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ABSTRACT: Protonation of typical unstrained amides and
lactams is heavily favored at oxygen. In contrast, protonation of
the highly distorted lactam 1-azabicyclo[2.2.2]octan-2-one is
heavily favored at nitrogen. What structures occupy “crossover
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®

boundaries” where N- and O-protonation are nearly equienergetic? Density function theory calculations at the BALYP/6-31G* level,
as well as QCISD(T)/6-31G* calculations, predict that 1-azabicyclo[3.3.1 Jnonan-2-one favors N-protonation at nitrogen only very
slightly (<2.0 kcal/mol; “gas phase”) over O-protonation. 'H and ">C NMR as well as ultraviolet (UV) studies of this lactam, in its
combination with sulfuric acid, confirm predominant protonation at nitrogen. Although the calculations very slightly favor the
N-protonated chair—chair conformation, experimental spectra clearly support the N-protonated boat-chair. Broadened resonances
in the >C NMR spectrum suggest an exchange phenomenon. Variable-temperature studies of the ">*C NMR spectra support
dynamic exchange between the major tautomer (N-protonated) and the minor tautomer (O-protonated) in a roughly 4:1 mixture.
The findings also support the published prediction that a twisted bridgehead lactam with the nitrogen lone pair (ny) as HOMO will

protonate at nitrogen.

B INTRODUCTION

Distortion of the amide linkage, through twisting about the
N—CO bond and/or pyramidalization at nitrogen,' can signifi-
cantly modify its chemistry.” Examples include facile thermolysis,
as well as hydrolysis under neutral aqueous conditions, of deriva-
tives of “2-quinuclidone” (1-azabicyclo[2.2.2]octan-2-one),* >
and protonation as well as alkylation on nitrogen instead of
oxygen.” ” A delicate shift in the balance of structural factors
dictates O-protonation (and methylation) of 1-azabicyclo[3.3.2]
decan-2-one and N-protonation (and methzlation) of its lower
homologue 1-azabicyclo[3.2.2]nonan-2-one.” The strain and un-
ique structure of 3,5,7-trimethyl-1-azaadamantan-2-one have pro-
vided a fascinating picture of the four-coordinate intermediate in
amide hydrolysis.”'® The enhanced reactivities and altered
chemistries'" of distorted amide linkages have consequences for
the activities of B-lactam antibiotics,"> mechanisms of proteolytic
enzymes,'®  cis-trans-peptidylprolyl isomerases and protein
folding,"* and autocatalytic proteolysis."> The discovery of “cross-
over” geometries in which N- and O-protonation are nearly
equienergetic may provide insights into these important issues.

Ab initio molecular orbital calculations (isolated molecule or
“gas phase”)® indicate that O-protonation is strongly favored
over N-protonation of unstrained amides and lactams and this is
consistent with experiment.16 For example, O-protonated N-methyl-
2-pyrrolidone (1, Scheme 1) is calculated, at the 6-31G* level, with
correction for zero-point energy (ZPE) and thermal energy, to be
about 15 kcal/mol more stable than the N-protonated tautomer in
the gas phase.®® In contrast, N-protonation of 1-azabicyclo-
[2.2.2]octan-2-one (see 2) is predicted to be favored by about
23 keal/mol.%® Closer to the “borderline” (as noted above), 3 is
favored over its O-protonated tautomer by 9 kcal/mol while 4 is
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favored over its N-protonated tautomer by about 7 kcal/mol.%®
Aqueous solvation, calculated by using the polarizable continuum
model (PCM), only slightly modifies these energy differences in
the direction favoring the N-protonated tautomer.'” The calcu-
lated free energy differences [AGy.pror. — AGo.prot. (B3PW91/6-
314-G*)] (a) favor N-protonated 1-azabicyclo[2.2.2]octan-2-one
(2) [—19.7 kecal/mol (gas phase); —21.0 kcal/mol (aqueous)],
(b) favor N-protonated 1-azabicyclo[3.2.2]nonan-2-one (3)
[—4.8 kcal/mol (gas phase); —5.9 kecal/mol (aqueous)], and
(¢) favor O-protonated N-methyl-4-methyl-2-piperidone (5)
[+16.2 keal/mol (gas phase); +14.0 kcal/mol (aqueous)]."”
Protonated lactams 3 and 4 are thus calculated, and experimen-
tally inferred,**? to be unambiguously N-protonated and O-pro-
tonated, respectively. In contrast, N-protonated 1-azabicyclo
[3.3.1]nonan-2-one (6, Scheme 2) has been calculated to be only
1.4 kcal/mol lower in corrected total energy than the O-proto-
nated tautomer 7.°> This is close to the “noise level” of such
calculations and therefore worthy of experimental investigation.
Although, as noted above, aqueous solvation may add an addi-
tional 1—2 kcal/mol to the relative stability of 6, N-protonation
(6) and O-protonation (7) remain quite close in energy. The
calculated Dunitz—Winkler amide distortion parameters * in the
preferred boat-chair conformation of the neutral [3.3.1] lactam
(8¢, see Scheme 3) are as follows: 7 (19.8°); yn (49.7°); xc
(7.2°). The corresponding parameters in an undistorted lactam are
as follows: 7 = yn = Xco = 0°. An additional comparison is
furnished by the sum of the three calculated C—N—C angles:
340.5° in the [3.3.1] lactam versus 360° for planar nitrogen and ca.
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328.5° for an idealized tetrahedral nitrogen. In addition to estab-
lishing the favored protonation site, experimental investigation of
the [3.3.1] system should also provide a challenging test of the
prediction by Werstiuk et al.® that, in twisted bridgehead lactams,
those in which the highest occupied molecular orbital (HOMO)
corresponds to the nitrogen lone pair (ny) protonate at nitrogen
(e.g, 3), while those in which ng is the HOMO protonate at
oxygen (e.g., 4).

In the present study, 1-azabicyclo[3.3.1]nonan-2-one is dis-
solved in strong acidic media and the protonated lactam is studied
in solution, using "H and ">C NMR as well as UV spectroscopy.
The experimental results are compared with computational pre-
dictions of total energies, free energies, molecular orbital energies,
and spectra in order to assign the site of protonation (N vs O) as
well as the conformation(s) of the protonated tautomer(s).

