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Abstract: The energetics, structures, and reactivities of several dipole-stabilized carbanions from formamides, aldehydes, and 
formamidines have been examined by ICR mass spectrometry and by MNDO calculations. Experimentally in the amides, 
only one of the alkyl groups on nitrogen appears to be deprotonated, but a stereochemical assignment cannot be made. The 
order of acidity is aldehyde > amide > ester based on the  MO calculations, indicating that the external dipole moment of 
these carbon acids is not a good measure of acidity. The  acidities follow the inductive ordering, based on uI constants. 

The effect of adjacent  substituents on the  stability, structure, 
and reactivity of carbanions has been t h e  object of considerable 
investigation. While it is well established that *-acceptor groups 
can stabilize carbanions appreciably,' the effect of *-donor groups 
is not so well understood. First-row heteroatom groups, such as 
OMe and F, which are ?r donors but u acceptors, have variable 
and small effects on anion stability in both experiment2 and in 
theory,3 compared to *-acceptor groups, depending on the nature 
of the  other groups attached to the anionic atom. Recently there  
has been considerable synthetic interest in lithiocarbon reagents 
apparent ly  stabilized not by *-acceptor substituents, but by an 
adjacent heteroatom as the positive end of a dipole! The observed 
stereochemistry of products from anions such as 1 is stated to be 
consistent with internal chelation of the  lithium was the negative 
end of the  dipole, as in 1!.5 This is in contrast to molecular orbital 

1 2 - 
calculations, which indicate that s t ructure  2 is more stable than 
1 in the absence of a counterion.s In order t o  provide some 
experimental  evidence for the' stereochemical preference of the 
free anion, as well as t o  assess the energetics of such species, we 
have undertaken a study of t h e  reactivity of several such di- 
pole-stabilized carbanions in the gas phase, using ion cyclotron 
resonance (ICR) mass spectrometry. Dipolestabilized anions have 
previously been observed in the  gas phase: 2,2-dimethylpropanal 
gives an M - 1 anion on reaction with hydroxide ion in an ICR 
spectrometer.6 The fact t h a t  only eight of t h e  nine remaining 
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hydrogens in this anion undergo deuterium exchange with D 2 0  
indicates that it is not the acyl anion from removal of the aldehydic 
proton, but rather the anion resulting from loss of a methyl hy- 
drogen.6 Aldehydes do not  appear t o  be good precursors for 
dipole-stabilized carbanions in s ~ l u t i o n . ~  Most of the  functional 
groups commonly used t o  generate  such carbanions in solution, 
such as carboxamides a n d  esters, have not been investigated in 
the gas phase, providing the impetus for this work. 

Experimental Section 
The apparatus and techniques used in this work have been previously 

d e ~ c r i b e d . ~  Mass spectra were taken in unquenched mode.7d Com- 
pounds 8a, 8b, and 8d were kindly provided by Dr. A. I. Meyers and 
co-workers; N-tert-butyl-N',N'-di-n-butylformamidine (8c) was syn- 
thesized by their method.* The amides were obtained commerically and 
purified by distillation, save for N,N-diethylformamide, which was syn- 
thesized by the method of ref 9, and 1,3,3-trimethyl-2-pyrrolidone, which 
was synthesized by the method of ref IO. DCONMe2 was prepared from 
a (1:l:l) mixture of (CH3)2NH.HC1, DC02Me,  and Et,N which was 
allowed to stir for 30 min. The crude mixture was injected onto a GLPC 
column and collected directly in the ICR sample tube as described in ref 
7. ND, was obtained from Merck Isotopes. Compound 8d was inves- 
tigated with the vacuum system heated to 90 "C, since at  room tem- 
perature the only ion signals seen for this were attributable to logical 
trace impurities more volatile than the compound of interest. Compound 
8c was investigated in a similar manner. 

The negative ions used in this work were generated by electron impact 
on NH, (ND,) to give NH2- (ND2-) a t  6.2eV, H 2 0  (D20)  to give HO- 
(DO-) at 6.3eV, and C H 3 0 N 0  to give CH,O- at 0.0 eV. 

