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been examined in detail involves the binding of tris- 
(phenanthroline)ruthenium(II), Ru(phen):+, to 
Each of the three propeller-like bidentate ligands of the 
molecule provides a planar aromatic surface for potential 
intercalation, and together they impart chirality to the 
structure. NMRn and photophysicalZ2 experiments have 
established that two DNA-binding modes, intercalative 
and groove bound, are available to Ru(phen)t+. This case, 
therefore, allows us to ask whether, in the presence of 
alternative binding modes, intercalation can be firmly 
established. 

In fulfilling the first criterion for intercalation, 
R ~ ( p h e n ) ~ ~ +  has been demonstrated to unwind helical 
DNA through two independent assays, one22 measuring 
altered electrophoretic mobility, another25 using a topo- 
isomerase assay. The second criterion, establishing an 
electronic interaction between the potential intercalator 
and the DNA bases, has been firmly established through 
observations of hypochromism and red shifts in the MLCT 
band of the complex upon binding and based upon in- 
creases in the MLCT excited state lifetime.'3*22J6 A de- 
termination of rigid binding by Ru(phen)l+, the third 
experimental criterion, has been established through 
emission polarization measurements that indicate the re- 
tention of polarization in emitted light.'3g22 In contrast, 
surface-bound molecules showed no retention of polarized 
emission. 

The fourth criterion, a consideration of molecular shape 
and structure, is readily established through the com- 
parison of A and A enantiomers with respect to each ex- 
perimental determinant (structural changes, electronic 
interactions, and rigidity) for intercalative binding. In all 
of these experiments, the A enantiomer, at the same added 
concentration as the A isomer, shows an increased effect. 
This enantioselectivity is also supported by electric di- 
chroism  measurement^.^^ The readily observed chiral 
discrimination provides perhaps the strongest evidence in 
support of intercalation based upon structural considera- 
tions and indicates that the symmetry of the metal com- 

plex matches the symmetry for intercalation into a 
right-handed helix.' 

In contrast to these data, a recent publicationa utilizing 
techniques (flow dichroism) that determine only the ori- 
entation of a bound species relative to the helix axis has 
described the construction of models for the interaction 
of Ru(phen)32+ with DNA, models in which intercalation 
was not predominant. The orientational data alone were 
clearly incapable of resolving the two binding modes for 
the complex as established by several different lines of 
evidence.22*n-28 Clearly, the above line of experimentation 
provides an example of how the application of any one of 
the four criteria alone may lead to ambiguities in char- 
acterizing the binding modes of a molecule.30 

In summary, to assess the binding interactions with 
DNA of "three-dimensional" DNA-interactive molecules 
in the absence of a well-resolved crystal structure, what 
is required is an evaluation that satisfies at least four 
criteria prior to establishing an intercalative interaction. 
Hopefully these criteria will set a standard by which other 
workers in the field may judge their data during the 
evaluation of binding mode and aid in the future rational 
design of DNA-interactive agents. 
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their support of our work. E.C.L. is a Fellow of the Jane 
Coffin Childs Memorial Fund for Medical Research. 
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(30) It is noteworthy that none of the above experimental criteria 
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DNA-binding agent, and here 89 well experimental evidence is required. 
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A decade ago our group first began to examine the 
reaction mechanismsla and synthetic applicationslb of 
nucleophilic additions to ketenes. It appeared to us that 
this field had not received the attention warranted by 
the intrinsic interest and potential utility of these fas- 
cinating difunctional species. This area of study 
reached its first maturity very early, as it was the initial 
major research interest of Hermann Staudinger, who 
reported the first ketene in 1905. He summarized his 
work on the subject in a definitive monograph in 1912,2 
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which marked the culmination of the first golden age 
of ketene chemistry. Staudinger then went on to  de- 
velop further interests, such as the creation of modern 
polymer chemistry. 

The field did not languish thereafter, but received 
steady attention by some talented groups as summa- 
rized in several reviews: but only after Woodward and 

(1) (a) Kabir, S. H.; Seikaly, H. R.; Tidwell, T. T. J. Am. Chem. SOC. 
1979, 101, 1059-1060. (b) Tidwell, T. T. Tetrahedron Lett. 1979, 
4615-4618. 

(2) Staudinger, H. Die Ketene; Enke: Stuttgart, 1912. For an auto- 
biographical account, see: Staudinger, H. From Organic Chemistry to 
Macromolecules; Wiley: New York, 1970. 

(3) (a) The Chemistry of Ketenes, Allenes and Related Compounds; 
Patai, S.,  Ed.; Wiley: New York, 1980; Parts 1 and 2. (b) Brady, W. T. 
Tetrahedron 1981,37,2949-2966. (c) Borrmann, D. Methoden der Or- 
ganische Chemie; Thieme: Stuttgart, 1968; Vol. 7, Part 4. 
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Figure 1. (a) Ketene charge densities and 13C NMR chemical 
shifts. (b) Ketene HOMO. (c) Ketene LUMO. 

