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Abstract: Chemical oxidation of bacteriochlorophyll (BChI) in nonaqueous solvents, under rigorously anaerobic and anhy
drous conditions, yields a stable cation radical (BChI"1"). This species, investigated by computer-assisted magnetic resonance 
techniques, displays, at O °C, partially resolved ESR spectra and reveals, through high power ENDOR, at least seven proton 
hyperfine splittings. The latter are assigned on the basis of reported molecular orbital calculations, selective deuterations, and 
model compound studies, and the assignments are supported by reconstruction of the experimental ESR spectra of both pro-
tonated and deuterated BChP+. Predictions based on these same assignments for the overall line widths of the Gaussian singlet 
ESR spectra to be expected for both protonated and deuterated P870'+ (the oxidized form of BChI in vivo) are also in good 
agreement with reported experimental values. Hence the new data provide further support for the dimer model of BChI as the 
primary electron donor in bacterial photosynthesis and, in addition, help define the electronic configuration of the P870 radi
cal. 

Although the primary electron donor species of green 
plant and bacterial photosynthesis have long been detected by 
ESR,2 much remains to be done in characterizing these com
ponents in order to understand better their interactions and to 
elucidate more fully the mechanisms underlying the photo
chemical and physical steps of photosynthesis. It is generally 
accepted that the main ESR signal observed originates from 
light-induced one-electron oxidation of chlorophyll in a special 
environment, the photoreaction center, giving rise to a free 
radical from bacteriochlorophyll (BChI) in photosynthetic 
bacteria or from chlorophyll a (ChI) in chloroplasts of green 
plants and algae.3 8 Because the ESR signals observed in vivo 
are narrower by the square root of two (as predicted for a 
dimer) than those obtained from the respective free radicals 
in vitro,8'9 it has been concluded that within the reaction cen
ters of purple bacteria (P870) and plants (P700) the unpaired 
electrons of the free radicals delocalize over "special pairs" of 
chlorophyll molecules, each pair bridged by a water molecule 
or other bifunctional ligand. Spin derealization over such a 
pair of BChI or ChI is also consistent with the effect of 13C 
substitution on the ESR line,10 the small zero-field parameters 
from triplet states of BChI,1' and the halving of several hy
perfine constants obtained by ENDOR from chlorophyll 
radicals in vivo compared with BChl'+ or Chl'+ in vitro.12 14 

Despite the determination of a few hyperfine couplings from 
ENDOR of frozen and selectively deuterated samples,12-14 

the inability, heretofore, to resolve spectral structure from the 
Gaussian singlet ESR signals of BChI + or Chl'+ has precluded 
identification of the paramagnetic centers by the usual method 
of analyzing the number, amplitude, and splitting of ESR 
hyperfine lines,4-6,8 '15 thus leaving the electronic structures 
of these important radicals obscure. Nevertheless, the TT cation 
nature of light-induced or chemically oxidized reaction centers 
has been established by strong similarities in their ESR and 
optical properties to those of ir cation radicals formed chemi
cally,16 a conclusion previously inferred from the effects of 
various isotopic substitutions upon ESR signal widths in vitro 
and in vivo.3"6'8'10'17'18 

We now report resolved structural detail from the ESR 
spectra of BChl ,+ and B P h + (the cation radical of bacterio-
pheophytin) and the measurement of seven protonic splitting 
constants from the ENDOR data. Guided by our previous 
studies of TT cation radicals of selectively deuterated bacter-
iochlorin model compounds,19 we assign hyperfine coupling 
constants and construct computer simulations that match 
satisfactorily the observed ESR spectra. The results are in 
accord with molecular orbital calculations and the model work 

in attributing small splittings (~1 G) to the four nitrogen 
atoms and in revealing large proton splittings on the saturated 
rings (3.7-5.8 G). In addition, the methyl proton splittings 
from BChI-+ in solution (1.7-3.4 G) differ little from those of 
frozen samples1 2 1 4 as expected if the methyl groups are free 
to rotate. The experimental in vitro data extrapolated to predict 
in vivo results yield good agreement with the dimer model of 
P870 ,+ for both protonated and deuterated bacteria. 