B COMPUTATIONAL METHODS

Calculations were performed with the Spartan 08'® as well as the
Gaussian 03" suite of programs. A Monte Carlo search algorithm was
initially performed on the N-protonated and O-protonated conjugate
acids of 1-azabicyclo[3.3.1]nonan-2-one at the AM1 level of theory. The
geometry of each conformer was optimized at the B3LYP/6-31G* level
of theory and single-point energy determinations were performed for the
two lowest-energy N-protonated conformers (boat-chair and chair-
chair) and the lowest-energy O-protonated conformer (boat-chair) at
the QCISD(T)/6-31G* level of theory with GAUSSIAN 03. The
transition state between the boat-chair and chair-chair was located by
using Spartan 08 at the B3LYP/6-31G* level of theory. It was confirmed
as a transition state by having only one imaginary vibrational mode and
by IRC in Gaussian 03. The imaginary frequency corresponded to

Table 1. Relative Uncorrected Total Energies (AEr), Rela-
tive Total Energies Including ZPE and Thermal Corrections
(AEy[Corr]), Relative Free Energies (AAG) for Optimized
B3LYP/6-31G* Structures (gas phase), and Relative Total
Energies for Solvent Continuum (aqueous) B3LYP/6-31G*
Structures, As Well As Relative Energies (AEr) for Single
Point QCISD(T)/6-31G* Calculations (all values are in kcal/
mol)

QCISD(T)/6-
B3LYP/6-31G* 31G*
protonated
structure  AEp AEr[Corr] AAG AEr(aq) AEr
6¢cc 0.00 0.00 0.00 0.00 0.00
6pc +0.28 +0.36 +0.71  +0.13 +0.13
78C +0.40 +0.43 +1.38 +35.03 +2.98

movement of the flagpole hydrogen on C3 of the boat-chair toward the
equatorial position of the chair-chair. These molecules were also
optimized at the B3LYP/6-31G* level by using the solvent polarization
continuum model (SM8) in water. The lowest-energy conformer of the
neutral lactam (boat-chair) was optimized at the B3LYP/6-31G* level of
theory. Calculations of "H and '*C NMR spectra were performed with
Spartan 08 at the B3LYP/6-31G* level of theory for the lactam and its
protonated tautomers.

The two low-energy N-protonated conformers (both pairs of en-
antiomers) of 1-azabicyclo[3.3.1]nonan-2-one were initiated as hydro-
gen-bonded dimers at the AM1 level. However, due to Coulombic
repulsion in the “gas phase” calculation these dimers separated during
optimization. Reasoning that solvation in water would mitigate this
repulsion very significantly, the dimer was optimized at the HF/3-21G
level of theory by using the continuum model (SM8) in water. Single-
point energy calculations were performed upon these structures at the
B3LYP/6-31G* level of theory. For purposes of comparison, the two
N-protonated and single O-protonated conformers of the monomer
were optimized at the HF/3-21G level of theory and single-point energy
calculations were performed at B3LYP/6-31G* by using SM8 solvation
in water. A similar study was done for the dimer of N-protonated
1-azabicyclo[2.2.2]octan-2-one (“2-quinuclidonium”), which was fully
optimized at B3LYP/6-31G* by using SM8 solvation in water.

B RESULTS AND DISCUSSION

Scheme 3 shows the calculated lowest-energy conformations
for 1-azabicyclo[3.3.1]nonan-2-one (8pc), its O-protonated
conjugate acid (7gc), and the two low-energy conformers for
the N-protonated tautomer (6gc and 6¢¢), where “B” and “C”
designated boat and chair conformations, respectively. Table 1
lists calculated relative total energies, relative total energies
including unscaled ZPE and thermal corrections, relative total
energies in aqueous solution, and relative free energies at the
B3LYP/6-31G* optimized level for the three protonated species
6pc, 6¢cc, and 7pc. Additionally, a single-point calculation was
made for each of these three structures at the QCISD(T)/6-
31G* level by using the DFT-optimized geometries. These
calculations support the earlier predictions that N-protonation
is favored over O-protonation.® They also very slightly favor 6¢¢
over 6gc. The N—CO bond in 8p is calculated to be lengthened
relative to that in the unstrained lactams N-methyl-2-pyrrolidone
(1.398 A vs 1.374 A) while the C=0 bond is calculated to show
little variation (1.222 A vs 1.221 A). Upon O-protonation, the
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Figure 1. (A) "H NMR spectrum (400 Hz) of 1-azabicyclo[3.3.1]nonan-2-one in CDCls; (B) "H NMR spectrum of 1-azabicyclo[3.3.1]nonan-2-one
approximately equimolar with H,SO, in deuterated triflouroacetic acid (TFA-d) solution.

N=CO bond in 7 is predicted to shorten to 1.312 A and the
C=O0 bond lengthen to 1.317 A. Protonation at nitrogen (e.g. for
65c) is calculated to lengthen N=CO (1.581 A) and shorten
C=0 (1.187 A). This is consistent with earlier MP2/6-31G*
studies.

The "H and "*C NMR spectra of 1-azabicyclo[3.3.1]nonan-2-
one (8gc in Scheme 3) are displayed in Figures 1A and 2A.
Previous analyses of the "H NMR of this compound provided
limited chemical shift assignments due to the complexity of some
of the upfield peaks. Computed and e)(()perimental assignments for
8gc are listed in Table 2. Buchanan® d analyzed the long-range,
W-type coupling of 9H, (termed 9Hyg, in the present paper; “fp” =
flagpole) with 8H,, as well as 6Heq in S-phenyl-1-azabicyclo-
[3.3.1]nonan-2-one, the absence of such coupling between 9H,,
and a C-4 proton, and assigned the boat-chair conformation. This
was subsequently supported by an X-ray crystallographic study.”*
This is consistent with the widely accepted amide-alkene
analogy:"* The boat-chair in this molecule mimics trans-cyclooctene
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whereas the chair-chair mimics the much more strained trans-
cyclohexene. The "H NMR peak assignments for 8¢ in Table 2
were aided by NOESY spectroscopic studies (see the Supporting
Information, S.2.13 and S.2.14). Of particular note is the NOESY
interaction between 9Hg, and 3Hj, (calculated distance, 2.177 A),
verifying the boat-chair conformation.

