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Figure 1. Three-dimensional projection of koumine hydrobromide from 
X-ray crystallographic analysis. 

The relative configuration of koumine was also deduced from 
an analysis of the ‘H N M R  spectrum of the alkaloid and its 
derivatives. Thus, the coupling constant between H 3  and H15 
of 1.0-3.2 Hz indicated a planar W-type coupling5 and, hence, 
a cis relationship of these two hydrogens. The coupling constant 
between H5 and H16 (2.0-4.1 Hz) suggests that these protons 
are trans! whereas H15 and H16, which have a coupling constant 
of 10.0-12.4 Hz corresponding to a dihedral angle of ca. Oo, must 
be cis. The methyl protons of the ethyl group in 5 appear a t  an 
unusually high field (6 0.48), and a Dreiding model (see also 
Figure 1) indicates that they lie within the shielding zone of the 
aromatic ring.’ This conformation also places the N-methyl group 
near the benzene ring of 5, and, in agreement with this, it was 
found that irradiation of the NCH3 proton signal caused a 5.3% 
nuclear Overhauser enhancement of H9. The interatomic sepa- 
ration of these groups is ca. 3.1 8, based on the configuration shown 
for 1. 

The stereostructure 1 (relative configuration) was finally 
confirmed by an X-ray analysis of koumine hydrobromide.8 A 
three-dimensional projection is shown in Figure 1. The novel 
skeleton of koumine places it biogenetically in the Strychnos family 
of alkaloids: which includes the related oxindole gelsemine (9).’O 
However, the C9 mevalonoid segment of 1, presumably derived 
from secologanin, is attached to the tryptamine unit in a unique 

Supplementary Material Available: ‘H and I3C N M R  data as 
well as proton coupling constants of koumine and its derivatives 
(4 pages). Ordering information is given on any current masthead 
page. 
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In the last few years ENDOR has proved a powerful tool for 
the investigation of primary reactants in bacterial photosynthesk.l4 
It has been concluded that a “special pair” of bacteriochlorophyll 
(BChl) upon excitation donates an electron to an electron-transport 
chain, leaving behind a cation radical accessible to ESR tech- 
n i q u e ~ . ’ * ~ ~ ~ ~ *  Together with primary (bacteriopheophytin = BPh) 
and secondary acceptors (ubiquinones), the special pair BChl is 
situated in the “reaction center” protein complex (RC), which 
can be isolated from several bacteriaS7p9 The steric arrangement 
of the pigment molecules in the complex is strongly related to their 
photochemical function. Details of this arrangement are still 
u n k n ~ w n . ~ - ’ ~  

By liquid-solution ENDOR highest spectral resolution could 
be achieved with the isolated pigments, thereby yielding up to 10 
proton and 4 nitrogen isotropic hfs couplings and a detailed picture 
of the spin density distribution of the monomeric radical ions of 
BChl a and BPh a in vitro.3d In vivo ENDOR studies of whole 
cells,’ chromatophores,2 or RC’s’’.’* have been carried out so far 
only at  low temperatures, Le., in solid solution. In these cases 
dipolar broadening masks all those interactions which do not 
belong to nuclei with relatively small hfs anisotropy, e.g., rotating 
methyl groups. Consequently, only a few broad ENDOR lines 
could be detected. Nevertheless, these investigations served as 
a strong support of the special pair model for the primary do- 
n0r,1~2*798 which had originally been proposed from ESR data (see 
ref 8). This communication presents the first successful ENDOR 
experiments of RC‘s in aqueous solution at room temperature and 
demonstrates the possibility of studying biological samples at their 
correct physiological temperatures. 

Reaction centers were isolated from Rhodopseudomonas 
sphaeroides R-26 by a modification of the method of Clayton and 
Wang.13 The crude reaction centers obtained after ammonium 
sulfate fractionation were purified on DEAE-cellulose (Whatman 
DE 52, 2.5-cm i.d. X 20 cm for 1 Kmol of reaction centers) and 

(5) Jackman, L. M.; Sternhell, S .  “Applications of Nuclear Magnetic 
Resonance Spectroscopy in Organic Chemistry”, 2nd ed.; Pergamon Press: 
New York, 1969; pp 334-341. 

(6) Karplus, M. J .  Chem. Phys. 1960, 33, 1842. 
(7) Jackman, L. M.; Sternhell, S. “Applications of Nuclear Magnetic 

Resonance Spectroscopy in Organic Chemistry”, 2nd ed.; Pergamon Press: 
New York, 1969; pp 97-98. 