Results 
Aldehydes. W e  have reexamined 2,2-dimethylpropanal in our 

ICR spectrometer and confirmed t h a t  it undergoes only eight 
exchanges with DO-/D20. With ND2-/ND3, we observe nine 
exchanges, indicating that  the acyl anion is between NH3 and H 2 0  
in acidity. An M - 1 anion is observed for 2,2,4,4-tetra- 
methyl-3-pentanone reacting with DO-/D20. I t  exchanges a t  least 
nine hydrogens, b u t  t h e  signals in unquenched mode disappear  
into baseline noise a t  t h a t  point. More exchanges m a y  be ac- 
cessible, but the t ime window of the ICR method does not allow 
us to  observe so many sequential reactions. The inference of 
acidity based on deuterium exchange is complicated by t h e  pos- 
sibility of endothermic exchanges taking place. This  has  been 
observed in the flowing afterglow, but  not in the ICR spectrometer. 
For example, 2-phenylallyl anion undergoes eight exchanges with 
D 2 0  in t h e  flowing afterglow," b u t  only the  four expected from 
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Dipole-Stabilized Carbanions 

Table I. Reactions of Some Carbonyl Compounds and Formamidines with Anionic Bases in an ICR Spectrometer' 

acid ND;/ND, 7% DO-/D,O % MeO-/MeOD 
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HCONMe, 

DCONMe,C 

HCONEt, 

HCON(n-Bu) 

3 
4 

8a 

8 b  

8cd 

8d 

Me,CCHO 
(Me,C),CO 

72--75- 
91- 

loo-,  101- 
117- 
7 2- 
13- 
9 2- 

102- 
117- 
7 2- 
45- 

100- 
91-, 92- 
45- 
9K-99- 

126- 
127- 
127--132- 
100- 

73- 
155- 
127- 
21 1- 
155- 
100- 
100- 

85--94- 

M - l + d n  
addition 
Claisenb 
(M + Me,N-) 
Me,NCO- 
HCON(Me)CH 
addition 
Claisen 
(M + Me,N-) 
HCONEt- 
HCO; 
HCON-n-Bu- 

HCO; 
M - l  
M - 1  
M -  1 + d  o r l -  

HCONCMe; 
Me,CNH- 
M - 1  
elim or I- 
M -- 1 
elim 
HCONCMe, 
HCONCMe, 

M - l + d ,  

M - l + d n  

30 
13 
28 

8 
6 

18 
5 
2 
2 

85 
8 
7 

100 
33 
67 
71 
4 
9 

31 
69 
66 
19 
15 
88 

85 

35--38- 
62--63- 

45--46- 
3 5.- 3 6 

100- 

6 3- 
46- 

102- 

7 2- 
45 

127.- 13 2- 
73- 

127- 

155- 
100- 

100- 

85--93- 
14 1--1S 0- 

DO-...HOD 
DO-HNMe, 
Claisenb 
HCO; 
HO-,..HOH 
HO--HNMe, 
DCO; 
Claisen 

HCONEt- 
HCO; 

M - l + d n  
Me,CNH' 

elim 

elim 
HCONCMe, 

HCONCMe, 

M - l + d ,  
M - 1  +d ,  

28 
35 

6 
6 
5 
6 

15 
5 

87 
7 

75 
9 

38 

6 9  
13 

96 

90 
90 

n.r. 

n.r. 

72- HCONEt- 100% 

98--99- M - 1 + d 100% 

n.r. 

127-elim 100% 

100' HCONCMe,d 61% 

n.r. 
215- M - 1 + d 39% 

-~ 
a Unquenched mode, ca. 

90 "C vacuum system. 

torr of acid. The percentages are of total ion current; any percentage not shown is from ions in the back- 
ground spectrum with the base alone. All spectra are at room temperature unless otherwise noted. See text. ' Nondeuterated bases used. 

the allyl structure in the ICR.12 It is our experience that in the 
ICR spectrometer the number of observed deuterium exchanges 
rapidly falls off with the increasing difference in acidity between 
the acid used as the deuterium source and the carbon acid being 
exchanged. The large number of exchanges observed here is 
consistent with this aldehyde being only 1 or 2 kcal/mol more 
acidic than the deuterium source, D20 .  

