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Abstract: Optimized ab initio molecular orbital calculations on nine bridgehead bicyclic lactams ranging from the
2.2.2 to the 4.3.3 series indicate variations in structural properties, resonance energies, proton affinities, and core
orbital ionization energies that reflect thenscycloalkene analogy. The smaller lactams are calculated to be
N-protonated, the larger O-protonated, and the “crossover” is predicted to occur around the 3.3.1 system. On the
basis of resonance energies, larger bridgehead bicyclic lactams could be considered to be hyperstable as Schleyer
and co-workers define the concept for larger bridgehead alkenes. This, hyperstability should be apparent in the
kinetics of the nucleophilic substitution reactions of the lactams, such as hydrolysis, but not in the thermochemistry
of these reactions.

Introduction Chart 1

The family of bridgehead bicyclic lactams (eXg-9) offers
a systematic series for probing the effects of distortion of the
amide linkage upon structure, energy and reactiviyThe first
reported members of this series, derivatives of 1-azabicylo[2.2.2]-
octan-2-one 1, also called 2-quinuclidone), were reported in
the late 1950676 although the parent remains unknoWwri.he

1 0
instability of 1 is a verification of the well-known amidealkene
analogy (see resonance contributdf®A—C) since it mimics
the anti-Bredt olefin bicyclo[2.2.2]oct-1-ené )8 which has
not been isolated. In contrast, bicyclo[3.3.1]non-1-ex®%(is N
an isolable bridgehead olefin and its lactam analodb)eiq 4

similar in its spectroscopic, structural, and chemical properties
to unstrained amide’$. Of course a critical difference between
the two classes is exemplified by the fact that diradital
violates the octet rule while “amino ketoné”does not. It is
thus almost a bit surprising that unsubstitutetdas not been
isolated as yet. Previous structural, spectroscopic, and com-
putational studies have illustrated the variation of properties with
distortion1=20 The present study extends earlier work bn

R, o. R, o R, “or
® Abstract published iAdvance ACS Abstract#ugust 15, 1996. \ /O —» \ / «—> \ S
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Am. Chem. Sod 991, 113 7563. (19) Cieplak, A. SStruct. Chem1994 5, 85.
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N (favored by ca. 24 kcal/mol over O) in contrast to the
overwhelmingly favorable O-protonation that is the property
of unstrained amides and lactafsLactam5 is calculated to

favor N-protonation by only 1.9 kcal/mol over O-protonation

Table 1. Optimized (6-31G*)Er (without and with Zero-Point
Energy and Thermal Corrections) and Selected Geometric Para-
meters® for Amides and Lactams (the Carbonyl-Containing Bridge
Is Specified: e.g. 3.3.8ignifies 1-Azabicyclo[3.3.2]decan-9-one)

and, thus, both protonated species may coexist in equilib¥um. actam  —Ex (au) COE;J)ET ‘&R @y oY) (deg)
These predictions are, of course, for the gas phase and one would trans Cvclon Anal
. . . P _ ransCyclonexene Analogue
igﬂﬁ:gﬁhem&gmflcant solvent effects upon the position of 32.20) 400.78202 40058594 1.183 1.433 55.6 00 90.0
) . B trans-Cycloheptene Analogues
~ The purpose of the present study is to explore selected Iactamsglzz(z) 439.82191 43959319 1.193 403 46.7 8.9 44.0
intermediate in distortion betwednand5 as well as to extend 355 @) 439.82106 439.59199 1.193.40% 512 9.7 39.2

the series to larger, more stable species. In particular, we haves.3.2(4)
explored computationally at the 6-31G* level intermediate-sized

bridgehead bicyclic lactams in which the framework allows near 3.3.1 6)
planarity of the linkage. These lactams may be “hyperstable” 3.3.2 6)
in the sense defined by Schleyer and co-workers for “hyper- 33.3()
stable” bridgehead olefird:22 We are aware of recent work

478.84770 478.58666 1.193 1.397 36.7 10.4 47.8

trans-Cyclooctene Analogues
439.83632 439.60731 1.194.386' 49.9 6.0 21.9
478.86017 478.59850 1.20a.37#4 326 7.1 20.0
517.88266 517.58912 1.200 1.372 18.9 12.0 35.6

trans-Cyclononene Analogues

indi~ati it ; ; z1.§.3 ® 556.91145 556.58542 1.205 1.359 0.3 7.5 19.6
indicating th_atab |n|t|o_st_ud|es at higher Ievc—_:-ls reproduce 4339 oE6 01758 55659167 1205 1362 50 81 205
thermochemical data within the range of experimental n&ise. Model P

H oael Compounds
However, thg systems stud]ed here are too large for*these levels ‘MePyr(3 323.91275 323.75649 1.198 1.356 128 10 1.4
of computation and we will show that the 6-31G* does an Azet (14)f 245.81043 245.71880 1.186 1.357g g g
adequate job in reproducing experimental data and trends.  pyr Azir (15 206.72612 206.66778 1.178 1.348g g g

Pl Azir (16))  206.71929 206.66212 1.183 1.302

Methodology N,N-DMA (17) 286.03017 285.88252 1.202 1.363 169 1.2 3.1

Ab initio molecular orbital calculations were carried out using & X-ray data for the 8,9-benzo derivative &f(two polymorphs):

GAUSSIAN 92 and 9% at the 6-31G* levef on a Cray YMP-C916
supercomputer using the Unichem interface on a Silicon Graphics Inc.
workstation platform. The molecular mechanics (M¥f2 program

in the SPARTAN 4.0 softwaf€ was employed to calculate lowest

reo = 1.225, 1.233 Arco-n = 1.413, 1.419 A (see refs 14, 15, and
29).b X-ray data for the 6,7-benzo derivative 8f rco = 1.216 A;
rco-n = 1.401 A (see refs 14, 15, and 29)See ref 209 X-ray data
for the 5-phenyl derivative 06: rco = 1.201 A;rcon = 1.374 A
(see: Buchanan, G. L.; Kitson, D. H.; Mallinson, P. R.; Sim, G. A,;

energy conformations. All conformations within 3 kcal/mol of the  \white, D. N. J.; Cox, P. Jl. Chem Soc, Perkin Trans2 1983 1709).
energy calculated for the lowest energy conformer were explored using e X-ray data for the 9,10-benzo derivative ®{two polymorphs)rco

the GAUSSIAN program series. Initial STO-3G and 3-21G optimiza- = 1.233, 1.241 Arco-n = 1.370, 1.374 A (see refs 14, 15, and 29).
tions were employed to obtain starting structures for the 6-31G* fSee ref 589 Azetidinone is planar and the parameters in aziridinone
optimization. The optimized structure was subjected to frequency are not quite the same as those defined by Winkler and Déhitz.

calculation to include thermal energy at 298 K and 1 atm (uncorrected . L
frequencies) and zero-point vibrational energies. All reported structures iNcréased double-bond character. All three compounds maintain

were minima (no imaginary frequencies). hlghly pyramidal geometries at nitrogen but they have Only half
the twist (ca. 39-48°) present inl.

NN
14 15 N/H

Results and Discussion
CH;
Total Energies and Geometries of Lactams.Table 1 lists ’

total energies for bridgehead bicyclic lactats9 as well as
model lactams and amid&8—17 with zero-point energies and
thermal corrections as well as selected geometric parameters.
The grouping of lactams in Table 1 falls very comfortably into
classifications based upon thians-cycloalkene analog¥. Thus,
1-azabicyclo[2.2.2]octan-2-ond)(is analogous to the most

N

distorted alkene in the seried1l. The (CO)-N bond length Q CHa 0
of 1.433 A is considerably longer than any known in a lactam ' N__C/
or amide. The pyramidalization at nitrogepn)?® indicates \
virtual tetrahedral, sphybridized nitrogen and the twist angle CH, CH;
(v)?8 of 9C° indicates no overlap between the nitrogen lone pair 16 N\” ’ 17

and the carbonylr system. The thredranscycloheptene
analogue®—4 have (COY-N bonds close to 1.400 A reflecting

(21) Maier, W. F.; Schleyer, P.v.R. Am. Chem. S0d981, 103 1891.

(22) McEwen, A. B.; Schleyer, P.v.R.. Am. Chem. Socd986, 108,
3951.

(23) Ochterski, J. W.; Petersson, G. A.; Wiberg, K. B.Am. Chem.

