%/gihsessglwa 649-666. (k) Schmidt, A. H.; Reid, WSynthesisl978 known compounds. ThePrO compoundd was prepared by

(3) (a) Ajayaghosh, AAcc. Chem. Re005 38, 449-459. (b) Meier,
H.; Petermann, RHelv. Chim. Acta2004 87, 1109-1118. (c) Matsuoka, (5) (a) Cohen, S.; Lacher, J. R.; Park, J.JDAm. Chem. S0d959 81,
M., Ed. Infrared Absorbing DyesPlenum Press: New York, 1990. (d)  3480. (b) Park, J. D.; Cohen, S.; Lacher, JJRAM. Chem. S0d.962, 84,
Meier, H.; Petermann, RTetrahedron Lett200Q 41, 5475-5478. (e) 2919-2922. (c) Maier, G.; Rohr, Q.iebigs Ann.1996 307—309.

Jyothish, K.; Avirah, R. R.; Ramaiah, @rg. Lett 2006 8, 111-114. (f) (6) (a) Dehmlow, E. V.Tetrahedron Lett1972 13, 1271-1274. (b)
Buschel, M.; Ajayaghosh, A.; Arunkumar, E.; DaubQ¥g. Lett.2003 5, Eggerding, D.; West, RJ. Am. Chem. Socl975 97, 207-208. (c)
2975-2978. (g) Tian, M.; Tatsuura, S.; Furuki, M.; Sato, Y.; lwasa, |.; Pu, Eggerding, D.; West, RJ. Am. Chem. Socl976 98, 3641-3644. (d)
L. S.J. Am. Chem. SoQ003 125 348-349. Dehmlow, E. V.; Neuhaus, R.; Schell, H. Ghem. Ber1988 121, 569—
(4) (a) Fu, N.; Allen, A. D.; Kobayashi, S.; Tidwell, T. T.; Vukovic, S.; 571. (e) Maier, G.; Jung, W. ATetrahedron Lett198Q 21, 3875-3878.
Arumugam, S.; Popik, V. V.; Mishima, Ml. Org. Chem2007, 72, 1951~ (f) Treibs, A.; Jacob, KLiebigs Ann. Chenil966 699 153-167. (g) Liu,
1956. (b) Aguilar-Aguilar, A.; Allen, A. D.; Pém-Cabrera, E.; Fedorov, H.; Tomooka, C. S.; Moore, H. Wsynth. Commurl997, 27, 2177-2180.
A.; Fu, N.; Henry-Riyad, H.; Kobayashi, S.; Leuninger, J.; Schmid, U.; (7) (@) Cohen, S.; Cohen, S. G. Am. Chem. Sod 966 88, 1533~
Tidwell, T. T.; Verma, RJ. Org. Chem2005 71, 9556-9561. (c) Allen, 1536. (b) Fischer, H.; Bellus, 05er. Offen.1976 DE 2616756, 19761028;

A. D.; Colomvakos, J. D.; Diederich, F.; Egle, |.; Hao, X.; Liu, R.; Lusztyk, Chem. Abstr1977, 86, 72011c. (c) Fischer, H. Patentschrift (Switzerland)
J.; Ma, J.; McAllister, M. A.; Rubin, Y.; Sung, K.; Tidwell, T. T.; Wagner, CH 609837; 19790330, 197&hem. Abstr1979 91, 1363m. (d) Schwartz,