Formamides. These amides were chosen to reduce complications 
due to the presence of other acidic hydrogens in the molecule. 
Acetamides are known to be more acidic than methanol,I3 while 
benzamides, commoniy used in ~ o l u t i o n , ~  likewise have ring hy- 
drogens sufficiently acidic in the gas phase to complicate this 
work.13 While the formyl hydrogens in formate esters are known 
to undergo the Riveros reaction 1 in the gas phase, involving 

RO- + HC02R' - CO + ROH.--OR' (1) 

decarbonylation and formation of a hydrogen-bonded species,14 
the resulting cluster ion can readily be identified by its ability to 
undergo solvent switching reactions,I5 as well as irreversible ex- 
change of the solvent for CO,. As given in Table I, N,N-di- 
methylformamide (DMF) yields an M - 1 anion as t.he major 
product on reaction with NH2-. If DCONMez is used, both an 
M - 2 anion, from removal of the formyl deuteron, and an M - 
I anion, from loss of a methyl hydrogen, are observed in a 1:3 
ratio upon reaction with NH2-. If the M - 1 anion from un- 
deuterated DMF is reacted with ND3, three deuterim exchanges 
are observed in addition to the original M - 1 signal. This is 
indicative of, but not conclusive evidence for, only one methyl 
group exchanging deuterium. The signal with three deuteriums 

(12) Bartmess, J. E.; Burnham, R. J .  Org. Chem., submitted. 
(13) (a) Cumming, J. B.; Kebarle, P. Can. J. Chem. 1978, 56. 1-9. (b) 

Bartmess, J. E.; Scott, J. A.; McIver, R. T., Jr. J .  Am. Chem. SOC. 1979, 101, 
604646. (c) Bartmess, J. E.; McIver, R. T., Jr. "Gas Phase Ion Chemistry", 
Bowers, M. T., Ed.; Academic Press: New York, 1979; Vol. 2, Chapter 12. 

(14) (a) Blair, L. K.; Isolani, P. C.; Riveros, J. M. J .  Am. Chem. SOC. 1973, 
95, 1057-60. (b) Isolani, P. C.; Riveros, J. M. Chem. Phys. Leu. 1975, 33, 
362-4. (c) Faigle, J. F. G.; Isolani, P. C.; Riveros, J. M. J.  Am. Chem. SOC. 

(15) McIver, R. T., Jr.; Scott, J. A.; Riveros, J. M. J .  Am. Chem. SOC. 
1976, 98, 2049-52. 

1973, 95, 2706-8. 

Scheme I 
n 0- ii 

MeZN-C-NMe, + HO- -+ [Me2N-C-NMe23 - 
I 
OH 

,. 
1 

CMeN-C--3H***NMe21 - Me,N-C0,- + HNMe, 

8 8' 

is assigned to the multiply exchanged acyl anion. Small amounts 
of the Riveros reaction products, Me2N-.-HNH, and HO-.-HOH 
(from solvent switching of the first with trace H 2 0  in the vacuum 
system), are also observed, as well as an ion at mass loo-. This 
latter ion undergoes a single exchange with ND3 and is attributed 
to a Claisen-type condensation of the alkyl anion with DMF to 
give HCON(Me)CH=CHO- plus HNMe,. There is precedent 
for such a reaction.I6 

If hydroxide or deuteroxide ions are used as the primary base, 
no products attributable to the M - 1 anions are seen, save for 
the cluster ions from the Riveros reaction. We observe HO-- 
HOH and the deuterated analogue. This reaction of hydroxide 
with DMF to give HO--.HNMe2 followed by rapid solvent 
switching with the high pressure of water needed to generate HO- 
is the most efficient source we have found for the monosolvated 
hydroxide ion in our studies of such cluster ions." All cluster 
ions inferred here have been checked by observation of solvent- 
switching reactions with methanol or other alcohols, and by re- 
action with C 0 2  to form an ion that does not undergo further 
solvent switching. The lack of an M - 1 anion from the formamide 
on reaction with HO- is unexpected since the amide has a larger 
dipole moment than the aldehyde, and thus the carbanion should 
be better stabilized.'* The observed decarbonylation reaction may 

~~ ~ - 

(16) Bartmess, J. E.; Hays, R. L.; Caldwell, G. J .  Am. Chem. SOC. 1982, 

(17) Caldwell, G.; Bartmess J. E., paper in preparation. 
(18) McClellan, A. L. "Table of Experimental Dipole Moments"; W. H. 