It is interesting thaP—4 have a calculatett—p of 1.193 A,
only 0.010 A longer than il. The conventional resonance
view of amides, which usually focuses on canonical structures
10A and 10C, implies that shortening of the (CON bond
199 should be accompanied by (presumably comparable) lengthening

5 117, 11299. o . : 4 :

(24) Gaussian 92 Frisch, M. J.; Head-Gordon, M.; Trucks, G. w.;  Of the CO bond. Laidig and Wibety first noted, in their
Foresman, J.I B.; Schlegfel, H. B.; Raghavachari, Kh Robdb, M. A; Binkley, calculational study, the very small changes in the carbonyl bond
J. S.; Gonzalez, C.; Defrees, D. J.; Fox, D. J.; Whiteside, R. A.; Seeger, ; i ; i ifi
R.; Melius, C. F.; Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P.; Iength as a Iflungtlon of dlstordtlon andkt:]rzlgvzgs Iﬁter Ved”f'ed
Topiol, S.; Pople, J. A.; Gaussian, Inc.: Pittsburgh, PA, 1992. exper_lmenta y y_ _Brown and co-wor 1= The study

(25) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Phys1972 56, described here verifies the small changes in carbonyl bond length
22?275) (@) Burkert, V.: Allinger, N. LMolecular MechanicsAmerican as a function of distortion. Small as these changes are they are
Chemical Society: Washington, DC, 1982. BPARTANVersion 4.0: in the direction predicted by classical resonance theory. Table

1 also notes the calculated and experimental (€@®and CO
bond lengths for the four bridgehead bicyclic lactam families

Wavefunction, Inc.: 18401 Von Karman Ave., #370, Irvine, CA 92715.
©1995 Wvefunction, Inc.

(27) Greenberg, A.; Liebman, J. FStrained Organic Molecules
Academic Press: New York, 1978; pp 32322.

(28) Dunitz, J. D.; Winkler, F. KActa Crystallogr.1975 B31, 251.

(29) Wang, Q. P.; Bennet, A. J.; Brown, R. S.; Santarsiero, Bl.. Bm.
Chem. Soc1991, 113 5757.
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Scheme 1
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are capable of undergoing-\ rotation in which the transition
state appears to have pyramidal geometry at nitrégefihe
experimental enthalpy of activation for-\ rotation in N,N-
dimethylacetamide in the gas phase is 1%£.8.1 kcal/mols3
However, the transition state differs from the planar amide in
having various changes in bond length, including a significantly
longer (CO}-N bond!%12but most notably in the pyramidal-
ization at N (see Scheme 11233 |f one were to “planarize”
the nitrogen of the transition state structure, then the additional
ca. 6 kcal/mol required (typical N inversion barf®rwould
correspond to a rotational barrier of ca-223 kcal/mol which
Figure 1. I_Ba!l-and-stick structure of 1-azabicyc|_o[4.3.3]dodecan-2- might be taken to be the amide resonance energy although the
one @) depicting near coplanarity of the lactam linkage. changes in CO&N bond length complicate this interpretatithn.

for which experimental data exist. Since the X-ray data are  Alternatively, one might compare the amide with its model
obtained at ambient temperatures with population of thermal amine and ketone components in isodesmic processes to obtain
vibrational modes, the experimental bond lengths all exceed theresonance energy (RE). We depict three such approaches here.
calculated values. The general trends appear to be reproducetthe first can be termed “Methyl Capping based on Experimental

although both sets of bond length values in the two polymorphs y5¢5” (MCE)3 It is exemplified by the approach in egs-3.
of the 3.22 benzo derivative appear to be anomalously high.

The 3.3.3 system is a particularly interesting case. The . o R
corresponding amine, 1-azabicyclo[3.3.3Jundecab®, (has REA7wce = AHfO [(CH3):N] + AH [(CH322CO] -
been known for about 25 yeat®. It has a near coplanar AH;® [CH;CON(CHy),] — AH;® [CH;CHy] (1)
geometry for the nitrogen and three attached carbons as does
its N—protonateq saltlQ).3! Althoggh the P of the amine IS RE@13),,ce = AH,’[CH,CO(CH,);N(CH,),] + strain(.3) —
low due to the high p-character of its lone pair, its proton affinity AH?°(13) — AH [CH,CH (2)
is also low due to the strain in the four-coordinate species and f f 8
the poor overlap of the high p-character orbital with the | |
s the rlated and presenty unknonn lactam 1-a3abicyclo- KEDuce = AHCHsNCH.CH,C(CHCOCH)CH,CH +

s sently u W -azabicyclo- Cop g o1y _ o

[3.3.3] undecan-2-on&) a potential candidate for a hyperstable Astrain[l — piperidine]— AH*(1) = AH[CH,CH (3)
lactam.

A second approach, which is virtually equivalent although the
data set do not identically match MCE, is one using Beffson
(or similar) group increments (Gl), which is very similar to

N another methyl-capping approach. This approach, termed
N g “Methyl Capping Group Increment” (MCGI), is depicted in eq
18 1 4 (the Benson conventiéhfor representing group increments

is employed). The strain energies in egs4lwould have to
Although the 3.3.3 system approaches the geometric require-be estimated perhaps using the alkane, amine, ketone or a
ments for an unstrained amide linkage, the 4.3.3 system is muchcombination of (aminet- ketone— alkane).
closer to this goal. This is very apparent from the computed

data in Table 1 as well as Figure 1 which indicate virtual —

planarity at nitrogen and negligible twisting about the (E®) RE(l)MgG' GIGL:[I:I_'(C)é] +4(—3I2[CO((3(I3)2(]:—LGI’[\IC(2)((—“;)3] +
bond. We will describe other features of th&8 and 4.3 x GIHC(H),(C)a] + 2 x GHC(H)(N)(C)] !
lactams below but for now note that they appear to be viable strainl) — AH°(1) (4)

candidates for “hyperstable” bridgehead lactams (see title of
Table 1 for a description of shorthand bridgehead lactam The third approach is one we dub “CarbOnyl Substitution

nomenclature). _ _ _Nitrogen Atom Replacement” (COSNAR). It is exemplified
Resonance EnergiesResonance energies and strain energies . oqs 5-7. The strain energy is explicitly in the model

are secondary properties whose definition depends on the
primary properties referenced. For the amides there are actually (33) Wiberg, K. B.; Rablen, P. R.; Rush, D. J.; Keith, T.JAAm. Chem
two practical and quite independent overall schemes which mustsoc.1995 117, 4261 and references therein. '

give rise to slightly different resonance energies. First, amides (34) Bushweller, C. H. InAcyclic Organonitrogen Stereodynamics
Lambert, J. B., Takeuchi, Y., Eds.; VCH Publishers: New York, 1992; pp

(30) Wang, A. H. J.; Missavage, R. J.; Byrn, S. R.; Paul, |lJCAm. 1-55.
Chem. Soc1972,94, 7100. (35) Greenberg, A.; Liebman, J. F. IBnergetics of Organic Free
(31) Call, J. C.; Crist, D. R.; Barrio, M. G.; Leonard, N.J.Am. Chem. Radicals Martinho Sim@s, J. A., Greenberg, A., Liebman, J. F., Eds.;
So0c.1972 94, 7092. Chapman and Hall: London, 1996; pp 196-201.
(32) Aue, D. H.; Webb, H. M.; Bowers, M. T. Am. Chem. Sod.976 (36) Benson, S. Wrhermochemical Kinetic2nd ed.; Wiley: New York,

98, 311. 1976.
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Table 2. Gas-Phase Enthalpies of Formation (kcal/mol) for Amides and Lactams and the Corresponding Resonance Energies (RE, kcal/mol)
According to the Methyl Capping Experimental (MCE) Approach (Eg8)land the Carbonyl Substitution Nitrogen Atom Replacement

(COSNAR) Approach (Egs-57)"

AH¢°(g) (kcal/mol)