B. D.J. Am. Chem. S0d997 119 12125-12130. (d) McAllister, M. A,; L. M.; Howard, L. O.J. Phys. Chenil973 77, 314-318. (e) Santos, P. S;
Tidwell, T. T. J. Am. Chem. S0d 994 116, 7233-7238. (e) McAllister, Sala, O.; Noda, L. K.; Goncalves, N. Spectrochim. Acta, Part 200Q
M. A,; Tidwell, T. T. J. Org. Chem1994 59, 4506-4515. 56, 1553-1562.
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TABLE 1. Rate Constants for Ring Closure of Bisketenes 6 at 25C
method, V1, V2 k k(CHgCN)/
RO solvent (cm™) (s} k(isooctane)
HO (63) UV,2 CHsCN (2.574 0.20) x 10°
MeO (6b) IR, isooctane 2084, 2122 (1.260.02) x 107
EtO (6¢) IR, isooctane 2082, 2118 (1.460.08) x 10
i-PrO (6d) IR, isooctane 2078, 2116 (1.840.09) x 10’
t-BuO (6¢) IR, isooctane 2075, 2122 (2.950.08) x 107N
PhO 6f) UV,b CHsCN (5.66 0.28) x 10°
IR, CH3CN 2100, 2134 (6.68-0.18) x 10°
IR,9 CH3CN 1750, 1824 (7.24-0.11) x 10°
CHsCN 6.31x 1CP (ave) 24
UV,cisooctane (2.6 0.05) x 1C°
4-MeOGH.O (69) UV,d CHsCN (1.604 0.04) x 10°
IR, CH:CN 2092, 2126 (1.8 0.03)x 10°
IR,9 CHsCN 1748, 1810 (2.520.34)x 10°
CHsCN 1.88x 1(° (ave) 25
UV,disooctane (7.4 0.50) x 1C°
4-O,NCgH40 (6h) UV,® CHsCN (3.22+0.04)x 10*
IR, CH3CN 2106, 2140 (4.020.01)x 10
IR,9 CH3CN 1818, 1754 (4.6% 0.40)x 10
CHsCN 3.77x 10* (ave)
OCH,CH,0 (6i) UV, CH:CN (1.654 0.10) x 1P
IR, CH:CN 2096, 2124 (1.98:0.10)x 10°
IR,9 CH:CN 1822, 1744 (2.28:0.22)x 10°
CHsCN 1.89x 10° (ave) 6.4

UV, isooctane

(2.94-0.04) x 10¢

2 Monitored at 252 nm® Monitored at 253 nm¢ Monitored at 256 nm¢ Monitored at 275 nm¢ Monitored at 283 nm{ Monitored at 240 nm¢ Increase
in dione absorption; see Supporting InformatidPreviously (ref 4c) reported as 2.52 10* s%. ' Average of IR and UV rate constants.

acid-catalyzed reaction of squaric acthY with isopropandi
and was converted t8b by reaction with methanol (eq 3),
and 5¢ (RO = EtO) was prepared frorba and (EtO)}CH .59
The known 5f (RO = PhOY” and the analoguesbg
(RO = 4-MeOGH40) and 5h (RO = 4-O,NCgH4O) were

(Supporting Information), and so our observed spectruiBieof
can confidently be assigned to the neutral compound. Upon laser
flash photolysis (LFP) oba, the growth of an absorption at
252 nm was observed, with a first-order rate constant of 2.57
x 1P s71 at 25°C (Table 1). This is assigned to re-formation

prepared by reaction of dichlorocyclobutenedione with the of 5afrom the bisketen&a.

appropriate phenols (eq 3). The tethered cyclobutenedione
was obtained by acid-catalyzed reaction5af with ethylene

glycol (eq 4)7c
o cl

HO
-
HO O «Cl

5a

Squaric acid %a) was insufficiently soluble for observation

O

(e}
5 RO = MeO (b); EtO (c); -PrO (d);

tBuO (e); PhO (f); 4-MeOCgH40O (9);
4-OoNCgH40 (h).

HO 6] OH e+ fo) 0]
HO ) OH o

RO O
RO O

(0]

5i

®

Unexpectedly, efficient conversion of squaric acih)(to
deltic acid {7, eq 2) in 1:8 HO/CH;CN solution was observed
upon photolysis, providing a useful preparative process not
previously reported, and crystallirfecould be readily isolated
and characterized bYC NMR, IR, and mass spectroscopy.
Deltic acid is an intrinsically interesting molecule, but only a
few syntheses are reportétE821t has been characterized by
X-ray® and observed as a photoproduct of squaric acid in a
matrix at 10 K¢ and is said to be “not easily accessil§kbut
is the frequent subject of theoretical studie,possibly because
of the lack of convenient routes to the molecule for experimental
studies. This procedure should make deltic acid more readily
available for such investigations.