Hoffmann pointed out the unique ability of ketenes to 
undergo concerted [,2, + 2*] cycloaddition4 has it again 
become one of the “hot spots” of organic ~hemis t ry .~  

Addition reactions of ketenes particularly attracted 
our attention, as we believed that the prevalent mech- 
anistic rationales for these reactions were unsatisfactory 
and that their synthetic potential was neglected. Our 
work over the past decade has convinced us that our 
analysis was correct, and independently of our efforts 
there has been a worldwide blossoming of interest in 
ketene chemistry. It is our conviction that the current 
activity is only the beginning, and that ketene chemistry 
will continue to flourish. 

Ketene Structure. Molecular orbital calculated 
charge densities of ketene show positive charge on C, 
and hydrogen and negative charge on oxygen and C$ 
and these are paralleled by the 13C NMR chemical 
shifts6, shown (Figure 1). Frontier molecular orbital 
calculations4 show the highest occupied molecular or- 
bital (HOMO) and lowest unoccupied molecular orbital 
(LUMO) for ketene lie respectively perpendicular to 
and in the molecular plane, so that electrophilic attack 
is expected to occur at C, from above while nucleophiles 
are expected to attack in the plane at  C,. 

The molecular structure of ketene has now been re- 
fined6b and is distinguished by the short CC and CO 
bond lengths of 1.3142 (5) and 1.1609 (4) A, respectively, 
involving the sp-hybridized carbon. These are similar 
to distances recently found in crystalline ketenes by 
X-ray crystallography6c*d and in dichloroketene by 
electron diffraction.6e 

Current Ketene Studies. Some particularly active 
areas of ketene chemistry are conjugated ketenes? in- 
cluding alkynylketenes,7b,c the intramolecular 2 + 2 
cyclization reactions of thioketenes? and the 
interaction of ketenes with organometallic compounds.7f 
Ketenes bearing electronegative heteroatom substitu- 
ents are particularly reactive and useful in synthetic 
appl i~at ions.~~*~g 

The 2 + 2 intermolecular cycloaddition reaction of 
ketenes with alkenes has now been reexamined by using 

(4) (a) Woodward, R. B.; Hoffmann, R. The Conservation of Orbital 
Symmetry; Verlag Press: New York, 1969. (b) Fleming, I. Frontier 
Orbitals and Organic Chemical Reactions; Wiley: New York, 1976. (c) 
Houk, K. N.; Strozier, R. W.; Hall, J. A. Tetrahedron Lett. 1974,897-900. 

(5) Ghosez, L.; ODonnell, M. J. Pericyclic Reactions; Marchand, A. 
P., Lehr, R. E., Eds.; Academic Press: New York, 1977; Vol. 3, pp 79-140. 

(6) (a) Firl, J.; Runge, W. 2. Naturforsch. 1974, 29b, 393-398. (b) 
Duncan, J. L.; Munro, B. J .  Mol. Struct. 1987,161,311-319. (c) Biali, 
S. E.; Gozin, M.; Rappoport, Z. J. Phys. Org. Chem. 1989,2,271-280. (d) 
Schaumann, E.; Harto, S.; Adiwidjaja, G. Chem. Ber. 1979, 112, 
2698-2708. (e) Rozsondai, B.; Tremmel, J.; Hargittai, I.; Khabashesku, 
V. N.; Kagramanov, N. D.; Nefedov, 0. M. J.  Am. Chem. SOC. 1989,111, 

(7) (a) Moore, H. W.; Decker, 0. H. W. Chem. Rev. 1986,36,821-830. 
(b) Nguyen, N. V.; Chow, K.; Moore, H. W. J.  Org. Chem. 1987, 52, 
1315-1319. (c) Pollart, D. J.; Moore, H. W. Ibid. 1989,54,5444-5448. (d) 
Snider, B. B. Chem. Rev. 1988,88,793-811. (e) Schaumann, E. Tetra- 
hedron 1988, 44, 1827-1871. ( f )  Geoffroy, G. L.; Bassner, s. L. Adu. 
Orgunomet. Chem. 1988,28, 1-83. (g) Brady, W. T.; Gu, Y. Q. J.  Org. 
Chem. 1989,54, 2838-2842. 

2845-2849. 

improved theoretical methods.8a* In one study this 
reaction is described as “quasi-pericyclic”, with appre- 
ciable interaction of the central atom of the ketene with 
both termini of the alkeneFb Asynchronous bond for- 
mation with generation of a short-lived biradical in- 
termediate has also been proposed,8a and all8” of these 
studies emphasize that bond formation is much more 
advanced to one of the carbons of ethylene than the 
other. Theoretical studies of the reaction of the ketene 
radical cation with ethylene suggest that this reaction 
is best described as electrophilic attack of the terminal 
carbon of ketene radical cation to ethylene.8d These 
fascinating stories7p8 will not be repeated here but are 
warmly recommended. 