Experimental Section 

ESR spectra were obtained on a Varian E-12 X-band spectrometer 
using low microwave powers (1 mW) and low modulation amplitudes 
(0.5 G). Temperature was controlled with a Varian E-257 accessory. 
Spectra were swept in 30 s, and the data from multiple scans (typically 
a few hundred to 2000) were collected and averaged on an SDS Sigma 
2 computer. The field sweeps were ramped by the computer, while 
drifts in field or klystron frequency were compensated for by using 
the Varian E-272 field-frequency accessory in the marker mode. The 
marker signal from a reference free radical was located in the first 
scan, and subsequent data were automatically shifted into the data-
summing memory buffer so as to keep the field-frequency marker in 
the same channel. 

ENDOR spectra were taken with the Varian E-700 high power 
ENDOR accessory, using a cylindrical TEo n mode, wide-stack 
ENDOR cavity for frozen samples and an E-1737 cavity which pro
vides large rf fields (~40 G in the rotating frame) for samples in liquid 
solution. The low-field side of the power-saturated ESR spectrum was 
monitored, and spectra were collected on a Northern Scientific NS 
575 signal averager before transfer to the Sigma 2 computer. The rf 
frequency counter of the E-700 ENDOR accessory was used to drive 
the stepping motor of the E-12 spectrometer's recorder so that 
ENDOR spectra linear in frequency were obtained. The NS 575 was 
modified so that its channel advance could also be driven by the pulses 
of the same stepping motor, thus providing linear digitized ENDOR 
scans as well. Multiple scans were synchronized by triggering the NS 
575 from the frequency counter. 

The preparation of BChI, ZnTPP+ClO4
- (zinc tetraphenylpor-

phyrin perchlorate, a free radical), and (FeTPP)2O+ClO4
- (^-oxo 

dimer of iron tetraphenylporphyrin perchlorate, an oxidized salt) as 
well as the purification of solvents have been described.19'21 ESR 
samples were prepared on a greaseless vacuum line with previously 
dried and out-gassed solvents. An oxidizing agent, ZnTPP+ClO4

-, 
(FeTPP)2O

+ClO4", or I2, was introduced into compartment A of the 
ESR ampule (Figure 1), which was then pumped out and sealed. BChI 
was introduced into compartment C and the tube pumped out. CH2Cl2 
was condensed into C to dissolve the BChI, the solvent was distilled 
out, and the BChI was dried in vacuum. Fresh solvent was condensed 
into C, the system was pumped out, and the sample was sealed at B. 
The BChI could be oxidized, on demand, by breaking the glass seal 
which delineates compartment A and dissolving the oxidizing agent. 
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Figure 1. Sample ESR and ENDOR tube. 
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Figure 2. First and second derivative ESR spectra of BChI + extracted from 
C. uinosum at 25 0C. 

The concentration of resultant radical could be varied infinitely: the 
solution was divided between compartments D and C and all the sol
vent condensed from D into C by cooling C. 

If the preparation was reversed and ZnTPP"+C104_ was introduced 
in C and an excess of BChI in A, comparison of radical concentrations 
before and after the oxidation of BChI could be made on the same 
sample. Radical concentrations were found to agree within 10%. The 
identity of the BChl'+ radical was also verified spectorphotometrically 
on the same sample by the addition of an optical absorption cell to the 
ESR apparatus. 

Results 

Oxidation of BChI in chloroform, dichloromethane, and 
mixtures of dichloromethane:methanol (6:1) yielded free 
radicals that remained stable for many days. Under more 
"usual" ESR operating conditions (microwave power > 1 mW, 
modulation amplitude > 1 G, or failure to rigorously exclude 
oxygen) only Gaussian singlet ESR spectra were recorded. 
However, under the restrictions defined in the Experimental 
Section, and after signal averaging, partially resolved spectra 
with 50 or more lines were obtained. The resolution was further 
enhanced by the computer-derived second derivative presen
tation. Figure 2 displays results of this kind obtained with BChI 
extracted from Chromatium vinosum in dichloromethane: 
methanol. Sufficient spectral detail was resolved from C. vi
nosum BChI oxidized in other solvents to demonstrate that the 
hyperfine splitting (hfs) pattern, although similar, was not 
identical and thus was solvent dependent (Figure 3), as we 
observed previously for cation radicals of bacteriochlorins.19 

Chromatium vinosum contains the fatty alcohol, phytol, as 

BChr'(chromotlum) 
2nd deriv. 

j \ 
CDCl, 

W 
% 

1X ( ' .JV"1 

25 "C 

C H 2 C I 2 

~ ^ | 

CHjClj/CHjOH (6-.I) 

25 G 

Figure 3. Comparison of second derivative ESR spectra of BChl"+ (C. 
vinosum) in different solvents at 25 0C. 