Upon LFP of cyclobutenedionésb—i in isooctane and in
CH3CN, the ketenesb—i were observed (egs 5,6), as charac-
terized by their distinctive doublet ketenyl IR absorptions, with
a greater absorption between 2075 and 2106'@nd a smaller

(8) (a) Perica, M. A.; Serratosa, Fletrahedron Lett1977 18, 4437~
4438. (b) Semmingsen, D.; Groth, P.Am Chem. S0d.987, 109 7238~
7239. (c) Domene, C.; Fowler, P. W.; Jenneskens, L. W.; Stein@h&m-—

of ring opening to the bisketene and measurement of the kineticsEur- J. 2006 13, 269-276. (d) Dogaru, D.; Pietri, N.; Aycard, J. P.;

Hillebrand, M.J. Phys. Org. Chen004 17, 409-417. (e) Quinonero,

of ring closure by IR in our apparatus, but the UV spectrum of - Garau, C.: Frontera, A, Ballester, P.; Costa, A.; Deya, PCRem—
5ain CH;CN was observed, with a maximum at 240 nm. The Eur. J.2002 8, 433-438. (f) Morao, I.; Vincent, M. A.; Hillier, I. H.J.

UV spectrum in water oba as well as those of the mono- and
dianions derived from the first and second ionizations has been
reportectab.7d.eThe UV spectrum obawe observe in CkCN

Phys. Chem. 2001, 105 10689-10693. (g) Rostkowska, H.; Nowak, M.
J.; Lapinski, L.; Smith, D.; Adamowicz, LSpectrochim. Acta, Part A997,
53, 959-996.

(9) Characterization of deltic acid, ref 6¢: IR (KBr) 2300 (s, br), 1020

is similar to that of the parent in 0.1 N HCI, whereas the mono- (m), 960 (m), 775 (w), 410 (s) cnt. Our results: IR (KBr) 3421, 2339,
and dianion spectra at higher pH are reported to be distinctly 2362, 2271, 2297, 1979, 1934, 1617, 1466, 1411, 1025, 965, 911, 418 cm

EIMS mVz 104 ([M + H,O[*, 16), 87 (M + H]*, 38), 68 ([M — H,0]*,

shifted to longer wavelength. The UV spectrum of the dimethoxy 100) 58 (M — COJ*); HR-ESI-MS nvz calcd for GHyOs (M + HJ*)

compound5b in CH3CN also closely resembles that 6&

1770 J. Org. Chem.Vol. 73, No. 5, 2008

87.0082, found 87.0080.
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FIGURE 1. IR absorption and decay of biskete®ie(RO = PhO) in of bisketenesi in CH:CN forming cyclobutenedionsi.

CH3CN forming cyclobutenedionBf (X axis cnt?, Y axis OD).

and the concomitant growth of the diketone absorption at 1744
and 1822 cm! were monitored, with rate constants given in
Table 1.

Computations at the B3LYP/6-31G(d) level were made using
Gaussian 98 of the structures and energies of cyclobutenedi-
onesba (RO = HO), 5b (RO = MeO0), 5e (RO = t-BuO), and
for the bridged substratéi, the transition state9 for ring
opening of the cyclobutenedioné&s and the corresponding
bisketene$ (Table 2). The calculated geometries are given in
Tables S-4 and S-5 (Supporting Information).