(8) Crystals of koumine hydrobromide are orthorhombic and belong to the 
s ace group 0~-P2,2,2,, 0$P2,2,2,, u = 14.307, b = 12.053, and c = 9.862 1. Intensities were collected on a PW-1100 four-circle diffractometer by using 
Mo Ka radiation; 1431 independent reflections with values 2.9-26.5’ were 
measured. The position of the bromine atom was obtained from a three-di- 
mensional Patterson synthesis and all nonhydrogen atoms were located in a 
one-cycle Fourier synthesis. After a second cycle with full matrix least-squares 
refinement, the R value was 0.13 (Yao, 2. H.; Wan, Z. L.; Liang, D. C., 
private communication). 

(9) Scott, A. I. Acc. Chem. Res. 1970, 3, 151. 
(IO) Lovell, F. M.; Pepinsky, R.; Wilson, A. J. C. Tetrahedron Lett. 1959, 

I .  
( I  I )  After submission of this manuscript, an independent determination 

of the structure of koumine [Khuong-Huu, F.; Chiaroni, A.; Riche, C. Tet- 
rahedron Lett. 1981,22,733] by X-ray analysis appeared which agrees with 
our assignment in all respects. 

(12) An account of this work was presented at the Siao-American Sym- 
posium on the Chemistry of Natural Products, Shanghai, China, Oct. 27-31, 
1980. 
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Communications to the Editor 

be achieved in the special TRIPLE m ~ d e ; ’ ~ , ’ ~  seven hfs couplings 
have been clearly resolved (see Figure 1 ,  top). An eighth coupling 
detected in 500, ethylene glycol resulted in a splitting of the largest 
line near 2.8 MHz in the special TRIPLE spectrum. The relative 
signs of hfsc’s were determined in the general TRIPLE mode.14 
Figure 1 (bottom) shows a typical spectrum: additional pumping 
on line 5 produced enhancement of all low-frequency ENDOR 
lines, whereas all high-frequency lines are deenhanced. Pumping 
on line 5’ yields just the opposite effect. From this we conclude 
that all seven (eight) hfs couplings have the same sign; positive 
signs are much more likely since the majority of protons in the 
pigments are of /3 and y type. The hfsc’s have the following values: 
+1.44 (2), f3.50 (2), +4.00 (3), +4.45 (5), f5.60 (5), +8.70 (5), 
and +9.50 (5) MHz. The number in brackets is the error in the 
last decimal place. To be certain that we have studied the cation 
radical of the primary donor and that no additional impurities 
were present, the RC’s have been oxidized chemically by KS- 
[Fe(CN)6]. The visible, ESR, and ENDOR spectra were identical 
with those obtained from the light-induced radicals. 

Comparing our hfsc’s with the in vitro data of the monomeric 
BChl a cation radical in solution3 shows that the hfsc’s in the 
primary donor cation in the R C  are all reduced in magnitude. 
They are, however, not scaled down by a constant factor of about 
2 as expected for an essentially symmetric dimerZo sharing the 
unpaired electron and neglecting environmental effects.22 The 
finding of a factor of approximately 2 for all observable coupling 
constants in low-temperature frozen-solution ENDOR is to date 
the strongest evidence for this special pair Our results 
imply a more complex situation for the pigments involved in the 
primary donor of bacterial reaction centers at room temperature. 
They emphasize the potential of the increased resolution inherent 
in liquid-state ENDOR in refining the first-order model. The 
many factors which may contribute25 can only be sorted out by 
detailed future work, including selectively deuterated systems and 
RC’s isolated from other bacteria. 

Frozen-solution ENDOR spectra (in 50:SO H20-ethylene 
glycol, ~01%) have been followed down to 140 K. Spectra obtained 
by in situ illumination and chemical oxidation were again identical. 
The hfs data29 turned out to be rather strongly dependent on 
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Figure 1. ENDOR/TRIPLE spectra of PSb5+ (cation of primary electron 
donor) in RC’s of Rps. spaeroides R-26 (3.06 X lo4 M in 0.01 M Tris 
buffer, p H  7.5, containing 0.1% lauryldimethylamine oxide (LDAO). 
Time constant: 1 s; rf 100 W pumped and scanned power; special 
TRIPLE, single scan; other spectra, nine scans. 

reconstituted with ubiquinone 10 (Sigma). They were then 
concentrated by membrane filtration (BM 100, Berghof) to 3.06 
X lo4 M. Samples (0.2-0.4 mL) were taken neat or diluted with 
ethylene glycol ( l : l ,  v/v). They were flushed with high-purity 
nitrogen, repeatedly degassed and regassed with nitrogen, sealed 
off a t  a slightly reduced pressure, and transferred to the Pyrex 
capillary ENDOR tube (1 .O-mm id.)  attached to the degassing 
vial. The samples were in situ illuminated in the spectral range 
470-900 nm (Xe high-pressure lamp, 500 W). Solid K3[Fe(CN)6] 
could be added from a side arm to the solution. The ESR, EN- 
DOR, and TRIPLE (electron-nuclear-nuclear triple resonance) 
spectra were obtained with a spectrometer rather similar to that 
described previo~sly.’~ 