RE (kcal/mol)

compd Pedley Lias Abboud selected MCE COSNAR

HCONH, —46.3 —44 —46.3 21.0 21.0
HCON(CHs), —46.0 —45.8 —46.0 20.7 20.7
CH;CONH, -57.0 —57.0 -57.0 19.5 18.8
C,HsCONH, -61.9 —61.9 19.3 18.2
n-CsH;CONH, —67.4 —67.4 19.9 18.7
i-C3H,CONH;, —67.5 —67.5 19.1 17.9
n-CsHyCONH, —69.4* —69.4* 17.1* (15.8)*
t-C4HoCONH, —74.8 —74.8 19.7 17.8
n-CsH1:CONH; —775 —77.5 (20.2) (19.0)
n-C;H:1sCONH, —86.7 —86.7 19.7 (18.2)
1-adamantyl-CONHK —76.2 —76.2 19.3 (18.2)
CH3;CONH--C4Hg —-73.1 -73.1 (19.9) (18.2)
1-MePyr @3 (—50.2+-49.6Y —50.4 —50.% (22.4) (20.5)
CH3;CON(CHg)2 (17) —54.5 —56 —54.5 18.0 (16.9)
C,HsCON(CH;), —59.8 —59.8 18.2 (16.7)
n-CsH;CON(CHs), —64.7 —64.7 18.2 (15.9§
t-C4H/,CON(CHp) —68.4 —68.4 [13.3] [(6.8)]
1-adamantyl-CON(CH). —68.4 —68.4 [11.5] [(10.9)]
CgHsCONH, —-24.1 —24 —24.1 17.8* g
CsHsCON(CH;) —23 —20.6 —20.6 15.3 g
CH;CONHGsHs —30.8 -31 —30.8 (19.7) 18.3

aSee ref 38" See ref 39¢ See refs 40 and 42.The Pedley (ref 38) value fohH;°(1) (1-methylpyrrolidinonel3) is —262.2+ 0.5 kJ/mol
(—62.7 &+ kcal/mol). Employing the experimental values fdH, and T, yielded AH,/Ty, for N,N-dimethylformamide (110.1 JA%ol) andN,N-
dimethylacetamide (114.8 Jidol). Use of these values with the experimeritabf 1-methylpyrrolidinone (475 K) generatexH, = 52.3-54.5
kJ/mol (12.5-13.0 kcal/mol) and these data yield théli°(g) range shown for 1-methylpyrrolidinongThe average of-50.2,—49.6, and—50.4
kcal/mol. 1.0 kcal/mol Bensonis-olefin correction added. Benson group increment data lacking for a model compoURdE values in parentheses

denote cases in which one or more of the model compounds have been estimated using group increments. RE values in square brackets denote

cases in which there awgs-olefin-like repulsions considerably larger than 1.0 kcalfhahd the value listed is uncorrected for steric repulsions.
An asterisk denotes thatH;°(g) judged by Pedley (ref 38) to have relatively high experimental uncertainty.

molecules and need not be added for isodesmic processes ofable 3. Computation of Benson Group Increment for N(CO) £C)

this type. It is a form of “macroincrementatiof”.

RE(1)COSNAR = AH( [ Ajﬂj] +

AHf° (L&) - AHfo(l) - AHfD (;&) (5)
O
CH

3

|
RE(13)COSNAR =AH°( N

O
AHfo (é) - AHf°(13) - AHfO(Q) (6)

RE(17)COSNAR = AH°[CoHsN(CH3),] +
AH°[CH3COCH(CHa),] — AH°(17) — AH;° [CoHsCH(CHa)]

) +

@)

Table 2 listsAH;°(g) dat& 4! for amides and lactams that

AH°(@)2 Glgenson  With cis calcd

compd (kcal) (kcal) correction N(CO)(Ck
HCON(CHs), —46.0 —49.8 +3.8
CH;CON(CH;), —-545 —63.0 —62.0 +7.5
1-MePyr (L3 -50.1 —-53.2 +3.2
C,HsCON(CH;), —-59.8 —684 —67.4 +7.6
n-CsH,CON(CH;), —64.7 —73.3 —72.3 +7.6

2 See selected value in Table 2°We employ Benson’s ring
correctiori® for cyclopentane (6.3 kcal/mol), not that for cyclopentanone
or the sum and difference of pyrrolidine, cyclopentanone, and cyclo-
pentane in order to be consistent with later work. The three values are
in any case quite similaf.The AH°(g) are theselectedvalues in Table
2. The sum of group increments is obtained from Benson's*fekie
value chosenfor N(CO)(C). is +7.6 kcal/mol as further explained in
the text.

When the Benson boékwas published, no group increment
value was listed for N(CO)(G)due to the paucity of data
available. We have listed in Table 3 five molecules it might
appear,a priori, are useful for estimating the value of this
parameter. We did not employ the pivalotdrt-butylcarbonyl),

we are aware of as well as resonance energies based upon thSdamantyIcarbonyl, and benzoyl species from Table 2 since

MCE and COSNAR approaches since the MCE and MCGI data

these included unspecified steric and/or resonance effects which

are extremely similar. Itis clear that these approaches generally,,q.,1d confound our estimates. This is obvious from the low

provide quite comparable data.

(37) Liebman, J. F. IMolecular Structure and Energeticsiebman, J.

F., Greenberg, A., Eds.; Vol. 3, Studies of Organic Molecules; VCH
Publishers: New York, 1986; pp 26B28.

(38) Pedley, J. BThermochemical Data and Structures of Organic
CompoundsThermodynamics Research Center: College Station, TX, 1994;
Vol. 1.

(39) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G. Gas-Phase lon and Neutral ThermochemiktBhys.
Chem. Ref. Datd988 17, Suppl. No. 1.

(40) Abboud, J. L. M; Jimeez, P.; Roux, M. J.; Turfig C.; Lopez-
Mardomingo, C.; Podosenin, A.; Rogers, D. W.; Liebman, JJ.FPhys.
Org. Chem.1995 8, 15.

(41) Abboud, J. L. M,; Jimeez, P.; Roux, M. V.; Turfin, L. M. J. Chem.
Thermodynam1989 21, 859.

resonance energy values in Table 2 for these three compounds.
Three of the five compounds in Table 3 gave close values
averagingt7.6 kcal/mol. The low value foN,N-dimethylfor-
mamide (3.8 kcal/mol) was judged to reflect the unusual nature
of the HCO increment in part reflecting enhanced resonance
(see Table 2) and this was not employed further.

The low calculated value for the group increment N(CO)-
(C)2 derived from 1-methylpyrrolidinonek3.2 kcal/mol) listed
in Table 3 is a bit more difficult to explain. This discrepancy
is due, we feel, to a ca. 4 kcal/mol stabilization (arising from
reduced steric repulsion) in 1-methylpyrrolidinone that has to
our knowledge hitherto escaped comment. It appears from the
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data in Table 2 that the apparent resonance energy of 1-meth+ertiary amide RE= [N(C), + CO(C), — N(CO)(C), —

ylpyrrolidinone is 3.6-4.4 kcal/mol greater than that of,N- CO(N)(C)] = 18.2 kcal/mol (9)

dimethylacetamide for example. We note further that the MM2

program version in SPARTAN 4.0 obtains an anomalously low Scheme 2

strain energy (1.13 kcal/mol) for 1-methylpyrrolidinone. Thus, amide zero resonance modedmide full resonance model

we employ the valuet-7.6 kcal/mol for the GdensofN(CO)- (strainless) (strainless)

(C)al. Benson group increments ~ Benson group increments
The Methyl Capping and COSNAR approaches outlined

above can also be employed using computed enthalpies of

formation or total energies. The latter are best modified using

zero-point energies and thermal corrections. However, since

both approaches are isodesffin nature, the corrections largely

cancel. Our previous 6-31G#b initio study® used the

assume: N(GQ)= N(CO)(C), =
N(CO)(C), = +24.4kcal/mol  +7.6 kcal/mol (see text)
assume: CO(G= CO(N)(C)= CO(N)(C)= —32.8 kcal/mol
—31.4 kcal/mol

It is worth noting here that the isodesmic techniques employed

COSNAR approach to obtain resonance energies for A 2 : . ’
system 1) and the 3.1 system§g) of 0.9 kcal/mol and 11.8 here_ (_MCE’ MCGI, COSNAR) an_d the amlde_rotatlonal barrier
explicity compare a planar N with a pyramidal one. In the

kcal/mol employing total energies of the lactam and all three . d . . th idal N is in th ) del
model molecules in each case. isodesmic comparison the pyramidal N is in the amine model,

. 3 . L whereas in the rotational barrier, the pyramidal N is in the
Wlberg‘: developed an atom increment estimation approach ansition state. Explicit consideration of the ca. 6 kcal/mol
for 6-31G* calculations later extended by Ibrahim and Schféyer ;. ersion barrier of aminéé could arguably raise the amide

(both are not modified by ZPE and thermal corrections) similar ggonance by 6 kcal/mét#6 In order to obtain theAH;*(g)

in concept and nomenclature to the Benson approach. We havgfy|ly resonance stabilized or zero-resonance energy), the
employed the data and approach of Ibrahim and Schiyer. appropriate strain energy must be added.