signal between 2116 and 2140 ch{Table 1). The ketenyl IR
absorption for6f in CH3CN is shown (Figure 1), and similar
absorptions in isooctane or GEN are shown for the other
bisketenes in the Supporting Information. These absorptions for
6b—ein isooctane decayed with good first-order kinetics, with
rate constants between (1.26 and 2.9510" s (Table 1).
However, in CHCN, the ketene$b—e were apparently too
short-lived for observation with our IR apparatus, but the longer-
lived bisketene$f—i were observed and rate constants for ring
closure measured in isooctane and/or ;CN (Table 1). ) .
Previously, CHCN solvent was shown to give bisketene Discussion
lifetimes 1.6-3.4 times less than in isooctaffeand for6f—i,

. ; oo The rate constants for ring closure of the alkoxy-substituted
the differences are 2-46.4. However6f—i had significantly g y

| L | S han Gid—e with bisketene$b—e in isooctane rank with the largest which have
ower reactivity In ring closure in isooctane than & wit been observed; for comparison, the largest rate constant that

arange in rate constants of (0.29 to 7.4210° s™*, compared has previously been reported for bisketene ring closure is for
to (1.26 to 2.95)x 10’ s* for the latter (Table 1). Rate constants 4 (E _ MeZN) of 9_58 %« 107 st in CH3CI91.43 Direct

for the growth of the IR absorptions of the aryloxycyclobutene-
diones 5f—h were also measured (Table 1 and Supporting gy, \ere measured in isooctane. Rate constant ri@sls-

Information) and were in_agret_ement with the rate constants for CN)/k(isooctane) averaging 13 have been measured fbe R
decay of the corresponding bisketenes. substituted bisketenes (16 and 9&)while those for RO-
o substituted ketenes measured here have an average value of 3.8.
RO o ,, RO_C” Whichever value is used for comparison, bisketeiese are
jii ®) indicated to be among the most reactive ever studied. The high
RO o] )ZR
d/

comparison of the rate constants is not possible, as those for

A reactivity of6b—e may be attributed to the high electronegativity
of these substituents, which has been correlated with decreased
ketene stability*d€The rate constant f&a (RO = HO) in CHs-

5b-h = . oy .
?—BRU% (eh;;egwgo)('f)l;zgv(gblcz;%d()g); CN is less than that fob (RO = MeO) in isooctane by a
4-0oNCgH40 (h) factor of 5.0, and assuming thgCH3CN)/k(isooctane) rate
_0
o 0 hv 0. __C~ (10) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
[ ji/[i [ I ®) M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
o A o c Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
o <o 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.;
5i 6 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.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
The tethered oxygen-substituted bisketénevas generated  |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;

; i [ ; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
by laser flash photolysis i in acetonitrile or isooctane (eq W.: Johnson, B. G.: Chen. W.- Wong. M. W.: Andres. J. L. Head- Gordon.
6). The ketene was characterized by IR bands at 2096 and 2124, " Replogle, E. S.; Pople, J. AGaussian 98revision A-9; Gaussian,

cm1in CH3CN (Figure 2), and the decay of this absorption Inc.: Pittsburgh, PA, 1998.
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TABLE 2. B3LYP/6-31G(d) Calculated Energies for Cyclobutenediones 5, Ring-Opening Transition States 9, and Bisketenes 6 (Hartrees), and
Relative Energies (kcal/mol)

RO reactand E(rel) TS9 E(rel) bisketene E(rel) AE?
HO (a) —454.45102 0.00 —454.38403 42.04 —454.39609 34.47 7.56
MeO (b) —533.06493 0.00 —533.00084 40.22 —533.01265 32.81 7.41
t-BuO (&) —768.97697 0.00 —768.90709 43.85 —768.91618 38.14 5.71
PhO ) —916.54387 0.00 —916.48539 36.70 —916.49996 27.55 9.15
(OCHy)2 (i) —531.85254 0.00 —531.78307 43.60 —531.80772 28.13 15.47

aRing closure barrier, kcal/mol.

TABLE 3. Substituent Constants for Substituted Oxygen and 6.5 T T T T T T
Nitrogen Groups!!