103, 1338-44. 

Freeman: San Francisco, 1963. 
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be more kinetically favored than the deprotonation, however, and 
not necessarily reflect the thermochemistry involved. In an attempt 
to generate the M - 1 anion of an amide using hydroxide, free 
of the complications due to the Riveros reaction, tetramethylurea 
was reacted with HO-. This affords only an ion of mass 88-, which 
we envision as a carbamate arising by Scheme I. If reasonable 
values for the hydrogen bonding strength in the loose intermediates 
are used,I9 all steps in this scheme are exothermic. 

N,N-Diethylformamide gives an ion of mass 72- with all bases 
in Table I. The 72- ion might arise from either a @-elimination 
reaction to give ethylene and a formamide anion or from an 
addition-elimination reaction at the carbonyl group to give Et,N-. 
The latter reaction should be endothermic for both HO- and 
methoxide, and barely thermoneutral for NH2-, however, with 
more exothermic reaction channels available out of the complex 
such as in Scheme I. There is precedent for facile @-eliminations 
in the gas phase,% and such a reaction should be thermochemically 
favored for these products. A small amount of 45- is observed 
in the reaction with NH;; this is due to a small amount of water, 
and therefore, HO- due to reaction with NHC,  being present in 
the vacuum system. An addition-elimination-deprotonation 
mechanism would give formate ion as 45-. Examination of the 
analogous chemistry of N,N-di-n-butylformamide, where the 
formamide elimination product would be mass 100- while the 
addition-elimination reaction at  the carbonyl group should give 
mass 128-, reveals that only mass 100- is formed. The @-elimi- 
nation reaction is favored kinetically over the pathway leading 
through the tetrahedral intermediate. 

In order to examine the question of the stereochemistry of these 
dipole-stabilized anions, a system where the alkyl groups E and 
Z to the carbonyl oxygen can be distinguished mass spectrome- 
trically must exist. The barrier to rotation about the C-N bond 
in amides is insufficient to enforce stereochemistry on a synthetic 
time scale, being typically 18-21 kcal/mole.2' We have therefore 
attempted to utilize cyclic systems to distinguish between the two 
sites. N-Methylpyrrolidone (NMP, 3) gives only an M - 1 anion 
on reaction with NH; or CH30-,  which exchanges one proton 
with CH30D.  This is consistent with the anion being a normal 
enolate, comparable in acidity to N,N-dimethylacetamide.I3 The 
dimethyl N M P  (4), however, is unreactive with methoxide, but 
gives an M - 1 anion plus a signal one mass unit higher at 127-, 
with NDc/ND3. The signal at 127-, well in excess of the expected 
13C isotope abundance, may not be deuterium exchange, since it 
is also observed with NH2-/NH3 as the primary base. This may 
be due to I- since even trace amounts of alkyl iodides in the ICR 
spectrometer result in appreciable I- signals owing to dissociative 
attachment of electrons, and methyl iodide was used in the syn- 
thesis of 4. The M - 1 likewise could either be 5 or the products 
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carbonyl (see the section on M O  calculations below). The ex- 
perimental results are thus consistent with only one of the E or 
Z groups being more acidic than NH,, but we cannot say une- 
quivocally which is involved. It is evident that both the alkyl 
carbanion and the acyl anion in formamides are less basic than 
NH2-, but no lower limit can be put on them because of com- 
plications from side reactions. 

Formamidines. Compounds 8a-d are used as solution-phase 
precursors to a-aza carbanioms In the gas phase, their anionic 
chemistry is remarkably similar to the analogous formamides. The 
dimethyl compound 8a is unreactive with methoxide, but gives 

3 
I - 7 5 6 4 

I I - 
of elimination 6 or 7. The lack of two exchanges rules out the 
Z dipole-stabilized carbanion; however, the elimination may be 
faster than the deprotonation as with the diethylformamide. This 
does not allow thermochemical limits to be placed on the stability 
of the carbanion. Unfortunately, any cyclic system that we can 
devise that locks the alkyl groups into the E and Z configuration 
and blocks @-elimination also rotates the most acidic hydrogen 
on the E carbon away from the preferred orientation beneath the 

(19) Yamdagni, R.; Kebarle, P. J. Am. Chem. Soc. 1971, 93, 7139-43. 
(20) (a) Ridge, D. P.; Beauchamp, J. L. J .  Am. Chem. SOC. 1974, 96, 