principle, one may obtain an excellent total energy)(for a Although Ibrahim and Schley# suggest relatively non-
given compound byosummlng the “Schleyer” increments with  gqific atomic increments for the computation of 6-31G* total
the experimental\H;°(g)— the latter may be experimental or  gnergies, these work reasonably well for amides. Thus, the
appropriately estimated using Benson increments according t0ggtimated=5-316" (eq 8) is only 0.0023 au (1.5 kcal/mol) lower
eq 8. The “Schleyer” increments were shown to be remarkably (more negative) than the optimized value tgN-dimethyl-
insensitive to environment while the subtleties of molecular gcetamide and 0.0044 au (2.8 kcal/mol) lower than that for

environment are reflected inH:°(g). N-methylpyrrolidinone. Thus, although it might be tempting
to generate a set of amide atomic parameters, we will employ
estimateds,° 3¢ = > “Schleyer” increments (6-31G*) the Ibrahim/Schleyer set. The sum of the atomic increments
+ AHS(g) (8) as well as the\H;°(g) (full resonance or zero resonance models

including the ring strain of the bicyclic framework) will then
be added to yield an estimateg which may then be compared
The advantage of this approach is quite clear. Rather thanwith the optimizedEr in order to compute net destabilization

calculating the lactam and its three model molecules to obtain or stabilization, respectively.
a value forAH:°(g), strain, resonance, etc., an optimized value  The strain energies of the bicyclic alkanes corresponding to
can be compared with the sum of increments to oltditi’(g) the lactams studied are listed in Table 4. We employ the
and related parameters. We have added two slight variationsexperimental numbers but it is clear that the 6-31G* numbers
to this approach. The first variation is to calculate a hypothetical are quite similar. Arguably, the best approach might be to add
AH;°(g) for afully resonance stabilized bridgehead lactam which the strain energies (experimental or molecular mechanics) of
can then be modified by the strain energy of the bicyclic the ketone and amine and subtract that of the alkane. There
framework. One simply uses the Benson amide group incre- will be more discussion of this point in the conclusions.
ments for CO(N)(C) and N(CO)(@)the latter derived Table 4 lists data relevant to the comparison of the lactam
above—plus the other group increments and adds the experi- (or amide) with the Amide Full Resonance model. The
mental strain of the bicyclic system. The second variation is 1-azabicyclo[2.2.2]octan-2-on&)(system suffers a loss of 23.0
to compute aAH;°(g) for a hypotheticalzeroresonance  kcal/mol of resonance energy. In constrast, the thraes
bridgehead lactam using the Benson N(@)d CO(C) group cycloheptene analogue®—4 lose 16.4-17.1 kcal/mol of
increments, again adding the experimental strain of the ap- resonance stabilization and the thbems-cyclooctene analogues
propriate framework. This is termed the Amide Zero Resonance |lose between 7.8 and 12.5 kcal/mol of resonance stabilization.
Model. These two variations employing Benson group incre- The negative resonance loss value listed in Table 4 for th8 4.3
ments are depicted in Scheme 2. Indeed, merely subtractinglactam @) implies “hyperstability”.
one set of group increments from the other, as in eq 9, yields  The seemingly straightforward 18.2-kcal/mol difference
an idealized resonance energy for normal (i.e. unstrained) tertiarypetween the Amide Full-Resonance and Zero-Resonance Models
amides or lactams of 18.2 kcal/mol. This value is comparable (Scheme 2) depicted in eq 9 needs to be explained a bit further.
to those in Table 2 since all of these approaches compare planarrhe application of these Benson group increments involves
amides to separated ketones and pyramidal amines or theircomparison of a full amide linkage (planar N) with separated
equivalents. This number should not be directly compared with ketone and amine (pyramidal N) and is virtually comparable to
the amide rotational barrier as a measure for resonance sincethe MCE, MCGI, and COSNAR approaches depicted in egs
in the latter, the same groups of atoms remain attached1—7 and Table 2. As noted previously, if one wishes to correct

throughout. this value to make a comparison with the free planar amine
(42) Hehre, W. J.; Radom, L.; Schleyer, P.v.R.; Pople, JAB.Initio (45) Greenberg, A.; Chiu, Y. Y.; Johnson, J. L.; Liebman, JSfuct.
Molecular Orbital Theory Wiley: New York, 1986; pp 316312. Chem.1991,2, 117.
(43) Wiberg, K. B.J. Comput. Cheni984 5, 197. (46) Greenberg, A.; Wu, G.; Tsai, J. C.; Chiu, Y.Struct. Chem1993

(44) Ibrahim, M. R.; Schleyer, P.v.R. Comput. Cheml985 6, 157. 4, 127.
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Table 4. Calculation of theLossin Resonance Energy (REoss kcal/mol) for Bridgehead Lactams Using the Full Resonance Benson Group
Increments for Amides (includingt-7.6 kcal/mol for N(CO)(C), see Scheme 2), Adding the Experimental Strain Energies (Strain) of the
Bicyclic Frameworks (Taken Here as the Bicycloalkanes) to the Sum of the “Schleyer” Atom Incrénfalhtis au) and Comparing the
ResultingEr(est) with the ActuaEr(o ptyF

—Scheleyer Glgensod strain —Er(est) —Er(opt) RE Loss
lactam (au) (kcal/mol) (kcal/mol) (au) (au) (kcal/mol)
B trans-Cyclohexene Analogue
222Q) 400.7458 —55.36 9.7 400.8186 400.78202 23.0
B trans-Cycloheptene Analogues
3.22 (2 439.7726 —60.29 13 439.8480 439.82191 16.4
3220 439.7726 —60.29 13 439.8480 439.82106 16.9
3.3.2(4) 478.7994 —65.22 17.8 478.8750 478.84770 17.1
B trans-Cyclooctene Analogues
33.16) 439.7726 —60.29 7.8 439.8562 439.83632 125
3.3.26) 478.7994 —65.22 17.8 478.8750 478.86017 9.3
3.3.3 517.8262 —70.15 26.9 517.8951 517.88266 7.8
B trans-Cyclononene Analogues
4330 556.8530 —75.08 38 556.9121 556.91145 0.4
4.33(9) 556.8530 —75.08 39 556.9121 556.91758 -34
Model Compounds
1-MePyr @3 323.8353 —50.2¢ f 323.9151 323.91275 15
N,N-DMA (17) 285.9478 —54.3 f 286.0347 286.03017 2.8

aThis is the simple sum of full resonanceggkon(Scheme 2) uncorrected for stralObtain AH:°(g) from Pedley (ref 38) and subtract the sum
of Benson group increments (ref 36)0btain AH;°(g) from Liaset al. (ref 39) and subtract the sum of Benson group increments (ref Bjain
energy estimated by calculating the difference in strain energies between the 4.3.3 and 3.3.1 bicyclic alkanes using the SPARTAN molecular
mechanics package and adding this to the 7.8 kcal/mol strain energy in the 3.3.1 alkaleeted experimental data (see Tablef Zhe strain
energies are incorporated in théd; values used here which are the selected value$3@and17 from Table 2.9 This table shows that use of the
Schleyer increments predicts a value about 2.8 kcal/mol too low, fédimethylacetamidel(7) and 1.5 kcal/mol too low for 1-methylpyrrolidinone
(13). The average discrepancy in these two model systems is 2.2 kcal/mol and correction using this number would reduce thedR®12683(
kcal/mol for the 22.2 system, 14.2 kcal/mol for the 32systemetc), make8 “hyperstable” by 1.7 kcal/mol, and increase the “hyperstability” of
9 to 5.6 kcal/mol.

Scheme 3 and the enthalpy of the isodesmic equation shown for formation

e e o e of the unconjugated CON bond (N in amide and model amine
\N_C/O —| N_C/ N \N_C/O both pyramidal). This last enthalpy, calculated—-2.8 kcal/

. C/ Nep. g \CH — . / N mol, is a balance between the bond energies of thestivonds

broken and the two formed in Scheme 4. It is important to
realize that the relationships depicted in eg¥{MCE, MCGI,
Scheme 4 and COSNAR), Table 2, and the 18.2 kcal/mol resonance energy
CH3CCH3 + N(CH3)3-CoHg= = = = = & ===~ = 7~ == -~~~ - - derived in eq 9 do not correct for the formation of the €

0 -2.8 keal/mol o bond. If one subtracts 2.8 from 18.2 kcal/mol, the result is
. y C“f 15.4 kcal/mol, which agrees well with the experimental rota-
} \, /O tional barrier (15.8t 1.1 kcal/mol). Of course, correction for

N—C\ the N-inversion barrier would yield 2122 kcal/mol for the
cH, rotational process depicted in Scheme 3.