The initial experiment involved dissolving 8 in pure deuterated
trifluoroacetic acid (TFA-d, pK, = 0.52).>" While this acid should
not protonate an unstrained lactam [e.g, pK,(1) = —0.75],% it
might be capable of protonating this twisted lactam, which has an
appreciably pyramidal nitrogen. A previous computational study
predicted that the gas-phase proton affinity (PA) of 1-azabicyclo-
[3.3.1]nonan-2-one is slightly higher that that of N-methyl-2-
pyrrolidone [difference = 0.9 (6-31G¥), 0.5 kcal/mol (6-31G¥,
with unscaled thermal and ZPE corrections)].®® The B3LYP/6-
31G* calculations (including unscaled thermal and ZPE
corrections) in the present study predict a gas-phase PA of
218.3 keal/mol for N-methyl-2-pyrrolidone (experimental: 220.7
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Figure 2. (A) "*C NMR spectrum (100 MHz) of 1-azabicyclo[3.3.1]nonan-2-one in CDCls; (B) "*C NMR spectrum of 1-azabicyclo[3.3.1]nonan-2-
one in concentrated H,SO, with added TEA-d [see Figure 3A for the corresponding '*C NMR spectrum (125 MHz) in approximately equimolar lactam

and H,SO, in TFA-d solution].

kcal/mol*®). The corresponding DFT calculated value to produce
6ccis220.2 kcal/mol, and 219.8 kcal/mol to produce 6gc. Thus, it
was reasonable to investigate whether 8¢ could be protonated in
TFA. There was no significant change in the 'H and the "*C NMR
spectra in comparing CDCl; and TFA-d solutions (see the
Supporting Information, S.2.4—S.2.6). Hence TFA does not
protonate 1-azabicyclo[3.3.1]nonan-2-one. Initial "H NMR ex-
periments with mineral acid employed D,SO, and solvent with
added TFA-d as the internal standard, due to the insolubility of
TMS. The two '*C quartets of TFA (centered at 116.6 and 164.2
ppm)>* occur in spectroscopic “windows”, and the difference in
chemical shifts (47.6 ppm) between the two carbons in TFA
remains essentially constant in the solvent system employed (e.g,,
47.1 ppm in trifluoroacetic acid with added sulfuric acid, see
below). The chemical shift of the hydrogen in TFA (11.5 ppm)
served as a useful marker for '"H NMR. Subsequent experiments
employed TFA-d as the solvent with roughly equimolar amounts
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of 8g¢c and D,SO, (or H,SO,) as solutes. These acids were usually
dry enough not to induce significant hydrolysis of the lactams to its
protonated ring-opened amino acid.

Figure 1B shows the 'H NMR spectrum of approximately
equimolar 1-azabicyclo[3.3.1]nonan-2-one and H,SO, dissolved
in TFA-d (the corresponding '*C NMR spectrum, Figure 3A).
Figure 2B displays the 13C NMR spectrum in pure H,SO, with
added TFA-d. The 'H resonances are found in five groups: an
upfield group between 3.5 and 4.1 ppm due to CH—N protons
(4H); a multiplet between 2.9 and 3.1 ppm (2H) assigned to the
CO—CH protons (2H); a multiplet between 2.5 and 2.7 ppm (2H);
a multiplet between 1.8 and 2.0 ppm (3H); and a multiplet between
1.7 and 1.8 ppm (2H). Table 2 lists experimental and calculated
(B3LYP/6-31G*) 'H chemical shifts for 8pc, calculated chemical
shifts for 6gc, 6cc, and 7pc, as well as the experimental chemical shifts
of the 3protonated (ie, deuterated) lactam (Figure 1B). Although it is
the C NMR spectrum that definitively establishes dominant
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Table 2. Comparison between Calculated (B3LYP/6-31G*)
and Experimental "H NMR Chemical Shifts (CDCl;) for 85,
Experimental Chemical Shifts Reported for Approximately
Equimolar Amounts of 8¢ and H,SO, in TFA-d, and Com-
parison with Calculated Chemical Shifts for the N-Protonated
Conformers 6 and 6¢c and the O-protonated 75c

8sc protonated 65c 6¢cc 78C
proton” expt’ caled  8pc” expt caled caled caled
3Hg, 247 234 290-3.10 2.97 3.33 (3ch) 2.70
3H, 234 204 29-31 315 316(3H,) 3.3
4H,, 140 1.88 1.7-2.0 2.07 2.50 1.85
4Heq 226 205 2.5-27 2.69 2.35 2.84
SH 230 195 25-27 2.57 2.30 2.95
6H,, ~1.82 174 17-20 2.03 2.24 2.17
6H,q ~1.51 146 1.7-2.0 2.04 228 1.83
7H. ~176 190 1.7-2.0 2.07 2.24 1.98
7Heq 136 096 1.7-2.0 2.03 225 1.94
8H.x 282 249 351 3.35 3.56 3.70
8H.q 412 415 4.0S 4.09 3.73 3.83
9Hjg, 332 323 3.80 3.73 3.79 (9H.!) 3.42
9H,, 3.05 286 361 3.49 3.61 3.49

¢ 6p¢ is demonstrated in this paper to be the major component, with 7p¢
comprising roughly 20%. ° For numbering of protons see the Supporting
Information, S.1.1. “ Chemical shifts assigned with the aid of COSY and
NOESY. These may be compared with the chemical shifts reported by
Brehm et al?™ representing unassigned chemical shift ranges in
some cases.

N-protonation (see below), this conclusion is also supported by the
"H NMR spectrum. O-Protonation is predicted to be characterized
by four protons in the range 2.70—3.13 ppm, one proton at 2.17
ppm, and four protons in the range 1.85—1.98 ppm. Both 6pc and
6cc are calculated to have their 3H protons well-separated from
the seven remaining higher-field protons, as observed experimen-
tally. The striking similarity (Figure 1) between the four downfield
protons (8Hq, 9Hg,, 9H,,, 8H,,) in the parent lactam and those in
the protonated lactam is fully consistent with structure 6gc. If 6cc
were dominant, one would predict additional long-range (W-type)
coupling between 9H,, and 4Heq.20d The NOESY spectrum (see
the Supporting Information, S.2.13 and S.2.14) indicates proximity
of 9Hg, and 3Hy, (calculated distance 2.368 Ain 65¢) aswell as SH
and 4H,, (calculated distance 2.302 A in 65c).

Comparison of the ">*C NMR spectrum of protonated 8pc
(Figure 2B or Figure 3A) with that of the neutral lactam
(Figure 2A) is very instructive. Table 3 lists experimental and
calculated "*C chemical shifts for 8, calculated chemical shifts for
6pc, 6¢cc, and 7pc, as well as the experimental chemical shifts of
the protonated lactam (6g¢). Calculations with B3LYP/6-31G*
adequately predict the ">C chemical shifts of the carbons in 8¢
with the exception of the carbonyl carbon (C2), for which the
calculated value is about 14 ppm upfield of the experimental value.
This same single discrepancy (ca. 14 ppm upfield) is also seen in
comparison of B3LYP/6-31G* and experimental data for N-
methyl-2-pyrrolidone (9, see Table 4). N-Methyl-2-pyrrolidone,
as noted earlier, is calculated to favor O-protonation over N-pro-
tonation by 15 kcal/mol. It therefore protonates exclusively on
oxygen just as do other unstrained amides.%'® Table 4 also shows
the comparison between calculation and experiment for this salt.
The calculated chemical shift of the carbonyl carbon of

| N
|
TR LT, T— | A————— WMMWJML‘ s

m»mumwmwmummmmmw

wwmmmhLM'MMbmmmmwmﬂ hwummmmw W

!
(R———— T e Utwmqllmwmwmmm’ l

|' | ‘B
wmvmmwwmmj ‘Mmmw 'J'WMMW
FC
LT ——
| .