637-9, 3595-3602. (b) Sullivan, S. A,; Beauchamp, J. L. Ibid. 1976, 98, 
1160-5. (c) Sullivan, S. A.; Beauchamp, J .  L. Ibid. 1977, 99, 5017-22. (d) 
Clair, R. L.; McMahon, T. B. Int. J. Mass Spectrom. Ion Phys. 1980, 33, 
21-36. (e) DePuy, C. H.; Bierbaum, V. J .  Am. Chem. SOC. 1981, 103, 
5034-8. ( f )  vanDoorn, R.; Jennings, K. R. Org. Muss Spectrom. 1981, 16, 
397-9. 

(21) Gordon, A. J.; Ford, R. A. 'Chemist's Companion"; Wiley: New 
York, 1972; p 119. 

8d 
I 

8 a : R = M e  
.. b: R = E t  

c :  R = n-Bu 

an M - 1 anion with N H c  and HO-. In this respect, it appears 
to be somewhat more acidic than DMF, lying between water and 
methanol in the gas-phase acidity scale.', Both D 2 0  and ND, 
react with the M - 1 anion to give up to five exchanges, indicating 
that the a-aza anion is forming (but not ruling out the anion from 
removal of the methine proton as well) and that both methyl 
groups must be exchanging deuterium. This may be due to 
conformational exchange of the methyls, since it would be expected 
that the barrier to rotation about the C-N single bond in 8 would 
be smaller than for the corresponding formamide, based on the 
electronegativity of the heteroatoms involved in the charge-sep- 
arated resonance structure that contributes double-bond character 
to that bond.22 The diethyl derivative 8b gives a product cor- 
responding to @-elimination product at 155- with HO-/H20, and 
no I- signal. Only with the strongest base ND; is an M - 1 anion 
seen. We interpret this last result to be from loss of the methine 
proton, since it is not seen with the weaker base hydroxide, which 
does give a dipole-stabilized anion with 8a. Methoxide ion gives 
an M - 1 anion from 8d, consistent with the presence of benzyl 
hydrogens in the m~lecu le . ' ~  

Esters. As noted above, formate esters undergo the Riveros 
reaction to form the monosolvated anions with a variety of bases 
from NH2- to alkoxides as weak as CF,CH20-.'4*'7 There are 
occasionally small peaks in the mass spectrum which are of an 
M - 1 anion,23 but the variety of reactions in which the ester 
functionality can participate in the gas phase is sufficiently large 
that the possibility of observing an unambiguous dipole-stabilized 
carbanion seems small to us. 

Discussion 
There are obvious parallels between the gas-phase chemistry 

of the carbanions investigated in this work and those observed in 
solution. In both phases, dipole stabilization of negative charge 
is relatively less effective than resonance delocalization, resulting 
in weaker acidity compared to carbon acids with good a-acceptor 
groups, such as ketones and nitriles. The polar effect of a @- 
aldehydic group is about equivalent in stabilizing effect to the 
resonance due to a vinyl group.', 

There are also contrasts in the chemistry observed in the two 
phases. D M F  in T H F  solution undergoes exclusive loss of the 
formyl proton on treatment with lithium dii~opropylamide,~ while 
both the methyl and formyl protons are lost to NH2- in the gas 
phase in a competitive fashion. Diethylcarboxamides in solution 
form the a-aza carbanions in a manner similar to that of the 
dimethylcarboxamides, while in the gas phase 0-elimination is the 
sole process seen for the ethyl compound. This preference for 
elimination compared to deprotonation is the gas phase has also 
been observed for a variety of other systems, such as 1,3-dithianes 

(22) Zielinski, T. J.; Peterson, M. R.; Csizmadia, I .  G.; Rein, R. J .  Com- 

(23) Dawson, J .  H .  J.; Nibbering, N. M. M. Lect. Notes Chem. 1978, 7, 
put. Chem. 1982, 3, 62-8. 
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Table 11. Molecular Orbital Calculations on Alkyl and Acyl Acidities' 
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method ref (CH,)CCHO (CH,  ),NCHO CH,OCHO HCOCH, HCONH, HC0,H 