In g factor [2.0025 (l)] and line width (9.5 G) the light-induced 
ESR signal compared well with the signal observed for the cation 
radical of the primary donor.* From the light saturation behavior 
of this signal, we estimated a lifetime of some 10 ms, which is 
typical for reaction centers a t  ambient  temperature^.'^-" The 
light-induced signal disappeared upon thermal denaturation of 
the RC’s. 

Figure 1 shows the liquid-solution18 ENDOR and TRIPLE 
spectra obtained by desaturating the ESR signal described above. 
The line widths in the ENDOR spectrum could be reduced to less 
than 200 W z .  Even higher resolution and better S/N ratio could 

(14) Mobius, K.; Biehl, R. In “Multiple Electron Resonance 
Spectroscopy”; Dorio, M. M.; Freed, J. H., Eds.; Plenum Press: New York, 
1379; pp 4%-507. 

(15) Parson, W. W. Biochim. Biophys. Acta 1967, 131, 154. 
(16) Clavton. R. K.: Yau. H. F. Bfoohvs. J .  1972. 12. 867. 
(17) Loach, P. A. Ann. N.Y. Acad. Sei. 1975, 244, 297. 
(18) An estimation of the rotational correlation time of the whole protein 

complex in water a t  25 “ C  yields q+ CY 3 X sS3O Thus, the Redfield 
condition 17fl(t))~~/ti < 12’ is still valid for nuclei with small anisotropic hfs 
couplings (5 5 MHz). Even without radical motion within the protein, the 
complex is still in the fast tumbling limit for 0 protons in PsSst. 

(19) Under certain conditions (favorable relaxation rates, strongly satu- 
rating radio frequency fields) the line intensities in the special TRIPLE mode 
are roughly proportional to the number of protons inv01ved.I~ However, we 
have not used these intensities for assignment purposes, since we are not sure 
that these favorable conditions hold in our case. Studies on selectively deu- 
terated samples, which are in progress, should give a much more rigorous 
assignment. 

(20) A critical comparison of different arrangements of the reaction center 
special pair has been made in ref 21. 

(21) Katz, J. J.; Norris, J. R.; Shipman, L. L.; Thurnauer, M. C.; Was- 
ielewski, M. R. Annu. Rev. Biophys. Bioeng. 1978, ?, 393. 

(22) One referee has pointed out to us the basic difficulty in defining a 
suitable monomer as reference for any dimeric model. Although the Chl a+ 
ESR line width is generally close to 9 G:’ extremes of 9.2 and 7.8 G have 
been re orted, depending on solvent and c ~ u n t e r i o n . ~ ~  Similar deviations in 

ating from 2 have been reported for the BChl b containing reaction centers 
of Rps. uiridis and have been interpreted in accordance with the dimer model 
by a distortion of the hydrogenated rings (ref 1 1  and private communication 
with J. Fajer). 

(23) Aggregation numbers showing only some deviations from 2 have been 
calculated from ESR and ENDOR data in BChl a containing species (see 
Norris and Katzs for leading references). 

(24) Davis, M. S.; Forman, A.; Fajer, J. Proc. Natl. Acad. Sci. U.S.A. 
1979, 76,4170. 

(25) Apart from the basic difficulty in defining the suitable monomer for 
comparison with protein bound pigments, there exist several possibilities, alone 
or in combination: (1) a less symmetric or sterically perturbed special pair; 
(2) a monomer with strongly changed electronic configuration; (3) BChl a+ 
may be present in more than one state due to environmental and/or kinetic 
effects; (4) a temperature dependent change in the state of BChl; (5) a 
change in the state of BChl during isolation of the reaction (6) 
species differences due to different BChl’s in different bacteria and additional 
reaction center  component^.^^^^*^ 

BChl a e seem to be less pronounced.26 Unusual aggregation numbers devi- 

(26) Fajer, J.; Davis, M. S. Porphyrins 1979, 4, 197-256. 
(271 Redfield. A. G .  Adv. Mam.  Reson. 1965. 1. 1-32. 
(28j Walter, E.; Schreiber, J.; gass, E.; Eschenmoser, A. Helu. Chim. Acta 

1979, 62, 899. 
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temperature and the freezing procedure. A completely quantitative 
agreement of our results with those from RC’s,lZ chromatophores: 
(80 K, 50% glycerol), or whole cells’ (100 K, 50% glycerol) was 
not observed. This would not be expected on account of the 
different experimental conditions (RC solutions in different solvent 
mixture, temperature, in situ illumination). It should be noted 
that the kinetics of BChl’ re-reduction also decreases strongly 
above 150 K.l5-l7 Further experiments at lower temperatures and 
conditions comparable with those in the previous studies cited are 
in progress. 