Ll L]

T T T T T T T T T T T

210 200 190 180 170 160 150 140 130 120 110 100
f1 (ppm)

T T T T T T T T T T

9 80 70 60 50 40 30 20 10 0

Figure 3. Variable-temperature (25 to —15 °C) *C NMR (125 MHz) spectra (A to D, respectively) for 1-azabicyclo[3.3.1]nonan-2-one and roughly
equimolar sulfuric acid in TFA-d. There was some hydrolysis of the lactam producing protonated 3-(3-piperidinyl)propionic acid, which supplemented

TFA as an internal standard for chemical shift as well as line width.
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Table 3. Comparison between Calculated (B3LYP/6-31G*)
and Experimental "*C NMR Chemical Shifts (CDCl,) for 85,
Experimental Chemical Shifts Reported for Approximately
Equimolar Amounts of 8¢ and H,SO, in TFA-d, and Com-
parison with Calculated Chemical Shifts for the N-Protonated
Conformers 6g¢c and 6¢c and the O-Protonated 7g¢

8
Be protonated

carbon exptb caled  8pc“expt® 6pccaled 6¢c caled 7pc caled

c2 1850 17099 182.5 (vbr) 166.8°  163.9% 181.6°
C3 334 332 345 304 344 316
C4 250 279  25.5(vslbr) 22.8 28.4 27.9
cs 298% 322 27.5(vbr) 254 26.6 373
c6 309 323 305 29.5 26.8 29.6
c7 207 217 20.5 (slbr) 18.0 20.6 28.5
cs 516 510 565 557 53.0 57.0
C9 529 524 560 523 563 577

? 6pc is demonstrated in this paper to be the major component, with 7g¢
comprising roughly 20%. " These may be compared with the chemical
shifts assigned by Brehm et al.>®® That study definitively assigned the
29.7 ppm chemical shift to the methine carbon C5. With the exception
of C2, the assignments of 13C chemical shifts to specific carbons are
approximate, based upon comparison with calculated values, and are
discussed further in the text (v br = very broad; sl br = slightly broad; v sl
br = very slightly broad). 4 Calculated and experimental results for 8¢
and for 2 and 9 (Table 4) suggest that calculated C=0 chemical shifts
for related species should be corrected by adding 12—14 ppm. This also
makes the results for 6gc and 6¢¢ self-consistent. ¢ Calculated and
experimental results for 1 (Table 4) suggest that calculated C=0
chemical shifts for related species should be corrected by adding ca.
10—11 ppm to ca. 192—193 ppm. From a different standpoint,
comparison of the calculated chemical shift difference between 6pc
and 7g¢ and the experimental value for 6g¢ (179 ppm) obtained from
the variable-temperature '*C NMR study (see later discussion) suggests
ca. 15 ppm correction to 194 ppm. This will be the chemical shift
employed in the present study for 7gc.

Table 4. Calculated (B3LYP/6-31G*) and Experimental *C
Chemical Shifts for N-Methyl-2-pyrrolidone (9) and Its
O-Protonated Salt (1), As Well As Calculated Values for
1-Azabicyclo[2.2.2.]octan-2-one (“ABO”) and Calculated and
Experimental Values for Its N-Protonated Salt (2)°

9 1 ABO* 2

expt caled expt caled caled expt’ caled

C2: 1749 C2: 160.7 C2: 180.5 C2: 169.7 C2: 185.8"  C2: 1759 C2: 164.0
C3:30.8 C3:30.2 C3:34.7 C3:32.3 C3:409 C3:40.1 C3:39.1
C4:17.8 C4:20.6 C4:19.5 C4:194 C4:288 C4:25.7 C4:264
CS:49.1 C5:479 C5:57.0 C5:56.0 C5/8:27.3 (C5/8:22.7 C5/8:24.3
C6:29.7 C6:285 C6:33.1 C3:33.1 C6/7:46.1 C6/7:48.1 C6/7: 48.6
“ ABO = 1-azabicyclo[2.2.2]octan-2-one. * Note that the experimental
value for 5,6-benzo-l-azabicyclo[2.2.2]octan-2-one is 192.3 ppm,*
whereas the calculated value (B3LYP/6-31G*) is 182.0 ppm. Use of
this difference might suggest that the experimental value for ABO should
be ca. 196 ppm.

O-protonated N-methyl-2-pyrrolidone (1)** is ca. 10—11
ppm upfield of the experimental value.

Comparison of Figures 2A and 2B (or Figure 3A) and
comparison with Table 3 indicates that upon protonation, the