Ynol Esters. Laser photolysis of ketene in an argon 
matrix gives the tautomer ethynol (HCECOH).~~ 
Ynols have also been generated in the gas phase,gb in 
solution? and in crystalline metal coordinated com- 
p l e x e ~ . ~ ~  Ynols are strongly acidic? and ynolates 
(RC=CO-), the conjugate bases of both ketenes and 
ynols, have become accessible synthetic intermediates.* 

Ynol esters (RC=COX; X = PhCO, P03Eh, Ts) have 
also recently been pre~ared,~g and the hydrolysis 
mechanisms of these ynol esters have been examined?h 
This is illustrated for the case of l-propynyl benzoate, 
which reacts in acid by protonation on carbon to give 
a vinyl carbocation that leads to propanoic acid and 
benzoic acid as shown in eq l?h In neutral solution the 
same acids are formed along with l-(benzoyloxy)-2- 
propanone (1, eq 2).9h Compound 1 results from the 
cyclized dioxolene 2, as evidenced by 180-labeling ex- 
periments and the isolation and purification of the 
methyl ether of 2 from the reaction of l-propynyl 
benzoate in methanolSgi Precedent for this unusual 
cyclization exists for the corresponding thioalkynyl 
e s t e r~ .~ j  

H O  
CH&&O,CPh -* H+ CH,CH=&O,CPh 2 CH,CH,CO,H + PhC0,H (1) 

Ph OH 

2 1 

Mechanistic Studies of Ketene Additions. The 
hydration reactivities of a representative group of 
ketenes in largely or totally aqueous solvents have now 
been measured, as summarized in Table I.lo*ll There 

(8) (a) Wang, X.; Houk, K. N. J. Am. Chem. SOC. 1990,112,1754-1756. 
(b) Bernardi, F.; Bottoni, A.; Robb, M. A.; Venturini, A. Ibid. 1990,112, 
2106-2114. (c) Valenti, E.; Pericas, M. A.; Moyano, A. J. Org. Chem. 1990, 
55,3582-3593. (d) Heinrich, N.; Koch, W.; Morrow, J. C.; Schwarz, H. 
J.  Am. Chem. SOC. 1988,110,6332-6336. 

(9) (a) Hochstrasser, R.; Wirz, J. Angew. Chem., Int. Ed. Engl. 1990, 
29, 411-413. (b) van Baar, B.; Weiske, T.; Terlouw, J. K.; Schwarz, H. 
Ibid. 1986,25,282-284. (c) Kresge, A. J. Acc. Chem. Res. 1990,23,43-47. 
(d) Vrtis, R. N.; Rao, C. P.; Bott, S. G.; Lippard, S. J. J.  Am. Chem. SOC. 
1988,110, 7564-7566. (e) Smith, B. J.; Radom, L.; Kresge, A. J. Ibid. 
1989,111,8297-8299. ( f )  Kowalski, C. J.; Lal, G. S.; Haque, M. S. Ibid. 
1986, 108, 7127-7128. (g) Stang, P. J.; Roberts, K. A. Ibid. 1986, 108, 
7125-7127. (h) Allen, A. D.; Kitamura, T.; Roberts, K. A.; Stang, P. J.; 
Tidwell, T. T. Ibid. 1988,110, 622-624. (i) Allen, A. D.; Kitamura, T.; 
McClelland, R. A.; Stang, P. J.; Tidwell, T. T., submitted for publication. 
Cj) Drenth, W.; Nieuwdorp, G. H. E. Recl. Trau. Chim. Pays-Bas 1969, 
88, 307-312. 

(10) (a) Allen, A. D.; Tidwell, T. T. J. Am. Chem. SOC. 1987, 109, 
2774-2780. (b) Allen, A. D.; Kresge, A. J.; Schepp, N. P.; Tidwell, T. T. 
Can. J .  Chem. 1987, 65, 1719-1723. (c) Allen, A. D.; Stevenson, A.; 
Tidwell, T. T. J.  Org. Chem. 1989,54, 2843-2848. 
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Table I 
Ketene Reactivities in H20  and in H,O/CH,CN, 25 OC1o~l* 

kH+, M-' s-l k H 2 0 ,  L4-l koH-, M-' S-l ~ o H - / ~ H ~ o  ketene solvent 
CH,=C=O H2O 44 

t-BuCH=C=O H2O 37.9" 

t-Bu,C=C=O H20 
PhCH=C=O H2O 
Ph&=C=O H20 

n-BuCH=C=O H2O 3.98 x 103 . 99.4 3.29 x 104 330 

Et,C=C=O H2O 8.26" 
434 1.57 X 10"' - 

- 4.77 x 103 1.22 x 106 260 
275 6.11 x 104 220 - 

i-PrCPh=C=O H20 1.23' 
t-BuCPh=C=O H2O 0.370" 

H2O 7.03 2.97 x 10-4 0.104 350 

t-BuC( C02Et)=C=Od H2O 0.124 12.4 
t-BuCH=C=O 20% CH3CN 135 0.0780 

c-Pr2C=C=Od 50% CH3CN 0.406 

t-BuCPh=C=O 50% CH3CN 0.488 0.00997 46.7 
t-Bu,C=C=O 50% CHSCN 3.6 

Et,C=C=O 50% CH3CN 13.0' 0.10' 79c 

t-PrCPh=C=O 50% CHSCN 0.120 0.0424 58.4 

100 

79OC 

1400 
4700 

a Extrapolated from values measured in H20/CH3CN mixtures. Average of values extrapolated from H20/CH3CN and H20/dioxane 
mixtures. Temperature 5.5 "C. Reference 17c. 

is a significant effect of structure on reactivity, as ex- 
emplified by the rate ratio for reaction in neutral H20 
k(PhCH=C=O)/k(t-Bu2C=C=O) = 3 X lo7. This 
difference is readily understood in terms of the mech- 
anism of eq 3, in which H20 attack occurs at the LUMO 
on the less hindered side of C, in the plane of the 
ketene. The crowded ketene t-Bu2C=C=0 is quite 
unreactive because of the bulky groups on each side of 
C,. However, PhCH=C=O is very reactive because the 
phenyl group stabilizes the enolate-like transition state 
and one side of the ketene is unencumbered, presenting 
no steric barrier to nucleophilic attack. 