-16.9 keal/mol The bridgehead bicyclic lactams studied here introduce a new
issue. For example, in the rather rigi@2 system the nitrogens
of both the lactam and the amine are comparably pyramidal. If
the inversion barriers (independent of resonance) are comparable
then we return to the 2122 kcal/mol of resonance energy

+14.1 kcal/mol

“JC\ Va depicted in Scheme 3. The larger more flexible lactams
N—C\ e T s - complicate this further by forcing greater planarity on the
H,C CH, bridgehead nitrogens in the lactams than those in the amine.

In summary, the 18.2 kcal/mol resonance energy derived
then addition of the ca. 6 kcal/mol amine inversion barrier brings isodesmically can be corrected by 2.8 kcal/mol to correct for
this value to ca. 24 kcal/mol. the CO-N o bond in order to yield the enthalpy of activation

How do these values relate to the amide rotational barrier? (ca. 15.4 kcal/mol) for rotation. Correction of the rotational
Scheme 1 had earlier depicted the rotational transition state fortransition state to form a planar, orthogonal nitrogen brings this
N,N-dimethylacetamide (15.& 1.0 kcal/mol). If one assumes Value to ca. 2322 kcal/mol. This same value should appear
that the inversion of the nitrogen depicted in the transition state in the 2.2.2 system where both nitrogens are comparably
is also about 6 kcal/mol then the orthogonal structure shown in pyramidal rather than both planar. (The value in Table 4 is
Scheme 3 is ca. 2422 kcal/mol less stable than the amide. 23.0 kcal/mol and use of the optional correction noted in Table
Further insight can be obtained by employing the G2/MP2 data 4 would change this to 20.8 kcal/mol.)
of Wiberg et aF? for the ground state and the lowest-energy- Infrared Frequencies. The stretching frequencies of the
transition state forN,N-dimethylacetamide and its model carbonyl and (CO}N bond linkages are considered to provide
compounds. The relevant relationship is depicted in Schemeinsights into the role of resonance in the bridgehead lac-
4. There are two particularly noteworthy points. The computed tams21415 One would anticipate loss of resonance to reduce
rotational barrier (14.1 kcal/mol) is the difference between the the contribution ofl0C, therefore reducing the frequency of
conventional resonance enthalpy (MCE, COSNAR, eq 9, etc.) the (CO)}N vibration and increasing the frequency of the
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Table 5. Comparison of Calculated Infrared Carbonyl Frequencies
for Bridgehead Bicyclic Lactams and Model Compounds

lactam  vco(uncorr) (cnml) veo(corr) (enml) veo(exp) (cnT?)
2.2.2(1) 2058 1757 1761 (1755)
3222 2007 1713 1713 (1714)
32203 1996 1704 (1705)
3.3.2(4) 1998 1705
33.16) 1980 1690 (assumed)  1690.5
33.26) 1951 1665 (1677)
33.3() 1952 1666
43.3@) 1923 1641
4.33(9) 1921 1640
1-MePyr (13) 1974 1685 1698
pyr Azir (15) 2171 1853 1848
plan Azir (16) 2152 1837

a Assumed the value for the®1 system, which is midway between

Greenberg et al.

line with experimental UV photoelectron spectroscopy (PES)
data?’#8 The most surprising aspect is how little variation there
appears to be in the HOMO energy despite quite drastic changes
in the overall bonding (e.g. a variation of ca. 20 kcal/mol or
nearly 1 eV in resonance energy). For example, the calculated
HOMO orbital energy in the orthogonal22 systernt is 9.87

eV while the energy of the HOMO in the fully-resonance
stabilized 1-methylpyrrolidinonel@) is calculated at 9.96 eV.
The reason is that in all of these cases, except_tBéZZthe
HOMO is an essentially nonbonding orbital (allylig,) with
significant localization at nitrogen. For the22 systeml
symmetry dictates that there is no mixing of the nonbonding
ny with the carbonylz system. The result is that overadl
overlap in the amide system does little to change the HOMO
energy. Qualitatively, it appears that geometry and hybridization

the extreme values in the bridgehead bicyclic lactams, to be the standardat N play the most significant rol¢8&5° Comparison of

for correction; correction factor 0.8535.P Taken from ref 46¢ See
ref 14.9 The experimental value is the an N-alkyl derivative.

Table 6. Frontier Molecular Orbitals for Bridgehead Bicyclic
Lactams and Model Compounds (Orbital Energies in au Multiplied
by 27.21 to Provide Units in eV)

lactam Enomo (eV) Esubjac(eV) ELumo (eV)
trans—Cyclohexene Analogue
22.2(1) 9.87 11.40 —45
B trans-Cycloheptene Analogues
3222 9.79 11.13 —-4.9
3.2.203) 9.79 11.15 —4.8
3.3.2(4) 9.60 11.03 —-4.9
B trans-Cyclooctene Analogues
33.16) 9.74 11.05 -5.1
33.20) 9.79 10.89 —-5.3
333(@) 9.50 10.86 -5.1
trans-Cyclononene Analogues
4330 9.58 10.82 —-5.5
4.33(9) 9.60 10.81 —-5.3
Model Compounds
1-MePyr (13 9.96 10.95 -5.6
pyr Azir (15) 10.93 12.48 —4.4
plan Azir (16) 11.12 11.27 -5.8
N,N-DMA (17) 9.97 11.16 —5.6

carbonyl vibration. Unfortunately, the (CON vibration
(amide ll) is very complex since it is heavily mixed with other
C—C and C-H vibrations and is shared by a few vibrational
modes. Additional difficulty arises from the differences in the
ring strains of the different frameworks being compared. The
more strained the framework, the more resistant it is to the
framework stretching that incorporates (C&y. Correction
of this factor is also not obvious. Hence, the (C®)
vibrational frequencies were not employed.

In contrast, the carbonyl frequency is well isolated and
provides significant insight. In Table 5 we list carbonyl

experimental ionization energies with orbital energy data is
problematic since the appropriate comparison should really be
with the calculated energy difference between the fully opti-
mized structures of the neutral and the radical cation. Good
correlations have been achieved between the orbital energies
and the vertical ionization potentials ()P using the assumption

of the validity of Koopmans’ theoreftl. However, one must

be extremely cautious in these comparisons. First, as noted
earlier, neither the adiabatic ionization potential{IRor the
verticle ionization potential (W} really correspond te-Epomo.

The best comparisons are likely to occur when the PES
ionization bands are similar in shape. However, the nearly
planar manxine has an extremely sharp first IP band in contrast
to pyramidal amines such as quinuclidine where the bands are
significantly broader (e.g. IP— IP, in quinuclidine is 0.5 eV;

the corresponding difference in triethylamine is ca. 0.9 ¥V).
The first IP bands in amides are usually quite sharpgmRP,),

but distorted amides such &shave broader band8. Thus,
comparisons between lactams, amides, and model amines are
surprisingly complex.

Core lonization Energies (Qs, Nis, C150). Core (1S)
ionization energies, obtained using X-ray photoelectron spec-
troscopy (XPS or ESCA), are widely considered to be measures
of atomic chargé? The Nis ionization energies of nitrogen
atoms in aminimides (solid state) were correlated with carbonyl
frequencies in a manner explicable using resonance argukients.
Similarly, we have found the relatively low i ionization
energy in l-azabicyclo [3.3.1] nonan-2-or®, (its relatively
high Osionization energy, and relatively high €D ionization
energy to be explicable in terms of reduced contribution of
canonical structur&0Cin 5 relative to model pyrrolidinone.