RO op" Op RRIN Op

HO —0.92 —0.36 HN —1.30 6 -
MeO —0.78 —0.27 MeNH —1.81
EtO —0.81 MeN —1.70
i-Pro —0.85 PhNH —1.40
PhO —0.50

+ —y=5.7622 - 1.6112x R=0.99995

55

log k

ratios of 3-12 apply for6a, then this bisketene is less reactive 5 L
than is6b by a considerably larger factor.

For the alkoxy substituents, the rate constants in isooctane
Kobs = (1.26, 1.46, 1.84, and 2.95) 10’ s™* for RO = MeO,
EtO,i-PrO, and-BuO, respectively, at 25C, are rather similar,
with a small but steady increase with increasing alkyl group
size. The increase is consistent with availabie or op"
substituent constants (Table'Band suggests the rate increases
are due to increased conjugative electron donation stabilizing %
the forming cyclobutenedione products. The rate constant for
6f (RO = PhO) is significantly less than these, by factors of
48-110, and this is also consistent with the significantly reduced
ﬁiefg%%fj.?ﬂgrr:glgr?sftg]r:fs%:fguhp(%sof?,ﬂg‘?g_&ygggig? ring strain induced upon cyclization, which forms a four-

) . : : membered ring fused to a six-membered riddhe relative
?;c?o? (%’\é%ﬁ:;g’griszp; Cc%\:?;)llét?gn%ziéngg\gf(Ijg;igtrt:yoj unreactivity of6i is evidently due to the same cause, and the

parameters for the aryl substituents with a slppe —1.61 { greater reactivity_ obi compared tol1 _is con_sistent with the
= 1.000). The correlation with," parameters was not as good results for acyclic substituents and is attributable to greater
(r =0.97). The faster rates of ri?]g closure with electron-donating destabilization of the ketenyl groups and stabilization of the

aryl substituents are also consistent with stabilization of the CYclobutenedione by the oxygen substituents.
forming electron-deficient cyclobutenedione groups by the ring

R o R O
. N N
substituents on ArO. [ hv [
The lower reactivity oféa (RO = HO) in closure to the A @)
o 0 W

cyclobutenedioneSa compared to the alkoxy analoguéis—e ~o
is an exception to the trend for greater reactivity for bisketenes

6 with greater magnitude of the substituegt value. However, 10 (R = Me, n-Bu) 1

the calculated barriers for the reaction (Table 2) are in qualitative

zigreeme>nt With>thehobs>erved trend fﬁ.r ring f(;osqré:?f-Buo generated and observed by IR in solution. The reactivities of
MeO > HO P O (OCHZ)Z'. This could arise rom an  the pisketenes in ring closure have been measured, and those

unexpected stabilization of the bisketene or destabilization of for alkoxy substituents rank with the greatest which have been

the cyclobutenedione. o ) reported, a result attributable to the strong electron donor power
The rate constant of 2.94 10" s for ring closure of the 54 ketene destabilizing ability of these substituents. By contrast,

oxygen-substituted and tethered bisket6nia isooctane tothe 5y 1oy substituted bisketenes are significantly less reactive, as
cyclobutenedionsi (eq 6) is much less than that for the acyclic  gypecied for the diminished electron donor ability of these

alkoxy-substituted analoguéb—e, by a factors of 4x 10 to groups. The tethered bisketeBiis also relatively unreactive,
1 but is greater '_than those of the gmme-subsntuted analogues, (aqult attributed to fing strain in the corresponding cy-
11 (R = Me) forming cyclobutenedione®0 (eq 7) by factors  ¢gpytenedione. Photolysis of squaric acls)(in solution

of 5.0 (R= Me) and 2.9 (R= n-Bu).** The rate reduction in  ,,ides a convenient preparation of deltic acil (
ring-closure reactivity for the tethered amino substituents

compared to the open chain derivatives was attributed to the Experimental Section

Cyclobutenedionéd (RO = i-PrOfd was prepared from the
(11) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165-195. reaction of squaric acids@) with isopropanol and acid and was

! 1 1 1 ) !
-0.4 -0.2 0 0.2 0.4 0.6 0.8

FIGURE 3. Correlation of logk with o, for reactivity of bisketenes
6 (RO = R!CsH40; Rt = MeO, H, NO).