2nd deriv. 

CH2CI2/CH30H (6 = 1) 
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Figure 4. Second derivative ESR spectra of BChI"1" extracted from C. vi
nosum (top) and R. rubrum (bottom) at 25 0C. 

the long hydrophobic side chain (R in Figure 4). In BChI ex
tracted from Rhodospirillum rubrum, R = geranylgeranyl, 
yet the ESR spectra from the respective BChI"1" radicals are 
essentially the same (Figure 4). Despite some differences in 
the second derivative spectral envelopes, the line positions and 
widths correspond well (Figure 4), and we conclude that the 
side chain R has no significant effect on the distribution of the 
unpaired electron density. (Replacement of the phytyl by an 
ethyl group in ChI similarly yields no distinguishable change 
in the first derivative singlet ESR spectra of ChV+.16) 

To assure that the hfs observed did not arise from impurities 
or decomposition products, BChI samples were chromato-
graphed just before use, BChI preparations from three other 
laboratories were tried, and three different oxidizing agents 
were employed. None of these precedures altered the hfs. 
Furthermore, since the oxidation potential of BPh exceeds that 
of BChI'9 and is beyond the reach of iodine oxidation, the re
sults with iodine minimize the possibility that the hfs attributed 
to BChl"+ (Figures 2-4) derive from contaminating BPh+" 
(Figure 7). 

ENDOR spectra of C. vinosum BChl"+ frozen in dichloro-
methane:methanol at —170 0 C display two major peaks, a 
higher-frequency unresolved spectral "wing", and a small 
splitting surrounding the matrix signal at the free proton res
onance frequency, vu (Figure 5). 

In contrast to the results from frozen samples, data taken 
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Figure 5. ENDOR spectrum of BChP+ (C vinosum) at -170 0C. 

from BChl"+ in fluid solution at 0 0C in the high-rf power 
ENDOR cavity reveal seven clearly resolved lines (Figure 
6). 

A fully deuterated (~99%) sample of BChI extracted from 
R. rubrum was received from J. J. Katz. We noted with ref
erence to Figure 4 that the line width and resolved hfs of 
BChI'+ form R. rubrum and C. vinosum are essentially the 
same. Hence the ESR spectra of deuterated BChl'+ from either 
species should be comparable, and we found for the deuterated 
BChl'+ from R. rubrum AH = 5.0 G, where AH is the peak-
to-peak line width of the first derivative singlet. 

Oxidation of bacteriopheophytin, BPh, the free base of 
BChI, yields the ESR and ENDOR spectra shown in Figure 
7. The first derivative singlet19 is 14.4 G wide in CH2CI2 and 
14.0 G in CHCl3 vs. values of 13.2 and 12.8 for BChI-+ in the 
same solvents. Feher et al. prepared BPh'+ by oxidation with 
SnCl4 in CH2Cl2 and found AH = 13 G at 80 K with an 
ENDOR transition equivalent to «H = 2.1 G.13 As shown in 
Figure 7, at least two transitions are observed at 100 K in 
frozen methanol with O H = 1-9 and 3.4 G (with a possible third 
splitting, AH ~ 0-3 G). 

Discussion 

The ENDOR spectra of frozen BChI-+ from C. vinosum 
(Figure 5) resemble closely those found previously from R. 
rubrum by Norris et al.12'14 They measured splittings of 1.4, 
5.2, and 9.8 MHz plus unresolved resonances corresponding 
to splittings of ~14 MHz (2.8 MHz = 1 G), which compare 
favorably with our values of 1.1, 4.9, and 9.5 MHz with a 
spectral wing from splittings of > 14 MHz. Subsequently Feher 
and colleagues13 reported for BChI'+ (R. spheroides) two 
splittings at 5.0 and 9.2 MHz with unresolved ENDOR 
structure from splittings of ~16 MHz. ENDOR peaks (1), (2), 
and (3) of BChI'+ in solution (Figure 6) with a = 1.5, 4.8, and 
9.5 MHz, respectively, can therefore be identified with the 
ENDOR lines resolved from frozen BChI'+ (Figure 5). The 
two largest of these were assigned to the protons of methyl 
groups at C-1 (on ring I) and C-5 (on ring III) on the basis of 
selective deuteration.12'13 Other deuterations led Norris et al.14 

to attribute the small ENDOR splitting [peak (I)] to the a, 
/8, 8 methine protons and/or to the proton on C-IO in ring 
V. 