Table 7 lists core ionization energies calculated for the
bridgehead lactams studied here. We have corrected ige O
Nis, and G<O ionization energies (assuming the validity of
Koopmans' theorefl) by using experimental ddth for

frequencies for bridgehead bicyclic lactams and some model 1-azabicyclo[3.3.1]Jnonan-2-on&)( which is assumed to be
compounds. The experimental data agree reasonably well withrepresentative of the bridgehead lactams studied.
the corrected data. Since carbonyl frequencies considerably One striking point evident from Table 7 is the sharp separation

reflect local geometry at carbon in addition to the overall

of data intotrans-cyclohexene, cycloheptene, cyclooctene, and

resonance one must compare the lactam with the corresponding (47) Treschanke, L.: Rademacher,JPMol. Struct. (THEOCHEM}.985

ketone*® Thus, the 2.2 system has itsco some 30 cm!

higher than the ketone and aziridinone (pyramidal) is about 21

cm~t higher than cyclopropanone while 1-methylpyrrolidinone
is about 52 cm! lower than the corresponding ketoffe The
3.2.2 lactam has aco comparable to that of the ketoffe.
Frontier Molecular Orbitals. Table 6 lists orbital energies
for the highest occupied molecular orbital (HOMO) and the first

subjacent orbital as well as the lowest unoccupied molecular

orbital (LUMO) for each of the bridgehead bicyclic lactams and
model compounds studied. The nature of the frontier orbitals

122, 35.
(48) Treschanke, L.; Rademacher,JPMol. Struct. (THEOCHEM}985

(49) Aue, D. H.; Webb, H. M.; Bowers, M. T.. Am. Chem. Sod975
97, 4136.

(50) Kimura, K.; Katsumata, S.; Achiba, Y.; Yamazaki, T.; lwata, S.
Handbook of Hel Photoelectron Spectra of Fundamental Organic Molgcules
Halsted Press: New York, 1981; pp-&4.

(51) Koopmans, TPhysical934 1, 104.

(52) Shirley, D. A.Electron SpectroscopyNorth-Holland Publishing
Co.: Amsterdam, 1972.

(53) Tsuchiya, S.; Seno, M. Org. Chem1979 44, 285.

(54) Greenberg, A.; Thomas, T. D.; Bevilacqua, Colville, M.; Ji, D.; Tsai,

in amides, lactams, and distorted lactams has been discussed in. C.; Wu, G.J. Org. Chem1992 57, 7093.
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Table 7. Calculated Core lonization Energies (eV) for Oxygen, O-protonated species. For example, in Table 8 one notes that
’g‘_‘gfgf”cv grrédérr‘gitglag%?élieia{lb%’; Cz)gtg'lng‘\j/ )frgg“rrggt(';g'%%d the twist angler is only 34.F in O-protonated 3.2 while it is
Reproduce Experimental Dateor 1-Azabicyc|o[3.3.1]nonan-2-one 70.%in the _N-pro_to_nated on. The driving force IS of course
(5) with the Assumption of the Validity of Koopmans’ Theorgm the substantial gain in resonance upon O-proton.atlon. Similarly,
Iactam Y N Cos one notes very significant movements of nitrogen toward
S S S planarity in the O-protonated species and, of course, toward
5220) tsrggssgyclohexenfoﬁn%ogue 20101 pyramidalization in the N-protonated species (compare Tables

e : : : 1 and 8).

_ transCycloheptene Analogues Table 9 lists proton affinities (uncorrected and corrected for
g%% (é; ggg:gg jgigg %gg:gg ZPE and thermal contributio_ns) and compares the difference
3.3.2(4) 536.86 404.75 290.83 between N- and O-protonation. T_he absolyte values of PA

trans Cyclooctene Analogues dgcrease by ca. 9 kcaI./m.oI upon this cor(ectlon but the energy
33.16) 536.67 exptl 405.07 exptl 290.81 exptl d!fferences are very similar. The experimental PA FgN-
33.26) 536.41 405.09 200.75 dimethylacetamide (216.2 kcal/ni®l agrees reasonably well
3.3.3() 536.41 404.98 290.78 with the corrected PA at O (218 kcal/mol). O-protonation is

trans-Cyclononene Analogues favored over N-protonation by 11.8 kcal/mol in agreement with
433@) 536.26 405.11 200.68 the earlier-cited study on formamife. Interestingly, the
4.33(9) 536.23 405.17 290.70 computed difference in 1-methylpyrrolidinone is 14.8 kcal/mol,

Model Compound due almost entirely to the reduced proton affinity of 1-meth-

1-MePyr (L3) 536.36 405.40 290.78 ylpyrrolidinone at N. These data should not, unfortunately, be

& Ous COITECHiON fOT5; IPoxpfIPeac = 536.67/558.49= 0.9609. Nis experimentally accessible since protonation will occur totally

COITECtion for5: IPefIPeac = 405.07/423.63= 0.9561.¢ Cyscorrection 0N oxygen. Nevertheless, the ca. 3 kcal/mol disparity between
for 5: |Pexpf|Pcaic = 290.81/308.48= 0.9427. the N-protonation values for 1-methylpyrrolidinone aNdN-

dimethylacetamide is an independent validation of th& &cal/

cyclononene sets. This appears to be another validation of themol anomalous stabilization (i.e. reduced strain) in the 5-mem-
amide/olefin analogy. One notes that th&.2 lactam, which bered lactam. The computed value for O-protonation (corrected)
should lack a contribution fro@OC, has the lowest N (i.e., for 1-methylpyrrolidinone (218.5 kcal/mol) is in reasonable
least positive N), the highest;©(least negative O), and the agreement with experiment (216.8 kcal/m#l).In passing, it
highest GsO (most positive carbonyl carbon) although there is is interesting to note that N-protonation of aziridinone (pyra-
a natural tendency toward lower ionization energies with midal) appears to be 34 kcal/mol more favorable than
increasing molecular siZ8. O-protonation. This conclusion must be viewed with some

Protonation of Bridgehead Lactams. The proton affinities caution. Full optimization of the N-protonated aziridinone ring
of lactams and their variation with distortion were discussed opens the ion. We assumed a reasonable-8@®ond length
briefly in an earlier papet® Unstrained lactams and amides of 1.55 A in the N-protonated ring and surprisingly found it to
are well-known to be much weaker bases than the correspondingoe a local minimun®®
amines in solution and in the gas phase (e.g. the gas-phase PA Conceptually, one can compare the experiment&PRaAlues
of dimethylethylamine is ca. 12 kcal/mol greater than that of for 1-methylpyrrolidine (228.7 kcal/mol), cyclopentanone (198.9
N,N-dimethylacetamicf). Although basis sets much more kcal/mol), and 1-methylpyrrolidinone (216.8 kcal/mol, O-
extended than 6-31G* are necessary to provide precise agreeprotonation) to understand that amines have PA values typically
ment with experimenfS the 6-31G* basis set does a reasonable 25—30 kcal/mol higher than ketones in the gas phase while
job and should do particularly well in comparisons in the series unstrained amides or lactams, which protonate on oxygen, are
since these are isodesmic in natffelt is widely agreed that  typically 20 kcal/mol more basic (higher PA values) than
protonation of amides in the gas phase as well as in solution isketones. The extra 25 kcal/mol of resonance in the
thermodynamically favored at oxygen. For example, an earlier O-protonated amide (relative to the neutral) is responsible for
MP2/6-31G*//4-31G study found that the PA for O-protonation this effect. Indeed, Table 9 indicates that N-protonation is
of formamide is ca. 11.5 kcal/mol more favored than N- favored by ca. 23 kcal/mol over O-protonation in the.2
protonatiort® In fact, an X-ray crystallographic structure of system {). The natural amine vs ketone difference is almost
dimethylacetamide hydrochloride clearly shows O-protonation restored in this “amino ketone”. Inductive effects also undoubt-
(anti to N)>7 edly play a role in the proton affinity at nitrogen. Thus the PA

Table 8 provide€5-31¢* values as well as values corrected of quinuclidine (233.1 kcal/mal s ca. 11 kcal/mol higher than
thermally (including ZPE) for N- and O-protonation in addition that of 3-quinuclidone (221.9 kcal/méwhich has the carbonyl
to selected geometric parameters. The O-protonated structure®n C3 rather than C2 as th From Table 9 it is apparent that
were all taken as anti to N (as in the crystallographic structure the PA at nitrogen irl is about 4 kcal/mol higher relative to
noted above) except the222 system which was syn to N as the slightly less pyramidal N in the 32framework 2) and
noted earlie?® Geometries displayed in Table 8 indicate shorter fully 22 kcal/mol higher than foN,N-dimethylacetamide. In
C=N than G=0 bonds in moderate-sized bridgehead lactams contrast, the absence of resonance stabilization in the O-
but longer G-N bonds where resonance stabilization is small. protonated 2.2 system lowers the PA at O by 12 kcal/mol

N-protonation lengthens the-N bond appreciably. It was relative toN,N-dimethylacetamide or 1-methylpyrrolidinone. It
previously noted that the resonance energies of O-protonateds clear that as the bridgehead N atoms approach planarity in
amides are in the range 385 kcal/mot-virtually double those  rigid bicyclic systems PA values have a tendency to decrease
of the corresponding unstrained amid@sO-protonation tends ~ due to the strain in the 4-coordinate nitrogen. These strain
to decreasgy andz in order to enhance resonance stabilization. effects, previously noted in protonated manxthere nonethe-
It is striking how significantly the twist angles decrease on the less outweighed by the ability of larger systems to disperse

charge and hence PA at nitrogen is larger7ithan it is in
(55) Del Bene, J. EJ. Phys. Chem1993 97, 107.