In summary, oxygen-substituted biskete®és-i have been

1772 J. Org. Chem.Vol. 73, No. 5, 2008



Oxygen-Substituted Ketenes and Bisketenes ]OCArticle

converted to5b (RO = MeO)2 by reaction with methanol. The 911, 418 cm?; EIMS m/z 104 (M + H,O]", 16), 87 ((M+ H]*,

EtO (50),59t-BuO (5€),5¢ and PhO %f)"® derivatives were prepared  38), 68 ([M — H,O]*, 100); HRESIMSm/z calcd for GH305 ([M

by the reported procedures. Aryloxy cyclobutenedidbgh were + H]*) 87.0082, found 87.0080.

prepared as fobf. CyclobutenedioneSf (RO = PhO),5g (RO = Kinetic Measurements.Kinetic measurements by IR spectros-

4-MeOGH40), 5h (RO = 4-O,NCzH;0), and 5i have been copy of the re-formation of cyclobutenediong$rom bisketenes

reported’><but no specific experimental details or characterization 6 (RO = MeO (), EtO (), i-PrO (), t-BuO (), PhO ),

were given. 4-MeOGH40 (g), 4-O,NCeH,O (h), and OCHCH,O (i)) were
3,4-(1,4-Dioxatetramethylene)cyclobut-3-ene-1,2-dione (5iY. measured at Kyushu University with ketene generation using a Nd:

To a solution of squaric acid (114 mg, 1.00 mmol) and anhydrous YAG laser (266 nm) and 1.& 103 M solutions with observations

ethylene glycol (55.8L, 62 mg, 1.00 mmol) in dry benzene (20 by IR. Kinetic measurements using UV spectroscopy were done at

mL) was added 1 drop of concd,80, and the mixture was  the University of Toronto as previously report&dS by photolysis

refluxed overnight and then concentrated under reduced pressurewith an excimer laser (KrF, 248 nm), or Nd:YAG laser (266 nm)

The residue was purified by flash chromatography (silica gel, to generate the unobserved transient bisketenes, with depletion of

EtOAc/hexanes 2:1 v/v) to give the squar&i€20 mg, 14%) as a the cyclobutenedione and observation of the re-formation of the

white solid: mp 112-114°C; *H NMR (300 MHz, CDC}) 6 4.61 cyclobutenedione absorption by UV.

(s, 4H);13C NMR (100 MHz, CDC}) 6 186.1, 186.0, 68.1; EIMS

(m/2) 140 (M*), 112, 56; HREIMSwz caled for GH,04 140.0110, Acknowledgment. Financial support by the Natural Sciences
found 140.0116; IR (KBr) 1822, 1744, 1729, 1616 ¢rUVivis and Engineering Research Council of Canada and the Petroleum
(CHCN) (Amax €) 243 nm (1.81x 107). Research Fund administered by the American Chemical Society

_Deltic Acid (7). Squaric acid %a, 222 mg, 1.95 mmol) was s gratefully acknowledged. Computations were carried out with
dissolved in HO (50 mL) and then diluted with C)N (400 mL)  ne High-Performance Computer Cluster at the University of
in a quartz tube (4.5 cm diameter, height 28 cm) and irradiated for 110nt0 at Scarborough.

24 h using 254 nm light. The solvent was evaporated under vacuum
to give a yellow solid which was washed several times witheCH
CN to give 7 as a white solid (84 mg, 50%): mp 21215 °C
(decomp) (lif® decomp 180C); 13C NMR (100 MHz, DMSO#¢)

0 168.4;13C NMR (100 MHz, CQOD) 6 132.3; IR (KBr) 3421,
2297, 2339, 2362, 2271, 1979, 1934, 1617, 1466, 1411, 1025, 965,J0702312T

Supporting Information Available: Experimental and com-
putational details. This material is available free of charge via the
Internet at http://pubs.acs.org.
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