Scheme 4
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carbonyl carbon shift of 8¢ moves from 185.0 ppm to higher
field (ca. 182.5 ppm). The carbonyl peak in Figure 2B is very
broad as is the peak at 27.5 ppm, with those at 20.5 and 25.5
ppm also showing some degree of broadening. The upfield shift is
more consistent with the calculated values for 6g¢ and 6 after
adding ca. 14 ppm (as for 8p¢) to the calculated values (see the
Discussion below). Similarly, correction of the calculated carbo-
nyl chemical shift for 7g¢ by adding 10—11 ppm (as for 1, see
Table 4) provides a value of about 192—193 ppm, some 7—8
ppm to lower field from the neutral lactams. The prediction of an
upfield shift of the carbonyl carbon of a lactam upon protonation
at nitrogen appears at first to be counterintuitive. However, there
is solid precedent. The annelated [4.3.1] system 10 (Scheme 4),
which also has significantly reduced resonance stabilization, has a
carbonyl chemical shift of 188.7 ppm.”® The N-protonated salt
(11) is more stable than its O-protonated tautomer: Aube
demonstrated crystallogra;)hic proof of N-protonation using
the tetrafluoroborate salt.”” The carbonyl shift in 11 (177.3
ppm) is some 11— 12 ppm upfield of that in the neutral lactam.”
In the present study, calculations of 1-azabicyclo[4.3.1]decan-10-
one, the core lactam in 10, as well as its N-protonated and
O-protonated derivatives, favor N-protonation over O-proton-
ation by 7.9 kcal/mol (comparison between the most stable
conformers of each). The calculated "*C chemical shift for the
carbonyl carbon in the N-protonated derivative (166.3 ppm) is
predicted to be almost 8 ppm upfield of that in the neutral lactam
1-azabicyclo[4.3.1]decan-2-one (174.2 ppm). As already noted,
the B3LYP/6-31G* values are about 14 ppm upfield of the
experimental values for lactam carbonyl carbons. The calculated
difference (8 ppm) is quite comparable to the experimental
difference between 10 and 11 (11—12 ppm). An upfield
chemical shift of the carbonyl carbon upon N-protonation of a
distorted lactam is also seen when one compares the chemical
shift reported by Tani and Stoltz>* for 2 (175.9 ppm) with that
reported by Somayaji and Brown™ for $,6-benzo-1-azabicyclo-
[2.2.2]octan-2-one (192.3 ppm), where both are reported for
CD;CN solutions. Comparison of the calculated value for this
last compound (182.0 ppm vs 192.3 ppm experimental) with the
calculated value for the presently unknown>® neutral parent
compound (185.4 ppm, thus predicting an experimental value
of 195.7 ppm for the N-protonated tautomer) suggests that the
upfield shift in this system (ca. 20 ppm: 195.7 ppm vs 175.9 ppm)
should be even larger than that (11—12 ppm) recorded for 10
and 11. Table 4 includes calculated and experimental chemical
shifts for the protonated lactam 2 as well as calculated values for its
neutral conjugate base 1-azabicyclo[2.2.2]octan-2-one (“ABO” in
Table 4). Further analysis of the carbonyl "*C chemical shift in
6pc versus 8pc will be presented below. Of particular note at
present are relative '>C chemical shift values calculated for N-
methyl-2-pyrrolidone (9): 160.7 ppm (174.9 ppm, experimental);
its  O-protonated derivative (1): 169.7 ppm (180.5
ppm experimental); and the N-protonated derivative: 166.2
ppm. For this undistorted lactam, the carbonyl carbon of the
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N-protonated derivative is S—6 ppm downfield of the neutral
lactam. Similarly, the calculated value for N-protonated N,N-
dimethylacetamide (162.9 ppm) is 6—7 ppm downfield of that in
the planar neutral amide (156.0 ppm). Of course, there are no
experimental NMR data for the N-protonated salts of these
undistorted lactam and amide compounds since they are
O-protonated.

On the basis of the '>C chemical shift of the very broad
carbonyl carbon peak in protonated 1-azabicyclo[3.3.1]nonan-2-
one and comparisons with experimental values for 2 and 1, as
well as computational chemical shifts (corrected), nitrogen is the
preferred site of protonation and 6pc and/or 6¢c is the major
species present in the presence of sulfuric acid. This is certainly
consistent with the calculated values in Table 1.

The next question: Is the dominant conformation the boat-
chair (6g¢) or chair-chair (6cc)? There are clear similarities in
appearance between the four low-field CH—N protons in parts A
and B of Figure 1. This suggests the same order in chemical shifts
among the CH—N protons just as the calculations predict for
6gc (Table 2). The calculations predict the same order of
chemical shifts for the four downfield (CH—N) protons as found
experimentally. Furthermore, the calculations for 6gc also re-
produce the pattern of two protons in the 2.50—2.70 ppm range
and five higher-field protons with very similar chemical shifts.
The comparison between calculated versus experimental >C
chemical shifts (Table 3) does not allow a clear choice between
6pc and 6¢c. Although the B3LYP/6-31G* and QCISD(T)
calculations both predict that 6cc is slightly more stable, the
proton NMR data clearly support 6pc as the more stable
conformer.

The four broadened '*C resonances shown in Figure 2B
suggest the possibility of a dynamic exchange process accessible
due to the inherently larger range of *C chemical shifts. Perhaps
there is exchange between protonated and unprotonated lactam?
Another possibility is exchange between monoprotonated and
diprotonated lactam. However, while diprotonated (but not
triprotonated) urea has been experimentally observed in magic
acid (FSO3H-SbFs),*® there are no published observations of an
amide or lactam protonated on both heteroatoms of the same
linkage. To test these possibilities, 1-azabicyclo[3.3.1]nonan-2-
one was dissolved in neat deuterated trifluorosulfonic (triflic)
acid (TFSA-d). The resulting '>*C NMR spectrum (see the
Supporting Information, S.2.10) was essentially the same as that
obtained with D,SO, and thus only monoprotonated species are
present. When “25% Magic Acid” (4:1 FSO3H/SbFs) was em-
ployed as solvent and the 'H and '>C NMR observed at ambient
temperature, it was clear that extensive decomposition of the
lactam had occurred (see the Supporting Information, S$.2.11 and
$.2.12). Another explanation for the broad '*C peaks is exchange
among two or all three species (6pc, 6cc, and a lesser amount
of 7pc). The "*C chemical shift differences between potentially
exchanging carbons in 6g¢ and 6 are relatively small (Table 3).
The calculated energy of activation (B3LYP/6-31G*) for inversion
of the slightly flattened chair in 6pc to the slightly flattened boat in
6¢cis only 1.5 keal/mol (1.7 keal/mol aqueous). This exceedingly
rapid conformational process cannot be responsible for the
broadened peaks in Figure 2B.

To further investigate the source of peak broadening in the
'3C NMR spectrum of protonated 1-azabicyclo[3.3.1]nonan-2-
one (Figure 2B), a limited variable-temperature study of the
carbonyl resonance was conducted at 125 MHz (Figure 3). In
this experiment, at ambient temperature it is clear that, for this

run, there has been some hydrolysis of the lactam to the
protonated amino acid starting material. This turned out to
be fortuitous since the amino acid augmented TFA as a
chemical shift internal standard as well as a peak-width standard
for nonexchanging resonances. The same 99.98% H,SO, had
been used for an extended period by the time this phase of the
study was undertaken and had undoubtedly absorbed some
moisture from the atmosphere. Since the melting point of TFA
is —15 °C and the goal of this study was to investigate the origin
of the broad peaks rather than a detailed kinetic study, the
temperature range investigated was limited (25 to —15 °C) and
instrument temperature settings rather than precise calibrations
were employed.

At 0 °C (Figure 3), some very significant changes occurred in
the ">C NMR spectrum. Most obvious is that the broad carbonyl
resonance (182.5 ppm at 25 °C, corresponding to 182.5 ppm in
Table 3) has disappeared into the baseline. Also striking is the
very marked broadening of the peak at ca. 56 ppm, the higher
field of the two sp® carbons attached to nitrogen. The other very
broad peak (27.5 ppm) has also disappeared into the baseline
while the remaining two broad peaks (25.5 and 20.5 ppm) have
broadened further. At —10 °C, a peak at 179 ppm starts to appear
and is more in evidence at —15 °C. At —15 °C, the resonance at
25.5 ppm appears to be exhibiting coalescence. Our assignments
of experimental chemical shifts with calculated chemical shifts are
consistent with the broadened peaks corresponding to those with
the largest calculated chemical shift differences between 6pc and
7sc (Table 3).