R' 
:c=c: (3) 
/ \  
R +OH2 

Further evidence for the importance of polar effects 
includes the Hammett correlation with p = 1.9 for the 
effect of aryl substituents in XC6H4CH=C=0.11b The 
importance of steric effects in the ketene plane are 
illustrated by the similar H20 reactivities of ketenes 
such as n-BuCH=C=O, t-BuCH=C=O, and CH2= 
C=O. These have at least one side unencumbered, 
allowing the nucleophile to approach. Ketenes such as 
i-PrCPh=C=O and t-BuCPh=C=O with two steri- 
cally demanding substituents have low reactivity, con- 
sistent with this analysis.loc 

A calculated pathway for gas-phase hydration of 
ketene involves concerted addition of H20 to the car- 
bonyl group, giving an enediol.12b Such enediols may 
well be transient intermediates in the solution-phase 
reactions, but the rate-limiting transition states have 
considerable polar character as shown in eq 3. 

(11) (a) Bothe, E.; Dessouki, A. M.; Schulte-Frohlinde, D. J. Phys. 
Chem. 1980,84,3270-3272. (b) Bothe, E.; Meier, H.; Schulte-Frohlinde, 
D.; von Sonntag, C. Angew. Chem., Int. Ed. Engl. 1976,15,380-381. (c) 
Poon, N. L.; Satchell, D. P. N. J. Chem. SOC., Perkin Trans. 2 1983, 
1381-1383; 1986,1485-1490. (d) Satchell, D. P. N.; Satchell, R. S. Chem. 
SOC. Rev. 1975,4, 231-250. 

The hydroxide-induced hydrolysis evidently resem- 
bles eq 3, with OH- taking the role of the nucleophile. 
The rate ratios kOH-/kH20 are in the range 100-5000 for 
different ketenes, and the relative constancy of this 
ratio supports the similarity in the mechanism. How- 
ever, the fact that the corresponding ratio for aldehyde 
and ketone hydration typically lies in the range 105-107 
suggests a difference in these processes which is not 
understood.loa 

Acid-catalyzed hydrolysis shows different structure- 
reactivity patterns than the neutral and base reactions. 
Thus the rate ratio k (n-BuCH=C=O)/k ( t-Bu2C=C= 
0) is 6.3 X lo5 for the neutral reaction, but only 9.1 in 
acid. The latter value shows that there are only modest 
structural barriers to protonation, which occurs in the 
plane perpendicular to that of the ketene and leads to 
an acylium ion (eq 4). The acylium ion is by far the 
most stable intermediate in ketene protonations by 
6-31G*/ /3-21G calculations12a and readily rationalizes 
the experimental results. 

Aryl groups retard ketene protonation. Thus t- 
BuCH-C-0 has kH+ 277 times greater than for t- 
BuCPh=C=O,loC and this closely resembles the aver- 
age factor of 690 for protonation at  the phenyl-sub- 
stituted carbon of the E and 2 isomers of PhCH= 
CHOCH,.13" The rate retardation is readily understood 
in terms of ground-state stabilization of the ketene and 
destabilization of the developing acylium ion t- 
BuCHPhC+=O by the phenyl. This substituent effect 
excludes a mechanism involving rate-limiting protona- 
tion on oxygen, which is not expected to be strongly 
affected by the groups at  C,. 

The vinylketene 3 undergoes acid-catalyzed hydrol- 
ysis by protonation of the &carbon (eq 5).loC This be- 
havior is predicted by 6-31G*/ /3-21G calculations12a 

(12) (a) Leung-Toung, R.; Peterson, M. R.; Tidwell, T. T.; Csizmadia, 
I. G. J. Mol. Struct. 1989,183,319-330. (b) Nguyen, M. T.; Hegarty, A. 
F. J. Am. Chem. SOC. 1984,106,1552-1557. 
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Just as in hydration of ketenes (eq 3), addition of 
carbon nucleophiles to ketenes is expected to occur in 
the plane of the ketene. By trapping of the interme- 
diate enolates by silylation or acetylation it has been 
demonstrated that approach occurs from the least 
hindered site as in the example of eq 6,1n in which some 
MesSiMeaSiLi was evidently generated during the 
preparation of Me3SiLi. Many of the results obtained 
for eq 7 are compiled in Table 11. 
Ph 

Table I1 
Stereoselectivity in Ketene Additions According to Eq 7 

/ \  
R' R2 RLi R2 R 

t-BU H t-BuLi >95/5 15b 
Et Me MeLi 
i-Pr Me MeLi 
t-Bu Me MeLi 
t-Bu i-Pr t-BuLi 
Ph Me n-BuLi 
Ph Et n-BuLi 
Ph Et Me,SiLi 
Ph i-Pr t-BuLi 
Ph t-Bu t-BuLi 
Ph c-Pr n-BuLi 
Ph c-Pr t-BuLi 
Ph c-C5H9 n-BuLi 
Ph C - C ~ H , ~  n-BuLi 