MNDO b E 401.1 E 397.4 E 393.2 
Z 409.6 Z 404.6 Z 398.2 

3 7 7 . F  370.7e 
4-3 lG//STO-SG C E 427.4 E 420.9 

Z 436.3 Z 429.7 
4-31 G*//4-3 1 G b 429.6 428.4 412.3 
MNDO d 389.6e 379.6e 372.1e 398.3 383.6 376.3 
MP2/4-31+G//4-31 +G d 398.2 394.0 378.3 
experimental 390 +_ 5 <404 

' AHoacid (MNDO) or AE' (ab initio), in kcal/mol. The acidic proton is in italics. E refers to a geometry as in 2;  Z refers to a non- 
lithiated 1. For 8a, AHoaCid(MNDO) = 398.2 for t h e E  form, 407.8 for t h e Z  form, and 383.1 for the methine proton. 
metric variables optimized. Reference 5 .  Reference 27. e The acidity is for the formyl proton. 

This work; all geo- 

and d i t h i ~ l a n e s , ~ ~  fluoralkanes,19 and boronate estersz4 We 
suspect that this is due to the entropic favorability of giving three 
rather than two products, while solvation reduces this effect in 
the condensed phase. 

A major problem in determining the energetics of these species 
lies in the gaps in the gas-phase acidity scale. For quantitative 
equilibria, compounds of known acidity must be available every 
1 to 2 kcal/mol. Relatively few such acidities are known in the 
region less acidic than methanol, and there are few primary anionic 
bases available by electron impact which can be used to bracket 
acidities between NH3 and CH30H.  In order to further analyze 
the reactivities observed, we have carried out molecular orbital 
calculations for the various acids and anions here, using the 
MNDO semiempirical methodsz6 Other workers have used higher 
level ab  initio calculations to examine stereochemical preferences 
in the dipole-stabilized anions from amides and esters, as well as 
the nature of the dipolar stabilization of the c a r b a n i ~ n , ~  but have 
not included the aldehyde functionality. There has also been 
considerable activity in regard to calculations on the acyl anions 
which we observe either as stable species or infer as intermediates 
in the Riveros reaction. Our results and those of other are given 
in Table 11. The calculations on the alkyl carbanions indicate 
that the order of acidity is aldehyde < amide C ester, with a range 
of less than 8 kcal/mol for the E isomers. The MNDO calcu- 
lations agree in relative size with the ab  initio ones,s but are ca. 
IO kcal/mol less acidic in absolute value. The MNDO method 
has been shown to reliably predict the acidity of carbon acids giving 
delocalized anions, while giving acidities for localized anions 5 
to 15 kcal/mol less acidic than ~ b s e r v e d . ~ ~ * ~ ~  Based on the relative 
acidities calculated by the MNDO metod for (CH,),CCHO and 
HC02CH3 (acidic site in italics) as given in Table I, and the 
experimental observation that 2,2-dimethylpropanal is comparable 
in acidity to water, then HC02CH3 should be slightly less acidic 
than methanol. We do not observe an (M - H)- signal for methyl 
formate reacting with methoxide ion, but that may be due to the 
Riveros reaction being a rapid, alternative channel. The calculated 
stereochemical preference is for the E anion being 7 to 11 kcal/mol 
more stable than the Z anion, by both molecular orbital methods. 
For the MNDO method the carbanions are pyramidal in both E 
and Z forms; however, the carbanion lone pair faces the carbonyl 
carbon in the favored E forms as expected for dipolar stabilization, 
but points away from the carbonyl oxygen in all Z forms. The 
calculated acidity order of aldehyde C amide C ester is surprising 
in light of the ordering of the dipole moments. It might be 
expected that the amide (pD = 3.82 D) would be more acidic than 
the aldehyde (pD = 2.6 D) and that more acidic than the ester 
(pD = 1.77 D).'* The order given by the calculations follows the 

(24) Bartmess, J. E.; Hays, R. L.; Khatri, H. N.; Misra, R. N.; Wilson, 
S. R. J .  Am. Chem. SOC. 1981, 103, 4746-51. 

(25) Bartmess, J. E.; Kiplinger, J. 30th Annual Conference on Mass 
Spectrometry and Allied Topics, June 6-1 1, 1982, Honolulu, Hawaii. 