We assign the four additional lines resolved from solution 
ENDOR of BChI'+ [peaks (4), (5), (6), and (7) of Figure 6] 
to the four protons 3, 4,7, and 8 on rings II and IV on the basis 
of the molecular orbital calculations of Otten20 and Felton,'9 

which predict large spin densities at the a carbons of these 
saturated rings. The predictions are supported by our studies 
of radicals of zinc tetraphenylbacteriochlorin (a model for 

BChI /CH2CI21CH3OH (6H) 

0°C 

a / 2 = i/-i>H 

( I ) 0.76 MHz 
(2) 2.39 
(3) 4.72 
(4) 5.74 
(5) 6.46 
(6) 6.74 
(7) 8.19 

13 15 17 19 21 23 MHz 
ENDOR 

Figure 6. ENDOR spectrum of BChP+ (C. vinosum) at O 0C. 

2nd deriv. BPh+VCH2CI2 

wylA/^-V-V'lM^AU 

Figure 7. Second derivative ESR spectrum at 25 °C and ENDOR spec
trum at -170 0C of BPh'+ (C vinosum). 

bacteriochlorophyll) which show well resolved hfs that can be 
unambiguously assigned by selective deuteration to the /3 
protons of the saturated rings with a\\ = 7.5 G in CH2Cl2.19 

Identification of the four large splittings with the 0 protons of 
rings II and IV is further verified by the findings of Feher et 
al.13 that oxidized chromatophores from bacteria grown in 
D2O and succinic acid, which results in deuterium replacement 
of these protons, causes the unresolved large ENDOR split
ting^) from frozen BChI'+ to disappear. These poorly resolved 
ENDOR features are the counterpart of the four peaks re
solved at O 0C reported here (Figure 6), where the tumbling 
of molecules in solution averages out the anisotropics that 
broaden lines in the immobilized samples. 

In the model bacteriochlorin compounds with their twofold 
axes of symmetry, all /3-proton splittings from the saturated 
pyrrole rings are equal,19 whereas four different /3 proton 
coupling constants are found, not surprisingly, in BChI'+, since 
rings II and IV are different, chlorophylls are not entirely 
planar,22'23 and the molecule is significantly asymmetrical. 
These factors, presumably also the source of the unequal 
methyl group splittings (which become essentially equal upon 
rupture of the exocyclic ring V14), could cause unequal der
ealization of the unpaired electron at the carbons in the -K 
systems and different dihedral angles, 6, for the different /3 
protons, where 6 is the angle between the 2pz orbital of the a. 
carbon atom, Ca, and the C„, Cp, H^ plane. 

The splitting constant of the /3 protons is given by «H — 
const(pc cos2 8), where pc is the spin density on the a carbon 
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Figure 8. (A) Second derivative ESR spectrum of BChl'+ (C vinosum) 
at 0 0C. (B) Computer simulation of A, Lorentzian line shape, 0.8 G line 
width, 1 proton 4.10 G, 1 proton 4.62, 1 proton 4.82, 1 proton 5.84, 3 
protons 1.71, 3 protons 3.37, one nitrogen 1.12, 3 nitrogens 0.78, 1 proton 
0.54 G. (C) Simulation of A, 0.6 G line width, with three, instead of one, 
protons 0.54 G. (D) Second derivative ESR spectrum of perdeuterio 
BChl'+ (R. rubrum). (E) Simulation of D; all proton splittings in simu
lation B have been converted to deuteron splittings (ao/an = 0.1535). (F) 
Deuterated equivalent of simulation C. 