C=O CHZ=CHCHzMgCI 

1.711 
7.011 

>99/ 1 
>95/5 
>95/5 
>95/5 
>95/5 

114 

9/91 
88/12 
56/44 
9 /1  

<5/95 
79/21 

16a 
16a 
16a 
17d 
15b 
15b 
17b 
17d 
17d 
17c 
17c 
17d 
17d 
16b 

and parallels the behavior of other 1,3-dienes, which 
also protonate on a terminal carbon.13b 

As noted above, hydration of ketenes may involve 
1,l-enediols R2C=C(OH)2. These have been inde- 
pendently generated and observed spectroscopically 
when substituted with bulky aryl groups.14 

Nucleophilic Additions. Synthetic Studies. 
Addition reactions to ketenes, including nucleophilic 
attack, were reviewed in 1986,158 and the synthetic 
utility of the reaction of ketenes with organolithium 
reagents has continued to de~elop.'"'~ Among the 
nucleophiles that have been examined are alkyl-, alke- 
nyl-, alkynyl-, aryl-, and (trimethylsilyl)lithiums, and 
lithium and potassium enolates. The asymmetric syn- 
thesis of a-substituted alkanoic acids by the addition 
of chiral alcohols to ketenes has long been studied and 
has attracted further interest.lsa 

(13) (a) Chiang, Y.; Kreage, A. J.; Young, C. I. Can. J. Chem. 1978,56, 
461-464. (b) Chwang, W. K.; Knittel, P.; Koshy, K. M.; Tidwell, T. T. 
J. Am. Chem. Soc. 1977,99, 3395-3401. 

(14) ONeill. P.: Heeartv. A. F. J. Chem. SOC.. Chem. Commun. 1987. 
0- ... 

744-745; J.  Org. h e m .  1987,52,2114-2116. 
(15) (a) Seikaly, H. R.; Tidwell, T. T. Tetrahedron 1986, 42, 

2587-2613. (b) w e ,  L. M.; Seikaly, H. R; Tidwell, T. T. J. Am. Chem. 
SOC. 1986,107,5391-5396. (c) Baigrie, L. M.; Lenoir, D.; Seikaly, H. R.; 
Tidwell, T. T. J. Org. Chem. 1986,50, 2105-2109. 

' 

(16) (a) Haner, R.; Laube, T.; Seebach, D. J. Am. Chem. SOC. 1985, 
107, 5396-5403. (b) Naef, F.; Decorzant, R. Tetrahedron 1986, 42, 
3245-3250. (c) Fehr, C.; Galindo, J. J. Org. Chem. 1988,53, 1828-1830. 

(17) (a) Baigrie, L. M.; Leung-Toung, R.; Tidwell, T. T. Tetrahedron 
Lett. 1988,29,1673-1676. (b) Gong, L.; hung-Toung, R.; Tidwell, T. T. 
J. Org. Chem. 1990,55, 3634-3639. (c) Allen, A. D.; Gong, L.; Tidwell, 
T. T. J. Am. Chem. SOC., in press. (d) Allen, A. D.; Bai ie, L. M.; Gong, 
L.; Tidwell, T. T., submitted for publication. (e) UnpuBinhed results by 
Herman Lam in this laboratory. (0 Arjona, 0.; de la Pradilla, R. F.; 
Mallo, A.; Perez, S.; Plumet, J. J. Org. Chem. 1989,54,415&4164. (g) 
Cieplak, A. S.; Tait, B. D.; Johnson, C. R. J.  Am. Chem. SOC. 1989, I l l ,  

(18) (a) Larsen, R. D.; Corley, E. G.; Davis, P.; Reider, P. J.; Grabow- 
ski, E. J. J. J. Am. Chem. SOC. 1989, 111, 7650-7651. (b) Halfon, S. E.; 
Fermin, M. C.; Bruno, J. W. Ibid. 1989, 1 1 1 ,  5490-5491. 

8447-8462. 

1) Me3SILi 
-c=o - \ /"- 21 A c 2 0  

Et' 
Ph OAc Ph OAC 

2 (54%) E (20%) 

"'\ RLI ~ 

R2 ?=c=o 

R1\ "'\ PL' + /c= /"=" \ 

R 
/ 

\ 
R2/ R R2' 

The steric situation in phenyl-a-alkylketenes such as 
phenylisopropylketene (4) is a dynamic one, in which 
the steric interaction of the incoming nucleophile with 
the syn substituent and the mutual interaction between 
the two ketene substituents are all involved. One ex- 
treme conformation (4a) has a planar phenyl group and 
maximum steric repulsion by the isopropyl methyls at 
C,. Another extreme conformation has a perpendicular 
phenyl and minimal repulsion by the isopropyl methyls 
a t  C,. In practice, attack from the phenyl side is fa- 
vored in this case, and for phenyl-tert-butylketene this 
is the only mode of attack 0 b ~ e r v e d . l ~ ~  The E / Z  
product ratios also vary, depending upon the identity 
of the nucleophile,17c as already observed for ket~nes. '~~g 

H-C' 

CH3 

Bruno and co-workers have shown that the reaction 
of Cp',NbCl (Cp' = &&H,SiMe3) with P h C M d 4  
and PhCEt=C=O led to complexes 5 and 6, respec- 
tively. These exist as equilibrating mixtures of isomers, 
with EIZ ratios of 81/19 and 70/30 for 5 and 6, re- 
spectively.lsb The E / Z  equilibration is slow, and an 
X-ray crystal structure of (E)-6 was obtained; the 
equilibration was shown to be intramolecular as ex- 
change with added ketene did not occur during equil- 
ibration. 