(26) Dewar, M. J. S.; Thiel, W. J .  Am. Chem. SOC. 1977,99,4899-4917. 
Dewar, M. J. S.; Rzepa, H. S. Ibid. 1978,100, 784-790. Program No. 353, 
Quantum Chemistry Program Exchange, Indiana University, Bloomington, 
IN 47405. 

(27) Chandrasekhar, J.; Andrade, J.; Schleyer, P. v. R. J.  Am. Chem. SOC. 
1981, 103, 5609-12, 5612-4. 

inductive order of -OCOCH, being more electron withdrawing 
than -NHCOCH,, and that more so than -CH2CH0.** In terms 
of the charges on the carbonyl oxygen and the atom next to the 
carbanionic site, the MNDO calculations indicate that in the anion 
the aldehyde actually has the most favorable dipole, with the ester 
and amide at about half that value. The change in charge density 
on these sites upon proton removal is perhaps a better measure 
of the relative dipolar effects on alkyl acidity; here the difference 
in charge is essentially the same for all three acids, with the most 
acidic ester having the least positive atom next to the carbanion. 
MNDO calculations predict a stereochemical preference for the 
E and 2 sites in the formamidine 8a similar to that for the amide, 
with the E site 9.6 kcal/mol more acidic than the Z site. The 
calculated acidities are again ca. IO to 15 kcal/mol less acidic 
than observed experimentally. The calculations also predict that 
the methine hydrogen on the central carbon should be between 
water and methanol in acidity, while experimentally we infer that 
it is less acidic than water. 

The acidities of these compounds can also be examined in terms 
of empirical correlations with other carbon acids. The acidities 
of the CH3EWG species where EWG = electron-withdrawing 
group such as NOz, CHO, etc., can be correlated with the dual 
substituent parameter equation 

AHoacid = -38.8~1 - 67.7uR-Cg) + 409.7 

where uR-(g) is a gas-phase parameter for the a-acceptor ability 
of the EWG.29 Using known values of u1 for NHAc, CH,CHO, 
and OAC,~* and assuming that uR-(8) = 0 for these groups, based 
on the fact that the carbanion prefers a conformation without 
overlap to the T system in the M O  calculations, we arrive at 
acidities of 406, 400, and 394 kcal/mol for the aldehyde, amide, 
and ester, respectively, using eq 2. These numbers are of the 
ordering given by the MNDO method, but underestimate the 
absolute values of the acidities by 15 to 20 kcal/mol, based on 
the experimental data for 2,2-dimethylpropanal. This difference 
is possibly due to the nature of the uI constants used. They 
represent a certain mixture of inductive (through-bond) and field 
(through-space) effects found in solution. In the gas phase and 
for these carbanions, the presence of the positive end of the dipole 
on the atom attached to the carbanion may result in a larger 
inductive component than is present in the systems used to define 
uI, resulting in eq 2 underestimating the stabilization. In addition, 
uI values are derived from a number of systems where an averaging 
occurs for the substituent-reactive site geometry due to different 
orientations and rotation in the defining systems, while for the 
calculations here, and presumably for the lowest energy gas-phase 
structure, a fairly specific geometry exists. It has been shown that 
reversing the direction of the substituent's dipole field with respect 
to the reactive site can reverse its apparent polar effect, such as 
with the pK,'s of the S-substitued-9,lO-ethanoanthracene-l- 
carboxylic acids.30 The specific directional effects involved in 

(28) Hine, J. "Structural Effects on Equilibria in Organic Chemistry"; 
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anions such as 1 and 2 make the application of eq 2 only semi- 
quantitative. 