of the -K system. For a freely rotating methyl group cos2 $ av
erages to 0.5 and <3H = 39pc-24'25 Assuming an average dihe
dral angle of ~45° (from the x-ray data on ethyl chlorophyl-
lides a and b22,23) the spin densities at the saturated carbons 
of rings II and IV range between 0.1 and 0.15. The spin den
sities on the carbons carrying the methyl groups in rings I and 
III are 0.044 and 0.086, respectively, while the methine carbons 
(a, /3, 8) carry ~0.002 density units (from the McConnell 
equation for a protons: «H = 27pc„26). Using the least so
phisticated equation for nitrogen couplings,27 a^i = 32PN, the 
nitrogen atoms carry ~0.03-0.04 units. Approximately 50% 
of the unpaired spin density is thus localized at the a carbons 
of rings II and IV. Since neither the nitrogens nor the methine 
positions carry large densities, the remainder of the unpaired 
electron distribution must be in rings I and III. 

The resolved ESR spectra from BChl'+ (Figures 2-4) pro
vide a test for the assignments made from the ENDOR anal
ysis. Simulated second derivative spectra respond sensitively 
to small variations in assumed line shapes or widths, as well as 
to the number and values of hyperfine splittings assumed, so 
that accurate matching of the hfs features provides demanding 
criteria by which to judge goodness of fit. 

Figure 8A shows the second derivative ESR spectrum of 
BChl'+ from C. vinosum at 0 0C, the temperature at which the 
solution ENDOR was carried out. The following hyperfine 
splitting constants were taken from the ENDOR: four /3 pro
tons with aH = 4.10, 4.62, 4.82, and 5.84 G, and two sets of 
three methyl-group protons, with OcH3 =1.71 and 3.37 G. 
ENDOR transition (1) may represent as many as four protons, 
three methine and C-10. Accordingly, trial simulations util
izing one, two, three, or four protons of an = 0.54 G were at
tempted, but for all reasonable nitrogen splitting constants 
{vide infra), only assumptions of one or three protonic split
tings of 0.54 G resembled the experimental spectra. 

Trial values of nitrogen splitting constants were set by the 
inferential evidence of McElroy et al.,5 who deduced aN ~ 1 -2 
G (or BChI-+ based on the narrowing of its ESR envelope upon 
deuteration, and by the nitrogen splittings, a^ ~ 1.1 G, we 
found for cation radicals of zinc and free base tetraphenyl-

bacteriochlorin (H2TPBC).19 Making the nitrogens inequiv-
alent improved the fit regardless of whether one or three pro
tons with a\\ = 0.54 G were assumed. Simulations based on 
four different /3 proton splittings and two methyl groups, plus 
four nitrogens (one inequivalent), are compared with the actual 
ESR in Figure 8, assuming either one (Figure 8B) or three 
(Figure 8C) protons with a\\ = 0.54 G. The above trial func
tions also fit accurately the first derivative spectra of both 
protonated species, even out to where the spectral wings are 
<1% of peak height. Reasonable simulations can thus be 
achieved with a minimum of guesswork with most of the inputs 
set directly by experimental data or estimated from model 
compounds. Not all possible sites of interaction with the un
paired electron have been detected by ENDOR or entered into 
the simulations, however. For example, the methyl and 
methylene protons of rings II and IV should contribute to the 
ESR spectrum. Because these are y protons, twice removed 
from carbon centers with -K spin density, their contributions 
are expected to be small. (The 7 proton splittings obtained 
from the resolved ESR spectrum of the cation radical of zinc 
weso-tetraethylporphyrin24 are an order of magnitude less 
than the adjacent /3 splittings.) Presumably these and other 
small splittings are subsumed in the Lorentzian line widths of 
0.6-0.8 G used in the simulations. 

A further check on the validity of the values of a^ and aw 
used in the simulations is given by comparing the predicted and 
experimental spectra for perdeuterio BChI (Figure 8D). The 
simulations of Figures 8E and 8F replace doublet proton 
splitting centers with triplet deuteron centers where ao/flH = 
0.1535, with all other inputs held constant. The results confirm 
that the assignments based on ESR and ENDOR results are 
eminently reasonable. 