For reaction of LiOCR=CH2 with ketenes, acylation 
of the enolate a t  either carbon or oxygen by the ketene 
may be envisaged. Interestingly, both of these processes 
are observed, with a strong preference for formation of 
the 0-acylated lithium enolates 8 by relatively unhin- 
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dered ketenes such as PhCMe=C=O (Scheme I).17"pb 
Even more surprisingly, the products isolated from 
potassium enolates and ketenes on long reaction times 
result from the exclusive C-acylation by ketenes to give 
1,3-diketones 9. This result is directly opposite to the 
expectation that O-acylation is favored for potassium 
enolates and C-acylation for lithium enolates. 

Experimental studies show that on prolonged reaction 
times the initial O-acylated lithium adducts 8 are con- 
verted to C-acylation products. The vinyl esters 10 
resulting from O-acylation of potassium enolates may 
be isolated if the reactions are quenched after short 
reaction times at  low  temperature^.'^^ These results 
indicate that O-acylation of both lithium and potassium 
enolates may be kinetically favored, but that the C- 
acylated products are thermodynamically more stable. 

Nucleophilic Additions: Theoretical Studies. 
Important progress has been made recently in the 
theoretical understanding of the addition of LiH and 
organolithiums to carbonyl compounds including form- 
aldehyde,lga-e a~etaldehyde,'~" carbon dioxide,lgf and 
acrolein.l* We have now carried out 3-21G molecular 
orbital calculations of the interaction of ketenes with 
lithium reagents LiH, LiCH, and LiOCH==CH2. These 
reveal that all three of these reagents first form a com- 
plex involving 0-Li interaction. The complex then 
proceeds to a transition state and product involving 
nucleophilic attack at  C, but maintaining the 0-Li 
coordination.m This is illustrated in Scheme I1 for the 
reaction of ketene with LiH.20b 

These calculations do not consider solvation, but 
there is good reason to believe that solution-phase re- 
actions do follow this same sequence. There is a strong 
resemblance between the calculated reaction pathway 
for ketenes with LiH, LiCH3, and LiOCH=CH2 and for 
reaction of the same reagents with carbonyl compounds 
such as CH2=0 and CH3CH=0.19-20 The initially 
formed complexes with lithium coordinating to oxygen 
have been directly observed by both IR21a and NMR21b 
analyses for reactions of cyclohexanone with n-butyl- 
lithium. Solution NMR2% and crystal structure analysis 
of solid enolates and aldol products22bpc have shown the 
pervasive role of lithium coordination to oxygen atoms 
indicated by the calculations. The lithium reagents 
exist as aggregates, and the solvent interactions may not 

(19) (a) Anh, N. T.; Thanh, B. T. Nouo. J.  Chim. 1986,10,681-683. 
(b) Bayly, C. I.; Grein, C. I. Can. J.  Chem. 1988, 66, 149-154. (c) Ba- 
chrach, s. M.; Streitwieser, A., Jr. J.  Am. Chem. SOC. 1986, 108, 
3946-3951. (d) Kaufmann, E.; Schleyer, P. v. R.; Houk, K. N.; Wu, Y. 
D. Ibid. 1985,107,5560-5562. (e) Li, Y.; Paddon-Row, M. N.; Houk, K. 
N. Ibid. 1988,110,3684-3686,7260, J. Org. Chem. 1990,55,481-493. (f) 
Kaufmann, E.; Seiber, S.; Schleyer, P. v. R. J. Am. Chem. SOC. 1989,111, 
4005-4008. (9) Dorigo, A. E.; Morokuma, K. Ibid. 1989,111,4635-4643. 

(20) (a) Leung-Toung, R.; Tidwell, T. T. J.  Am. Chem. SOC. 1990,112, 
1042-1048. (b) Leung-Toung, R.; Schleyer, P. v. R.; Tidwell, T. T., 
unnuhlished results. - .~  __.._..__ 

(21) (a) Al-Aseer, M. A.; Smith, S. G. J.  Org. Chem. 1984, 49, 
2608-2613. (b) McGarrity, J. F.; Ogle, C. A.; Brich, Z.; Loosli, H.-R. J. 
Am. Chem. SOC. 1985, 107, 1810-1815. 