The calculations for the acyl anions show different relative 
acidities a t  the different levels. Both M N D O  and the ab  initio 
methods predict that a formyl ester should be more acidic than 
an aldehyde at the formyl site by about 20 kcal/mol. The absolute 
M N D O  values, and the ab  initio ones relative to methane,27 
indicate that the acyl anion from the aldehyde should be com- 
parable in basicity to hydroxide ion, consistent with experiment, 
and that the formate ester should be 1 to 9 kcal/mol more acidic 
than methanol. This acidity for the ester is reasonable in terms 
of the proposed mechanism of the Riveros reaction involving a 
hydrogen-bonded acyl anion as an intermediate. The position of 
the formamide in this series differs, however; the a b  initio results 
place it only 2 to 4 kcal/mol more acidic than the aldehyde, while 
M N D O  indicates that it is 10 to 18 kcal/mol more acidic, or 
two-thirds of the way to the ester. While our experiments indicate 
that the formamide is more acidic than ammonia at  the formyl 
site, we cannot place a comparable lower limit on its acidity 
because of the wide range over which bases can cause the Riveros 
reaction to O C C U ~ . ’ ~ , ~ ’  Nevertheless, the fact that methoxide and 
other alkoxide bases up to 15 kcal/mol weaker than it can cause 
formate esters to undergo the Riveros reaction, while none of these 
are reactive in this fashion with the formamide, is indicative that 
the amide is considerably less acidic a t  the formyl site than the 
ester. This agrees with the a b  initio calculations. 

Schleyer and co-workers2’ have proposed that the alkyl car- 
banion observed on reaction of hydroxide ion with 2,2-di- 
methylpropanal may actually exist as the cyclopropoxide 9, the 

B 

(30) Golden, R.; Stock, L. M. J .  Am. Chem. SOC. 1966, 88 5928-9. 
Golden, R.; Stock, L. M. Ibid. 1972, 94, 308C-88. 

cyclic form being more stable by 11 kcal/mole by both MNDO 
and 4-31+G calculations. Our estimates of AHf,298 for this 
isomerization, based on group additivity3’ for the neutral acids 
and reasonable estimates of their acidity, agree with the ther- 
mochemistry from the M O  calculations. It is known from solu- 
tion-phase experiments, however, that the base-catalyzed isom- 
erization favors the opposite direction: trimethylcyclopropanol 
opens to pinacolone.32 This may reflect the neutral stability where 
the acyclic form is more stable by ca. 16 kcal/mol since the 
reaction with the hydroxide catalyst is endothermic. Even if the 
isomerization of the anion does favor the cyclic form in the gas 
phase, the lack of solvent to dispose of excess energy will result 
in the more stable cyclic anion being formed in a vibrationally 
excited state and quickly reverting to the open isomer. Considering 
the number of deuterium exchanges seen and the limited time 
window of the ICR, a few hundred neutral collisions, then if the 
proton-transfer reaction is a t  all slower than the collision rate,33 
the anion must spend most of its time in the open form. There 
is no precedent for an alkoxide exchanging protons with D20.34 
Thus, the cyclic ion may lie on the reaction surface but is probably 
not an intermediate in the exchange reaction. 
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Abstract: The reaction of propylene with adsorbed oxygen atoms was examined on the Ag(ll0) surface by means of thermal 
desorption and surface titration experiments. The presence of oxygen was observed to enhance the adsorption of propylene 
at 140 K. Propylene reacted facilely with adsorbed oxygen at 140 K to produce HzO and C 0 2  which desorbed from the surface 
upon heating. Adsorbed carbon atoms were also deposited on the surface following thermal desorption of the volatile products. 
At 300 K the probability for the reaction of propylene with adsorbed oxygen atoms was two to three orders of magnitude less 
than at 140 K, suggesting the involvement of a weakly chemisorbed precursor state in the reaction. Surface titration experiments 
with acetic acid demonstrate that the reaction of propylene with oxygen reduces the number of Bronsted base sites on the 
surface by a factor of 2; these data were interpreted in terms of a mechanism by which propylene reacts irreversibly to form 
hydroxyl groups plus adsorbed carbon on the surface. A portion of the carbon is subsequently oxidized by oxygen atoms liberated 
by the disproportionation of adsorbed hydroxyl species. These results indicate that propylene is more reactive than ethylene 
toward adsorbed oxygen atoms: this observation is interpreted on the basis of relative hydrocarbon acidities in the gas phase. 

Introduction 
The heterogeneous selective oxidation of hydrocarbons is an 

area of immense industrial importance, and as such has received 
long and extensive study. Most of these processes are carried out 
over various composite metal oxides;’,* however, a few, such as 

‘Center for Catalytic Science and Technology and Department of Chem- 

the partial oxidation of ethylene over silver, utilize supported metal 
catalysts. While a number of questions remain to be answered 
about the properties Of  composite oxide systems, particularly with 
regard to the catalytic role of the various oxide components, the 
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