The changes observed for the carbonyl resonance in Figure 3
are of particular interest. Parts A—D of Figure 4 focus on this
peak. The peak at 179 ppm that starts to emerge at —10 °C
(Figure 4C) and is more apparent at —15 °C (Figure 4D)
corresponds to the N-protonated tautomer 6pc. For comparison,
the corresponding resonances in 2 (~176 ppm) and 11 (~177
ppm) are very similar to this value (although both 2 and 11 are in
acetonitrile solution rather than TFA). The calculated difference
between 8¢ and 6pc (4.1 ppm) is close to the experimental
difference (6.0 ppm). This raises the question of the location of
the lower-field carbonyl resonance corresponding to the O-pro-
tonated tautomer 7pc. If one simply employs the calculated
chemical shift difference between 65 and 75 (see Table 3), the
peak for 7pc should appear around 194 ppm. Using a weighted
average of chemical shifts, one calculates an equilibrium mixture
of roughly 4:1 (6gc/7sc)- This might be a lower limit for this
ratio since there is simply no discernible peak in the vicinity of
194 ppm at —15 °C. The simulations (Figure 4, parts E—M)
indicate that only at very low exchange rate should the minor
peak emerge from the background.

Simulation, using Reich’s WinDNMR program,27 of the
exchange of two singlets in a 4:1 ratio and separated by 15
ppm (179 and 194 ppm) nicely reproduces key features of the
experimental data (see Figure 4, parts E—N; the 20% approx-
imation places the time-averaged peak at 182 rather than 182.5
ppm for simplicity’s sake). These include the total disappearance
of the peak due to its very broad coalescence at 0 °C (Figure 4H)
and the emergence of the N-protonated lactam peak at 179
ppm with no visible downfield O-protonated peak at 194 ppm at
this temperature or as low as —15 °C (e.g., Figure 4, parts I-L).
The very approximate calculated exchange rates (k,, + ky,) are as
follows: 200000 s~ (25 °C) (Figure 4G); 12000 s~ ' (0 °C)
(Figure 4H; this is most uncertain since there is a very wide range
of rates (10 000—50 000 s~ " corresponding to the disappearance
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Figure 4. (A—D) Expansion of low-field sections of variable-temperature '*C NMR spectra from Figure 3 from 25 (A) to —15 °C (D) respectively.
Parts E—N depict simulated WinDNMR?>” spectra that correspond to a 4:1 ratio of 65 and 7, having carbonyl carbon chemical shifts of 179 and 194
ppm (estimated), respectively, and calculated exchange rates (kap + kga, s~ ) as follows: (E) 1 x 105 (F) § x 10% (G) 2 x 10% (H) 1.2 x 10% (I) §
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of peaks at this very broad coalescence); 5000 s ' (—10 °C)
(Figure 41); and 2000 s ' (—15 °C) (Figure 4]). The simulated
spectra predict that the O-protonated peak at 194 ppm only starts to
emerge from baseline at very slow exchange rates (e.g, <500s ', see
Figure 4L). Figure 4N depicts hypothetical 0 s~ exchange.

The relatively high observed coalescence temperature (ca.
0 °C) is a consequence of the huge chemical shift difference (ca.
1S ppm) estimated for carbonyl carbons in two very different
environments. As the simulations (Figure 4E—N) indicate, this
chemical shift difference is predicted to yield sharp peaks for the
separated carbonyl resonances only at very low exchange rates.

Ultraviolet (UV) spectroscopy is a useful probe for detecting
the site of protonation on an amide or lactam. Protonation on
nitrogen converts an allylic-type system to an N—H-substituted
ketone with the expectation that the n—7* absorption will move
to longer wavelength, and the 77—7r* transition will move to much
shorter wavelength.”® Interestingly, UV spectra for unprotonated
and protonated derivatives of 2-quinuclidone were reported nearly
50 years ago.”* Since both the unprotonated and N-protonated
derivatives of 2-quinuclidone are effectively ketones, that study has
only partial relevance for the present study. The n—s* transition in
various methylated 2-quinuclidones is, as predicted,”” found at
higher wavelengths (236—247 nm in cyclohexane) than in
unstrained lactams or amides (ca. 220 nm).** The UV spectrum
of the N-protonated hydrochloride of the 6,6,7-trimethyl deriva-
tive (in water) is reported to include a very broad, indistinct
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absorption band (ca. 220—280 nm) and a pronounced blue shift of
the 7—s7* band. The UV spectrum of the hydrochloride salt of N,
N-dimethylacetamide (DMA),*" established by X-ray crystallo-
graphy to be protonated on oxygen, is of considerable interest. In
solution, protonation on the DMA oxygen produces a blue shift of
ca. 8 nm (200 to 192 nm) in the 77—77* transition.* This blue shift
might in fact be up to 10 nm greater if correction for solvent effects
were included.*' The DMA hydrochloride is also characterized by
weak bands at 315 and 360 nm (CH,Cl, solution), strongly
resembling the spectrum observed in aqueous HCL** A claim to
have observed ca. 0.1% N-protonated DMA*® appears to have
been an artifact of solvent effects.*!

UV spectroscopy is consistent with protonation of 1-azabicyclo-
[3.3.1]nonan-2-one at nitrogen rather than oxygen. Figure SA
displays the UV spectrum of N-methyl-2-pyrrolidone in water. It is
dominated by an intense absorbance just below 200 nm due to the
JT—7t* transition. In good agreement with an earlier study,20h Amax
for 1-azabicyclo[3.3.1]nonan-2-one in water occurs at 204 nm (&
7900, Figure SB) and is associated with the 77—77* transition with a
slight shoulder that is likely due to the n—s* transition. The UV
spectrum of N-methyl-2-pyrrolidone in acid solution (Figure SC)
strongly resembles that of protonated DMA, reflecting O-proton-
ation. It includes weak absorptions at ~260 and ~320 nm and a
very slight blue shift of the 77—s* transition in pure sulfuric acid.
The UV spectrum of 1-azabicyclo[3.3.1]nonan-2-one in sulfuric
acid (Figure SD) is markedly different from that of protonated
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Figure 5. (A) Ultraviolet spectrum of 0.00010 M N-methyl-2-pyrrolidone in water; (B) ultraviolet spectrum of 0.00010 M 1-azabicyclo[3.3.1]nonan-2-
one in water; (C) ultraviolet spectrum of 0.00010 M N-methyl-2-pyrrolidone in pure sulfuric acid; and (D) ultraviolet spectrum of 0.00010 M
1-azabicyclo[3.3.1]nonan-2-one in pure sulfuric acid. The quartz UV cell path length was 1.00 cm.