(22) (a) Arnett, E. M.; Fisher, F. J.; Nichols, M. A.; Ribeiro, A. A. J.  
Am. Chem. SOC. 1989,111,748-749: Ibid. 1990,112,801-808. (b) Willard, 
P. G.; Carpenter, G. B. Ibid. 1985,107,3345-3346. (c) Seebach, D. Angew. 
Chem., Int. Ed. Engl. 1988,27, 1624-1654. 
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Scheme I1 
Calculated Energy Changes (kcal/mol) for the Addition of 

Lithium Hydride to Ketene (6-31G*//3-21G) 

-56.7 l y  
change greatly between reactants and products. There 
is also qualitative agreement between recent22a ther- 
mochemical measurements of the heat of reaction for 
t-BuCH=O and t-BuC(OLi)=CH2 of -21.5 kcal/mol 
in hexane and the calculated gas-phase value of -40 
kcal/mol for CH2=0 and LiOCH=CH2.20a The less 
negative heat of reaction observed is expected for the 
former process because of the lower ground-state energy 

Calculations at the 3-21G level for the reaction of LiH 
and LiCH, with CH3CH=C=0 indicate no preference 
for the stereochemistry of addition of the former reag- 
ent, but indicate a 4 kcal/mol kinetic preference in the 
latter case for formation of the product with an anti 
disposition of methyl groups,20b in conformity with the 
experimental trends shown in Table 11. Experimental 
results have not been obtained with LiH, but the 
bulkier LiA1H4 gives a 9/1 preference for attack anti 
to the phenyl in PhCR=C=O (R = Me, Et).17e 

The 3-21G level calculations for the reaction of 
CH2=CHOLi with CH2=C=0 (Scheme 111) are also 
in accord with the experimental results. Thus the 
calculated barrier for O-acylation is 1.2 kcal/mol lower 
than for C-acylation, whereas the product of the latter 

of t-BuCH=O. 
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Scheme I11 
Calculated Relative Energies ( k c a l h o l )  for 0-Acylation 

and C-Acylation of CH,==CHOLi by CH2==C=0 
(3-2 1G//3-2 1G) 
0.LI 

0 
/ I  

ii 
process is 14.2 kcal/mol more stable.208 Thus this level 
of theory does surprisingly well a t  predicting the ex- 
perimental results in solution, even though the latter 
involves lithium aggregates and solvent. Evidently the 
changes in the interaction of the different species with 
the hexane solvent are not large enough to alter the 
qualitative agreement, and there is no large differential 
behavior induced by the state of aggregation. 

Scheme I11 shows the overall mechanism for reaction 
of ketenes with enolates that agrees with both the ex- 
perimental and theoretical results. There is initial 
formation of an 0-lithiated complex, which undergoes 
preferential but reversible formation of the 0-acylated 
adduct, but this can revert back to the complex and 
eventually to the much more stable C-acylated product. 
The greater stability of the 0-acylated relative to the 
C-acylated transition structure evidently arises from 
more favorable lithium coordination in the former and 
steric repulsions in the latter. 

Conjugated Ketenes. A variety of substituted 
ketenes have been prepared and studied, but there has 
not been a systematic effort to understand the way in 
which the substituents influence the stability and re- 
activity of the ketenes. As an approach to this problem, 
we have now carried out ab initio molecular orbital 
calculations at the 3-21G//3-21G level for the isodesmic 
reaction of eq 817c and find AE (kcal/mol) for this 
process for selected conjugating substituents to be -1.9 
(c-Pr), -0.1 (HC=C), -0.2 (CH,=CH), and 3.3 (0= 
CH). 

RCH=C=O + CHQCH=CH~ -i CHsCH=C=O + RCHzCH2 181 

These results suggest that relative to methyl the cy- 
clopropyl group is relatively more stabilizing as a sub- 
stituent on ethylene compared to ketene, whereas the 

reverse is true for formyl. There is a negligible pref- 
erence for the vinyl and ethynyl groups compared to 
methyl. These ground-state energies do not give a di- 
rect measure of the reactivity of these ketenes, which 
will also be strongly influenced by the effect of the 
substituents on the transition states for reaction, but 
the calculations do suggest that experimental ap- 
proaches to these ketenes are warranted. 

Cyclopropylketenes have been generated beforem but 
only as reactive intermediates that were characterized 
by their IR spectra and reaction products. We find that 
the cyclopropylketenes 11-13 are readily prepared by 
the dehydrochlorination of the corresponding acid 
chlorides (eq 9) and are sufficiently long-lived for pu- 
rification and full spectral characterization at  room 
t e m p e r a t ~ r e . ' ~ ~  Their reactivity toward hydration 
(Table I) and with alkyllithium reagents (Table 11) has 
also been examined. 

Et3N.THF 
c-PrCRHCOCI - c-PrCR=C=O 

25 "C 
19) 

R = Ph (1 11. t-Bu 1121. c-Pr (131 

Alkynylketenes with cyano and (trimethylsily1)oxy 
substituents have recently been obtained as reactive 
intermediates from thermolysis We find 
that alkynylketenes with simple hydrocarbon substit- 
uents can be generated by dehydrochlorination of the 
acid chlorides and trapped with cyclopentadiene as 
single stereoisomeric adducts (eq The stereo- 
chemistry of the products follows the previously men- 
tioned trend for ketenes to give the adducts expected 
from [,2, + ,2,] cycl~addition~~~ where the largest ketene 
substituent, even tert-butyl, occupies the hindered endo 
position in the product.24 

A 
PhCsXRHCOCI Et3N.THF PhC&CR=C=O v 

-78 "C 110) 

Some reactivity studies of the persistent vinylketene 
3 are noted above (eq 5).'OC Vinylketene intermediates 
are also formed from thermal ring opening of cyclo- 
butenones and cyclize to six-membered rings. This 
process is being actively studied by three different 
groups25 and is illustrated in eq 11. Vinylketenes also 
give intermolecular cycloadditions to useful adducts.24c 

(23) (a) Berkowitz, W. F.; Ozorio, A. A. J. Org. Chem. 1975, 40, 
527-528. (b) Maier, G.; Hoppe, M.; Lanz, K.; Reisenauer, H. P. Tetra- 
hedron Lett. 1984,25, 5645-5648. (c) Agosta, W. C.; Smith, A. B., 111; 
Kende, A. S.; Eilerman, R. G.; Benham, J. Zbid. 1969, 4517-4520. (d) 
B&n&k, I.; Farkaii, J. Collect. Czech. Chem. Common. 1976,41,311-316. 