(56) Howard, A. E.; Kollman, P. AJ. Am. Chem. S04988 110, 7195. 1-methylpyrrolidinone.
(57) Benedetti, E.; Blasio, B. D.; Baine, .Chem. Soc., Perkin Trans. (58) Greenberg, A.; Hsing, H. J.; Liebman, J. FHEOCHEM 1995
2, 198Q 500. 338 83.
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Table 8. Optimized (6-31G*)Er (without and with zero point energy and thermal corrections) and Selected Geometric Pafdrfuetéts
and O-Protonated Amides and Lactams (N&hd OH', respectively)

protonated lactam —Er (au) corr—Er (au) re=o (A) reo-n (A) i~ (deg) %co (deg) 7 (deg)

B trans-Cyclohexene Analogue
2.2.2 (INH™) 401.16261 400.95079 1.167 1.504 57.6 0.0 89.9
(10H") 401.12425 400.91451 1.255 1.366 63.0 4.2 79.8

B trans-Cycloheptene Analogues

3.22 (2NH1) 440.19546 439.95129 1.169 1.506 49.4 0.2 70.2
B (20H") 440.17654 439.93359 1.287 1.300 41.1 15.4 341
3.2.2 BNH") 440.19286 439.94832 1.169 1.518 60.6 0.1 58.4
_ (30HY) 440.17699 439.93375 1.299 1.290 455 16.6 314
3.3.2(4NH") 479.22146 478.94477 1171 1.506 419 0.2 715
(40H") 479.20493 478.92953 1.289 1.297 31.8 17.1 37.3

B trans-Cyclooctene Analogues
3.3.1 BNH™) 440.20027 439.95627 1.168 1.520 54.3 1.6 37.1
_ (50H") 440.19729 439.95406 1.292 1.290 40.8 10.2 18.9
3.3.2 BNH™) 479.21660 478.93975 1.168 1.534 45.2 1.8 29.0
_ (60H") 479.22697 478.95098 1.297 1.286 35.5 10.6 18.1
3.3.3 (/NH") 518.24577 517.93671 1.172 1.518 42.8 1.0 524
(7OHY) 518.25023 517.94236 1.298 1.287 16.0 15.1 30.2

Model Compounds

1-MePyr (L3NH™) 324.25195 324.08117 1.162 1.534 514 0.4 12.3
(130H%) 324.27537 324.10476 1.291 1.279 37 14 0.3
N,N-DMA (17NH") 286.37377 286.21158 1.166 1.524 56.3 0.0 89.9
(170H") 286.39245 286.23046 1.298 1.283 0.5 0.6 1.8

a All of the O-protonated species are assumed tamigto N except for the 2.2 system where it isynto N.20

Table 9. Calculated Proton Affinities (PA, in kcal/mol) Uncorrec- Scheme 5
ted and Corrected for ZPE and Thermal Corrections (See Ref 60,

Abboudet al., for PA Values at O and N of Smaller Lactams and
Amides in Which Correlation Effects and Corrections for Basis Set CH;OTT
Superposition Errors Are Included and Comparisons Made with N — N-
Experimental PA Data) Y v /
CHj 0
@p? T
[¢]

uncorrected corrected
(ZPE/thermal) (kcal/mol) (ZPE/thermal) (kcal/mol)

lactam PAatN PAatO diff PAatN PAatO diff

CH50Tf

trans-Cyclohexene Analogue days

2.2.2 1) 238.8 2147 241 2289 2062 228 o—CHs
trans-Cycloheptene Analogues . . . . .
322() 2328 2225 102 2247 2136 11.1 Observations are in line with our predictions of N-protonation
3220 2333 2233 10.0 2236 214.4 9.1 of the 32.2 system and O-protonation of the32 system.
3.3.2(4) 2345 2242 104 2247 2151 9.6  Brown is careful to note that it is not clear whether these very
~ trans-Cyclooctene Analogues slow reactions are under kinetic or thermodynamic control. Our
3.3.16) 228.4 2265 1.9 219.0 2176 1.4 predictions, of course, relate to thermodynamic parameters.
33.20) 2237 2302 -65 2141 2212 -7.1 Werstiuk, Brown, and Wang have also examined N- vs
3330 2279 2307 -28 2181 2216 -35 O-protonation of bridgehead lactams using semiempirical
Model Compounds theorys

1-MePyr (13) 212.9 2275 —14.7 203.7 2185 —14.8
Pyr Azir (15) 205.¢0 201.3 3.7 1963 192.6 3.8
N,N-DMA (17) 215.6 2275 —11.7 2065 218.3 —11.8

aN-Protonated Aziridinone Calculated with Fixed ©® of 1.55 The properties of the bridgehead bicyclic lactams fall rather
A, since the structure ring opens during optimization (see ref 58).  neatly into classes based upon thenscycloalkene analogy.

For example, the CON bond in the 2.2 system, drans

The N- versus O-protonation “crossover” points appear to cyclohexene analogue, is calculated to be 1.433 A, while the
be in the geometry regions defined by th8.3, 33.2, and 3.3 3.22,32.2, and 3.3.8ystems, which are ailans-cycloheptene
structures. Since the geometry variations are discontinuousanalogues, have CEN bond lengths close to 1.400 A. Losses
(constrained by the bicyclic frameworks) and since differences in resonance energy also follow this pattern. TH&2system,
in molecular size confound the issue slightly, the intrinsic amide which lacks resonance by symmetry, “loses” 23.0 kcal/mol of
group structural requirements for N- versus O-protonation resonance energy (see Table 4) compared to a hypothetical
“crossover” are not fully defined. Obviously, the effects of model maintaining full resonance and the ring strain of the 2.2.2
solvent will also be important and one would anticipate slight framework. Another way of thinking about resonance is to
favoring of solvation of the O-protonation form due in part to consider the isodesmic approaches of eg¥.1 The data in
steric accessibility of the basic atom to solvent. These data Table 2 suggest resonance energies on the order of 18 kcal/
suggest that the.3.1 molecule would be an interesting system mol for this comparison of unstrained amides with separated
for experimental protonation studies. amines and ketones. Correction of this value by ca. 2.8 kcal/

Some insight into the question of N- vs. O-protonation has mol for formation of the CG-N ¢ bond leads to a value
been provided by Brown and Wang (Schemeé®%y. Their comparable to the CON rotational barrier (gas phase) NfN-

Conclusions

(59) (a) Brown, R. S.; Wang, Q. P. Unpublished observations. We are  (60) Abboud, J.-L.; Caada, T.; Homan, H.; Notario, R.; Cativiela, C.;
grateful to Professor Brown for sharing these observations with us. (b) Diaz de Villegas, M. D.; BordéjeM. C.; Mo, O.; Yaiez, M.J. Am. Chem.
Werstiuk, N. H.; Brown, R. S.; Wang, Q. Ban. J. Chem1996 74, 524. So0c.1992 114, 4728.
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dimethylacetamide (ca. 15 kcal/mol). If one “planarizes” the Table 10. CalculatedAH;°(g) for Bridgehead Bicyclic Lactams
transition state by adding the 6 kcal/mol N inversion barrier, Using the Form of Eq 8 Wherein Optimizégt(6-31G*) Data from

resonance stabilization is ca. 21 kcal/mol. This value corre-
sponds roughly to the above calculated value for the riggd2
system where N in both the lactam and the amine are
comparably pyramidal if one employs the ca. 2 kcal/mol
correction in Table 4.

We note that 1-methylpyrrolidinone appears to have about
3-5 kcal/mol of “extra stability” via the isodesmic approaches
described in this paper. This is not due to an anomalously strong
resonance stabilization but rather to unusually low strain in the
lactam as a result of fewer nonbonded repulsions than in the

model compounds. This is also apparent in the calculated protonz 5 4 6)

affinity at N of this compound which is about 3 kcal/mol lower
than those calculated for the model compounds.