N-methyl-2-pyrrolidone (Figure SC). There now appear to be two
substantial 77—s* absorbances: the larger one very appreciably
blue-shifted and the other very slightly red-shifted to 210 nm.
There appears to be a very small trace of an absorbance at ca.
320 nm in Figure SD.

The significant differences in the UV spectra depicted in parts
C and D of Figure $ are consistent with a dominant change in the
site of protonation from oxygen to nitrogen. The features in
Figure 5D suggest the possibility of a lesser amount of 7p¢ in
equilibrium with 6gc (although a minor quantity of 6c¢ would
be difficult to distinguish by using UV spectroscopy).

In unstrained amides and lactams, the p-orbital of the planar
nitrogen is the major contributor to the HOMO, which resem-
bles 1, of the allylic system, sometimes termed N2 Twisting of
the amide is accompanied by pyramidalization of nitrogenlb and
transformation of the nitrogen contribution (in 77) to alone pair
(ny).>* Comparison of the experimental UV photoelectron
spectrum with computational results rationalizes the first two
(sharp) bands of the spectrum of 1-azabicyclo[3.3.1]nonan-2-
one in terms of ny as the HOMO and ng as HOMO-1.>* Our
finding that this lactam protonates on nitrogen rather than
oxygen is in accord with the predictions of Werstiuk et al.*®

During the investigation of the broadened 3C spectra of 6p¢
the possibility of hydrogen-bonded dimers playing a role in
exchange was investigated. Molecular models quickly make it
apparent that dimerization of N-protonated chair-chair (6¢¢) is
far better than 6p¢c. Optimizations (B3LYP/6-31G*//3-21G) of
the dimer employing 6¢p/6c¢p, 6c/6cc, and 6¢cc/6¢c (each in
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RTINS

®
13

an aqueous continuum) led to 6¢c/6¢c structures as most
favorable. Combinations of RR (equivalent to S,S) and R,S
indicated that structure 12 (R,S-6¢c, see Scheme S) has the
lowest energy although the energy differences are very small. In
aqueous solution the total energy of 12 is 2.1 kcal/mol lower than
the separated monomers in aqueous continuum. However, due
to losses in translational and rotational entropy as well as the tight
organizational order due to two hydrogen bonds, the aqueous
monomers are favored by about10 kcal/mol over the dimer. The
calculated *>C chemical shifts for 12 (gas phase for comparison
purposes) predict a value for C2 of 180.6 ppm in seeming
agreement with experiment. However, the caveats in Tables 3
and 4 suggest that this calculated value actually should corre-
spond to an experimental chemical shift of 190—195 ppm.
Therefore, there is no evidence supporting the dimer. In
principle, 2-quinuclidonium (2) can also form an excellent
doubly hydrogen-bonded dimer (13) as readily as 6cc might.
However, this does not appear to be the case® and in the crystal
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structure the hydrogen bonding apparent in the crystalline
tetrafluoroborate involves *N—H---F.>* Calculations indicate
that dimerization of the monomer in aqueous solution also
corresponds to a virtually identical favorable change in total
energy (—2.1 keal/mol), but loss of translational and rotational
freedom along with the highly ordered structure are factors
heavily favoring the monomer. Although a rate of exchange has
been estimated for transfer of the proton between nitrogen and
oxygen (see above), the kinetics of this process have not been
investigated. While it would seem that exchange rates are likely to
be pseudo-first order (i.e., proton exchange between the mono-
mer and solvent), the potential formation of dimers (12) as
intermediates for exchange would be consistent with a process
that is second-order in monomer, characterized by a substantial
negative entropy of activation.

Bl CONCLUSIONS

1-Azabicyclo[3.3.1]nonan-2-one protonates on nitrogen in
agreement with calculations for the gas phase and for aqueous
solution. The most obvious support for this conclusion is the
ugﬁeld chemical shift, relative to the free lactam, of the carbonyl
C resonance of the protonated species. Calculations predict
that the chair-chair conformation of the N-protonated lactam is
very slightly more stable than the boat-chair, while the 'H and
C NMR spectra favor the latter. This is most apparent by
comparison of the chemical shifts and coupling patterns of the
four downfield protons in 6gc with those in 85¢. Conformational
exchange between the two conformers is calculated to be
exceedingly rapid (energy of activation <2 kcal/mol) and the
NMR spectra arise from the dominant conformer (6pc) with
little if any broadening due to the similarities in the "H and ">C
NMR chemical shifts of the two conformers. There is, however,
an exchange process apparent through variable-temperature *C
NMR spectroscopy, even at ambient temperature. It corresponds
to dynamic exchange between the dominant N-protonated
tautomer and the minor (ca. 20%) O-protonated tautomer.
The large chemical shift difference between the carbonyl carbons
of 6p¢ and 7pc (ca. 1S ppm calculated) contributes to making
this exchange observable at moderately low temperatures.

The UV spectrum of N-methyl-2-pyrrolidone in sulfuric acid
bears strong resemblance to the UV spectrum of the hydro-
chloride salt of N,N-dimethylacetamide, established by X-ray
crystallography to be O-protonated. The UV spectrum of
1-azabicyclo[3.3.1]nonan-2-one in sulfuric acid shows marked
differences compared to the corresponding spectrum for N-
methyl-2-pyrrolidone. Its UV spectrum is compatible with the
simultaneous presence of N-protonated and O-protonated tau-
tomers with the former being the major species. Taken together
with the simulated "*C dynamic NMR study and the predictions
of the calculations, this appears to be the first observation of an
amide or lactam with measurable quantities of N-protonated and
O-protonated species in equilibrium. The results also support the
finding of Werstiuk et al. that the nature of the HOMO (ng or
ny) of a twisted bridgehead lactam determines the site of
protonation (oxygen or nitrogen).

The doubly hydrogen-bridged dimer of chair-chair N-proto-
nated 1-azabicyclo[3.3.1]nonan-2-one has an attractive structure
and, in aqueous solution, has a calculated total energy over 2
kcal/mol lower than the separated monomeric cations. However,
the free energy of the dimer is considerably higher than that of
the two monomers and there is no evidence for the dimer in

solution. 2-Quinuclidonium can, in principle, form an analogous
dimer and the energy considerations are almost identical with
those of the aforementioned [3.3.1] system. However, the Tani
and Stoltz study showed no evidence of the dimer in solution. In
the solid state, there is hydrogen bonding between 2-quinucli-
donium and its counterion BF, . Although proton exchange is
likely to occur between the monomer and solvent, it is con-
ceivable that dimerization may furnish a viable, but entropically
demanding, pathway for simultaneous exchange of two N-pro-
tons with two O-protons. Detailed investigation of the mechan-
ism of the tautomerism between 6pc and 7gc is a project for
future study.