(24) (a) Holder, R. W. J. Chem. Educ. 1976,53,81-85. (b) Huisgen, 
R.; Mayr, H. Tetrahedron Lett. 1975,2969-2972. (c) Jackson, D. A.; b y ,  
M.; Dreiding, A. S. Helu. Chim. Acta 1983, 66, 2330-2341. 

(25) (a) Danheiser, R. L.; Brisbois, R. G.; Kowalczyk, J. J.; Miller, R. 
F. J. Am. Chem. SOC. 1990,112,3093-3100. (b) Perri, S. T.; Moore, H. 
W. Ibid. 1990,112, 1897-1905. ( c )  Liebeskind, L. S. Tetrahedron 1989, 
45, 3053-3060. 
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The acylketene t-BuC(CO,Et)=C=O is also per- 
sistent% and is found to be considerably more reactive 
than 3 in hydration, but less reactive than n-BuCH= 
C=O (Table I).17c Other studies of acylketenes have 
recently 

The second golden age of ketene chemistry is just 
beginning. New syntheses of ketenes are being devel- 

new classes and reactions of ketenes are being 

(26) (a) Newman, M. S.; Zuech, E. A. J. Org. Chem. 1962, 27, 
1436-1438. (b) Clemens, R. J.; Witzeman, J. S. J. Am. Chem. SOC. 1989, 
111,2186-2193. (c) Meier, H.; Wengenroth, H.; Laurer, W.; Krause, V. 
Tetrahedron Lett. 1989,30,5253-5256. 

(27) Masters, A. P.; Sorensen, T. S. Tetrahedron Lett. 1989, 30, 
5869-5872. 

found, and there is a better understanding of ketene 
structure and reactivity. But many potentially useful 
ketenes have not yet been made, and many attractive 
reactions have not been explored, so the thrill of dis- 
covery still awaits the investigator of these fascinating 
compounds. 

Our work would not have been possible without the contri- 
butions of  a group of  co-workers of  rare charm and talent ,  who 
are cited in  the references. Financial support by the National 
Sciences and Engineering Research Council of Canada and the 
donors of the Petroleum Research Fund, administered by the 
American Chemical Society, is  gratefully acknowledged. Thanks 
are due to  Professors Houk and Bernardi for  preprints of  ref 8a 
and 8b ,  respectiuely. 
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Introduction 
Studies of reactions between ions and molecules in 

the gas phase have received considerable interest over 
many years. This derives mainly from the fact that 
such studies in principle can provide a detailed and 
often quantitative insight into the intrinsic reactivity 
and properties of the ions and molecules involved based 
upon their interactions in the absence of solvent mol- 
ecules or counterions. This insight in turn may lead to 
a better understanding of the role of solvent molecules 
or counterions in reactions that take place in the con- 
densed phase and is very relevant to theoretical con- 
siderations and calculations. 

Equally important to note is that the research interest 
in gas-phase ion/molecule reactions has grown because 
of the development of instrumental methods such as 
chemical-ionization mass spectrometry,l flowing after- 
glow,, and Fourier transform ion cyclotron resonance 
(FT-ICR).3 The last method, first introduced by 
Comisarow and Marshall in 1974: has blossomed since 
1980. 

This paper will give an account of a variety of results 
of research carried out in my group5 concerning gas- 
phase organic ion/molecule reactions as studied by the 
FT-ICR method. The principles of this method have 
been described in other recent  review^.^*^-^ 
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Experimental Method 
The heart of an FT-ICR spectrometer is the so-called 

trapped-ion cell, which may have different geometries, 
one of them being cubic (usually 2.54 cm long) (Figure 
1). Ions in this cell, which is located in a high-vacuum 
chamber Pa) between the poles of an electro- 
magnet or a superconducting magnet, are generated 
from gas-phase sample molecules by an electron beam 
pusle or from solid samples by, for example, a laser 
pulse. The ions move in circular orbits perpendicular 
to the direction of the magnetic field, B, and are trap- 
ped in the cell by a potential of about -1 V, in the case 
of anions, on the trapping plates. The angular or cy- 
clotron frequency w, of the ions, which have nearly 
thermal translational energies and random phases in 
their cyclotron motion, is given to a first approximation 
by eq 1, where q is the charge, u the velocity, m the mass 
of the ion, and r the radius of its circular orbit. 

(1) 
One of the methods used to detect the ions after a 

certain trapping time (1-100 ms), i.e., the time between 
ion formation and ion detection (Figure 2), is to apply 
a fast-swept radio-frequency field of 1-2 MHz/ms to 
one of the pair of plates of the cell parallel to the 
magnetic field lines (transmitter plates). This excites 
the ions translationally and brings them into a large 

wc = u / r  = qB/m 
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