We have applied the hyperstability concept, previously
employed by Schleyer and co-workers to rationalize the low
enthalpies of hydrogenation for medium-sized bridgehead
bicyclic alkenes. When one employs isodesmic logic [e.g.
methyl capping or comparison with bicyclic ketones and
bridgehead amines (i.e. COSNARY)], hyperstability results for
the 4.3.3 system. The apparert8kcal/mol of hyperstability
in the 4.33 system is really a manifestation of the higher strain
of the model system rather than any “tightening” of the bonding
in the amide linkage. This is also true for the hyperstable
bridgehead olefins. It is not that the olefinic linkage is
unnaturally short or strong but that there is more strain in the
saturated systems.

The concept of hyperstability in bridgehead bicyclic alkenes
is, nevertheless, of significant practical utility since addition to
the double bond ithe characteristic olefin reaction. Enthalpies

of hydrogenation are experimentally accessible and, since the

transition state for hydrogenation involves the start of the
saturation of the double bond, resistance to hydrogenation shoul
also have a kinetic component.

In contrast to the olefins, the characteristic amide reaction is
nucleophilic acyl substitution. Hyperstability is not in immedi-
ate evidence for thieetreaction. For example, let us examine

the hypothetical gas-phase hydrolysis reaction depicted in eq

10. The enthalpy of hydrolysis is calculated using published
thermochemical data to be-4.4 kcal/mol. It may not be
generally known that gas-phase hydrolysis of simple amides is

CH,CON(CHy),(g) + H,0(g) — CH,COOH(g)+
HN(CH,),(9), AH,° = +4.4 kcal/mol (10)

endothermic. In solution, the formation of ionic products and

Table 1 (Uncorrected for ZPE and Thermal Energies) and the Sum
of “Schleyer” Increment$ Are Employed

AHohydrolysiig)a1
AH¢°(g) (kcal/mol) (kcal/mol)

B trans-Cyclohexene Analogue
221Q) —22.7 —27.5

~ trans-Cycloheptene Analogues
322 —30.9 —17.8
3220 —-30.4 —24.7
3.3.2(9) —30.3 —19.8

trans-Cyclooctene Analogues
3 —40.0 —15.0
3.3.2(6) —38.1 —15.5
3.33(@) —-35.4 —-19.7
B trans-Cyclononene Analogues
4330 —36.7 —23.3
4.33(09) —40.5 —16.6
Model Compounds

1-methylpyrrolidinoné (13) —48.6 +1.2
N,N-dimethylacetamid&(17) —51.7 +2.3

aBenson parametetswere used to estimat&H:°(g) of products.
bThe calculated gas-phase enthalpies of hydrolyss €gs 10 and
11) are also listed. Use of the 2.2 kcal/mol correction noted in the
heading of Table 4 would make tiadH:°(g) values more negative and
make theAH nyaroiysis Values less negative by this value.

N,N-dimethylacetamide. This reflects the decrease in strain in
transforming a 4.3.3 bicyclic network to a cyclononane system.
This is a strong thermodynamic driving force, and “hypersta-
bility” does not appear to be useful in this thermodynamic
context. However, if one were to examine ring opening
reactions of bridgehead olefins which totally cleaved the olefinic

Jinkage, the hyperstability concept would also lose its signifi-

cance.
We can now attempt a comparisonsofdistortion energies
in a bridgehead amide and the corresponding bridgehead alkene.
The experimentahH;° value for bicyclo[3.3.1]non-1(2)-en&?)
is 7.4 kcal/mol (4.5 and 10.2 kcal/mol more stable than its
isomers bicyclo[4.2.1]non-1(2)-ene and bicyclo[4.2.1]non-1(8)-
ene, respectively)t We first assume the ring strains in both
amide5 and alkenel2 to be that of the alkane (7.8 kcal/mol,
see Table 4). Comparison of the sum of Benson group
increments modified by ring strain yields a value-61.5 kcal/
mol for 12 which is 14.9 kcal/mol lower than the experimental
value. Similarly, if we compute the sum of the Benson group
increments for5 (using the full amide resonance increments,
see Scheme 2) and the ring strain we obtain an estimaté2b

the difference in solvation energies of the reactants and productskcal/mol which is 12.5 kcal/mol lower than the calculated

is apparently the driving force for hydrolysis.
In Table 10 we lisAH;°(g) values for the bridgehead lactams

AH¢°(g) in Table 10.
What then might be the practical chemical utility of the

using eqs 8 along with the calculated gas-phase enthalpies of‘hyperstable lactam” concept beyond interesting academic

hydrolysis. Not surprisingly, gas-phase hydrolysis of tt22
lactam1 is exothermic by 2728 kcal/mol (eq 11). This ca.

H
N

(@), AH,° =-27.5kcal/mol (11)

(9) + H0(9) —=

LN

o CH,CO,H

30 kcal/mol difference relative t4,N-dimethylacetamide is due
to the loss of resonance as well as the straid imhich total

about 30 kcal/mol and is probably an underestimate since the

product will probably have internal hydrogen bonding. Table
10 indicates that hydrolysis of the 433lactam (“hyperstable”

discussions of isodesmic models of resonance? The answer
appears to lie in actual processes that disrupt resonance while
keeping the ring intact. Protonation at nitrogen could be one
such measure. However, the larger bridgehead lactams proto-
nate at oxygen. The more significant point is that the
4-coordinate intermediates en route to nucleophilic substitution
(e.g.20) saturate the carbonyl carbon thus removing resonance

o

C
~
77 \

NR
20 2

by the isodesmic approaches noted earlier, e.g. see Table 4) isvhile keeping the ring system intact and, in some cases, possibly

similarly at least 16-17 kcal/mol more exothermic than that of

increasing strain. (Since structu2® will have both C and the
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adjacent N in the sphybridization state rather thanZ%gs in system. However, the calculated changes are not very large
planar amides, this aspect will mimic the change upon hydro- and the relationship between resonance and dipole moment is
genation of olefinic carbon atoms.) Moreover, whereas the not straightforward in these systems.

4-coordinate intermediate in an acyclic or simple monocyclic  ynstrained amides and lactams protonate on oxygen due to
lactam can allow the nitrogen to “relax” to a pyramidal structure, the enhanced resonance in the O-protonated structure as well
the constraints imposed by the bicyclic frameworks such as 4.3.355 the loss of resonance in the N-protonated structure which
do not permit this “relaxation” thus adding to the destabilization combine to overwhelm (by 112 kcal/mol) the greater intrinsic
of the intermediate. If this were to be true then added stability pasicity (25-30 kcal/mol) of amines relative to ketones. In

for 4_.33 sh_ou_ld be apparent relative to four-coorqli_nate inter- contrast, the 2.2 system favors N-protonation by ca. 24 kcal/
mediates similar t®0 and, presumably, the transition states mo| since it is an “amino ketone”. N- to-O-protonation
leading to them. In this case, the hyperstability of a lactam crossover appears to occur around the geometries exhibited by
such as 4.3 could possibly manifest itself in a slower the 331 33.3, and 3.2 structures. Movement toward
hydrolysis rate relative t&\,N-dimethylacetamide despite the  pjanarization at nitrogen decreases the PA at this position and
fact that its hydrolysis is far more exothermic. concomitant increases im overlap as the systems increase in
The calculatlons,.when uniformly correpted, nicely rgproduce size enhance PA at oxygen. Obviously, solvent effects will play
the known trends in carbonyl frequencies of the bridgehead 4 gignificant role in this balance. The experimental observation
lactams where higher frequencies (corrected for ring size) reflect by Brown and Wang of N-methylation of a2 derivative and
reduced resonance stabilization. Tlgovo values vary — o.methylation of a 3.2 derivative supports the calculational

surprisingly little for a range of related systems which vary by reqictions, although these workers are cautious in noting that
roughly 20 kcal/mol (ca. 0.8 eV) in resonance stabilization. The j; js not clear whether this slow reaction is under kinetic or
reason is that the HOMO is a nonbonding orbital primarily thermodynamic control.

localized on nitrogen (totally so for the. 22 system due to
symmetry) and variations in energy are primarily due to local
geometry and hybridization at nitrogen rather thaoverlap.

In contrast, the LUMO energies vary significantly due to
changes in overlap in this antibonding orbital. The corgs(O
Nis, and G<O) orbital energies reflect theanscycloalkene
paradigm and appear to be sensitive probes of resonanc
stabilization in amides. Dipole moments may reflect increases
in resonance. Thus, for the22 system the dipole moment is
calculated to be 4.34 D and this is 0.5 D higher than the34.3
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