Simulations of ESR spectra for BPh,+ required more 
guesswork than was the case for BChl'+. The similarities be
tween the detected ENDOR transitions (presumably from 
rotating methyl groups) in frozen BChl'+ (Figure 5) and BPh'+ 

(Figure 7) are consistent with the small differences in ESR 
splittings between metallated and free base bacteriochlorin 
cation radicals.19 A number of trial simulations, which include 
methyl splittings (flcH3 = 1-9 and 3.4 G), four large /3 protons 
(flH ~ 4-6 G, one inequivalent), four nitrogens («N ~ 1 G), 
and meso protons (a HmCSo ~ 0-3 G) all yield verisimilar versions 
of the experimental BPh"1" spectrum. These agree with both 
the F^TPBC + data and the MO calculations but are only 
tentative since the /3 protons have not been observed by 
ENDOR. Large /3 protons are clearly required to account for 
the overall line width of the spectrum of BPh'+. Moreover, the 
trend shown in the model bacteriochlorin compounds, i.e., that 
the /3 proton splittings are larger and solvent dependent in the 
free base, is supported by the experimental AH for BPh + vs. 
those for BChl'+, if the change in AH is attributed to the /3 
protons.19 Additional support for these assumptions was found 
in the spectrum of BPh'+, ~90% deuterated, which displays 
AH of 5.8 G vs. a line width of ~5.2 G computed for 100% 
deuteration. 

Hyperfine splitting constants reflect the electron densities 
at various nuclei, and our determination of these values thus 
allows a mapping of the electronic structures of BChl'+ and 
related compounds. If the dimeric model of BChI in the pho-
toreaction center is correct, our assignments should also predict 
splittings and overall line widths of spectral envelopes in vivo, 
based upon halving the hfs parameters for the monomer and 
doubling the number of splitting centers. The calculated AH 
values (obtained by filtering the simulated spectra on the 
computer until resolution just disappears) for the P870'+ dimer 
in vivo are 9.3 and 3.4 G for protons and deuterons, respec
tively. Actually found were 9.4 ± 0.2 and 3.9 ± 0.2 G for R. 
rubrum.5 A range of values reported for AH of P870"+ 

(9.4-9.7 G) from various microorganisms35,8,13'15'17 could 
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be explained by altered local environments in the different 
reaction centers, because we have shown that solvent changes 
can modify the hyperfine splittings of bacteriochlorophyll and 
bacteriochlorins.19 The agreement between calculated and 
observed values of AH for P870'+ alone does not distinguish 
between the slightly different dimeric models proposed by 
Norris et al.,l4>31 Boxer and Closs,32 and Fong28 for P870. 

In the initial photoact of bacterial photosynthesis it is pos
tulated that P870, donates, in less than 10 ps,29 an electron to 
a nearby BPh to yield its anion radical30 and P870"+. The latter 
is eventually reduced (in microseconds) by electron transfer 
from cytochrome ci which, in turn, may also function via a 
porphyrin radical.21'33 The spin density profiles provided by 
ESR and ENDOR have, therefore, now allowed the electron 
distribution of the free radical species involved in the very first 
and last stages of cyclic electron transport in bacterial photo
synthesis to be described in some detail. Because these radicals 
must be fixed in close proximity, the extent of overlap (or lack 
of it) between their electronic configurations must influence 
the rates of electron transfer between them. 
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but these studies have not allowed answering a key question 
in the whole area of' 3C NMR of heteroatomic molecules, the 
size of the effect of lone pair configuration upon 13C chemical 
shifts. We report here variable temperature studies on bi- and 
tricyclic piperidines in which nitrogen inversion is slow at low 
temperature, and in which both axial and equatorial lone pairs 
are present, allowing measurement of both the chemical shift 
changes with lone pair configuration and the activation pa
rameters for nitrogen inversion in these systems. 

Results 
The NMR spectra for 9-azabicyclo[3.3.1]nonane derivatives 
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Abstract: The 13C NMR spectra for 9-methyl-9-azabicyclo[3.3.1]nonane (1) and 2-methyl-2-azaadamantane (2) were studied 
at low temperature. Comparison with the related hydrocarbons (N replaced by CH) reveals that the /3 carbons anti to the nitro
gen lone pair are shifted upfield 1-2 ppm more than the syn carbons. Inversion barriers for 1 and 2 were determined by line 
shape analysis to be about 8.1 kcal/mol at —90 0C. 9-Dimethylamino-9-azabicyclo[3.3.1]nonane (3) showed no evidence for 
preferential line broadening to —132 0C, and must have a considerably lower barrier for nitrogen inversion. 
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