Since pyramidalization at the carbonyl carbon (yc) in dis-
torted lactams and amides is usually quite small, this allows the
distortion energy surface to be three-dimensional. The present
case provides one experimental point on such a surface (7 = 20°%;
A~ = S0°) where N-protonation and O-protonation are almost
equienergetic. Complexing species other than protons should
exhibit markedly different distortion energy surfaces. “Hard” Lewis
acids such as Na* should intrinsically favor oxygen complexation
and require greater pyramidalization and twisting to complex
nitrogen; “softer” Lewis acids such as Cu*" should reqzuire little
distortion in order to complex to the amide nitrogen.™ This is
consistent with the function of Cu*" discovered by Eakin et al. in
reducing the activation barrier to cis-trans peptidyl-prolyl isomer-
ization of 3-2-microglobulin."*® This is also an area for future study.

B EXPERIMENTAL SECTION

NMR Spectra. 'H and "*C NMR spectra were run at 400 and 100.5
MHyz, respectively, on a Varian Mercury spectrometer. The variable-
temperature BC NMR spectra were run at 125.7 MHz on a Varian Inova
500 MHz spectrometer. Spectra were referenced (ppm) against TMS
except in the experiments involving protonation with sulfuric acid, where
trifluoroacetic acid-d (TFA-d) (**C and residual "H) served as internal
standard as well as the *C spectrum in triflic acid (CF;SO3H) where the
solvent also served as internal standard.

UV Spectra. Ultraviolet spectra were obtained with a Cary 50 Bio
(Varian) spectrometer with 1.00 cm thickness quartz cells and the
resulting spectra were analyzed with Cary WinUV version 3.00(182)
software. For 1-azabicyclo[3.3.1]Jnonan-2-one, 0.0014 g was dissolved in
10.0 mL of solvent (water or 99.98% sulfuric acid) and diluted 1:10 in
the same solvent to produce a 0.00010 M solution. Similarly, 0.0010 g of
N-methyl-2-pyrrolidone was dissolved in 10.0 mL of solvent and diluted
1:10 to produce a 0.00010 M solution.

Synthetic Procedures

3-(3-Piperidyl)propionic Acid Hydrochloride: In a slight
modification of published procedure,”*® trans-3-(3-pyridyl)acrylic acid
(11.2 g, 0.080 mol) in 100 mL of glacial acetic acid was hydrogenated
over 0.75 g of 10% Pd on charcoal in a stainless steel bomb with stirring
(Pressure Products Industries, Inc.) over the course of 6 days maintain-
ing a maximum hydrogen pressure of 600 psi during this period.2*** The
resulting solution was filtered through Celite three times and the filtrate
concentrated to a brown syrup on a steam bath/rotoevaporator. The
resulting oil was dissolved in absolute ethanol (1:15 mol ratio) and 6.0 M
hydrochloric acid was added until precipitation was complete. The white
precipitate was filtered; the yield of hydrochloride was 8.0 g (70.7% yield
overall): mp 219—220 °C; 'H NMR (400 MHz, DMSO-dg) ¢ 1.12
(m, 1H), 1.45 (m, 2H), 1.67 (m, 4H), 2.24 (t, 2H), 2.50 (broad g, 1H),
2.70 (broad q, 1H), 3.15 (broad d, 2H), 8.89 (broad s, 1H), 9.23 (broad s,
1H), 12.15 (s, 1H); *C NMR (100.5 MHz, DMSO-dg) & 22.3,28.5, 28.8,
31.3,33.0,43.8, 48.2, 174.9; ">*C NMR (100.5 MHz, TFA-d) 6 24.2,29.6,
30.1, 33.0, 35.7, 48.6, 52.7, 189.5.
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1-Azabicyclo[3.3.1]nonan-2-one:**". A 354 mg (1.85 mmol)

sample of 3-(3-piperidyl)propionic acid hydrochloride and 665 mg
(2.67 mmol) of di-n-butyltin(IV) oxide in 1200 mL of toluene is refluxed
with a Dean—Stark trap for 16 h. The solution is concentrated to a
yellow oil with use of rotoevaporation. Flash chromatography on silica
gel with ethanol:hexanes (4:1) furnished the product (mp 79—81 °C for
racemate; lit. values 77—79 °C*® and 77—81 °C*%). '"H NMR (400
MHz, CDCL) 6 1.36 (m, 1H), 1.40 (ddd, 1H), 1.51 (broad d, 1H),
1.76—1.82 (m, 2H), 2.26—2.34 (m, 3H), 2.47 (ddd, 1H), 2.82 (ddd,
1H), 3.05 (d, 1H), 3.32 (dd, 1H), 4.12 (ddd, 1H); *C NMR (100.5
MHz, CDCl;) 6 20.7,25.0,29.8, 30.9, 33.4, 51.6, 52.9, 185.0. [ The NMR
spectra include minor contributions from pump oil: 'H NMR
(m, 0.83—0.89 ppm; 1.26 ppm); "*C NMR (29.8 ppm).]

Protonated 1-Azabicyclo[3.3.1]Jnonan-2-one: 1-
Azabicyclo[3.3.1]nonan-2-one was initially protonated in 99.98%
H,SO,4 or D,SO,4 with CF;CO,D (TFA-d) as an internal standard.
Subsequent studies were performed with H,SO, approximately equi-
molar to the lactam in TFA-d as solvent (see the Supporting In-
formation). 'H NMR (400 Hz, TFA-d) 6 1.70—-2.00 (m, SH),
2.50—2.70 (m, 2H), 2.90—3.10 (m, 2H), 3.51 (ddd, 1H), 3.61 (d,
1H), 3.80 (broadened d, 1H), 4.05 (broadened d, 1H); *C NMR
(100.5 MHz, TFA-d) 6 20.5, 25.5, 27.5, 30.5, 34.5, 56.0, 56.5, 182.5.
Studies were also performed in triflic acid (CF3SO3H) as well as in 25%
Magic Acid (i.e., 4:1 fluorosulfuric acid/antimony pentafluoride).

Protonated N-Methyl-2-pyrrolidone: The lactam was dissolved
in 99.98% H,SO, with TFA-d added as internal standard. '*C NMR
(TFA-d, ppm) 0 19.5, 33.1, 34.7, 57.0, 180.5. This may be compared with
the results for the neutral lactam: '*C NMR (CDCl;) 0 16.8, 28.6, 29.8,
48.5, 173.9 (see the Supporting Information for these spectra).

B ASSOCIATED CONTENT

© Ssupporting Information. Experimental procedures, 'H
and *C NMR spectra, total energies, full geometries, zero point
energies, and thermal corrections for all structures. This material
is available free of charge via the Internet at http://pubs.acs.org.
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