We believe this is the first report on liquid-solution ENDOR 
of large protein complexes under physiological conditions (H20, 
25 “C). The high spectral resolution achievable by this method 
is expected to eventually contribute to a better understanding of 
the nature of the primary donor in bacterial photosynthesis and 
biological problems involving unpaired electrons in general. 
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(29) The ENDOR spectrum of chemically oxidized reaction centers at 140 
K for instance shows lines corresponding to splittings of 0.8, 5.2, and 6.8 MHz 
and a broad feature corresponding to 12.5 MHz. Furthermore, shoulders are 
observed which correspond to splittings of about 1.9, 3.9, and 7.5 MHz. 
Previous values are 2.0, 4.2, and 8.0 MHz for chromatophores* (80 K) and 
0.8, 2.2,4.7, and 7.0 MHz for whole cells’ (100 K). Some of the features in 
our spectra may, however, arise from residual anisotropic motion of the cation 
radical inside the protein. Such a process might also be responsible for the 
observed temperature dependence of our data and their deviation from the 
results of previous studies. 

(30) Chasteen, N .  D.; Francavilla, J. J.  Phys. Chem. 1976, 80, 867. 
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Although enolates are the most commonly encountered and 
most synthetically useful type of carbanion, there are no examples 
of stereospecific’ reactions at  the a carbons of simple enolates. 
Stereoselective reactions are common,2 particularly in cyclic 
systems, but there is no evidence of any inherent dissymmetry for 
the defining three-atom system even under conditions where ion 
pairing produces well-documented facial dissymmetry in other 
types of carbanionsG3 Specifically, in tert-butyl alcohol-0-d, 
potassium tert-butoxide catalyzed hydrogen-deuterium exchange 
at the asymmetric a cation of appropriate amides and esters occurs 
with a rate constant, k,, which is equal to the rate constant for 
loss of optical activity kae4 

We were thus unprepared for the accidential discovery that 
N-pivalylphenylalanine dimethylamide (lb) undergoes exchange 
with a small but reproducible excess of exchange with retention 
of configuration, k,/k, > 1. For reactions carried out in t-BuOD 
with [KO-t-Bu] = 0.3-0.5 N at 30 OC, the second-order k, = (2.2 
f 0.1)10-3 M-’ s-l (six separate runs, 2-6 points each, deuterium 
content determined mass spectrometrically). The second-order 
rate constant for loss of optical activity is k, = (0.93 f 0.07)10-3 

(1) We use the term in accordance with “Glossary of Terms used in 
Physical Organic Chemistry” IUPAC Provisional Publication. Pure Appl. 
Chem., 1979, 51, 1725-1801. The predominant enantiomer of product is 
specified by the enantiomer of l b  chosen. 

(2) House, H. O., “Modern Synthetic Reactions”, 2nd ed.; W. A. Benja- 
min: Menlo Park, Ca., 1972; Chapter 9, pp 492-628. 

(3) D. J .  Cram, “Fundamentals of Carbanion Chemistry”; Blomquist, A. 
T.. Ed.: Academic Press: New York. 1965. Chaoter 3. 

’(4) Cram, D. J., Rickborn, B., Kingsbury,C., Haberfield, P. J .  Am. Chem. 
SOC. 1961, 83? 3678. 
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PhCHZ- C - CNMez 
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/N\ 
H R  

e, R = COOCMe, 
f, R = CHph, 

la, R = H 
b, R = COCMe, 

d, R = COCD, 
C, R = COPh g, R = CPh, 

M-’ s-I (three separate runs carried out simultaneously with the 
exchange runs in a thermostated polarimeter cell). Because the 
polarimetric method is subject to error if small amounts of highly 
optically active impurities are present, k, was also measured by 
using the chiral N M R  shift reagent, tris[ 3- [ (trifluoromethy1)- 
hydroxymethylenel-d-camphorato]europium(III). With this 
technique, k, = 0.92 x M-’ s-I at  30 OC (five points using 
three different sets of NMR peaks). Thus a reliable value of k,/k, 
= 2.4 was determined from separate kinetic runs. This value was 
confirmed by measuring deuterium content and optical rotation 
of the same sample, isolated from a single run. 

For a determination of the structural requirements for this 
unique behavior, a series of differently substituted compounds were 
run under similar conditions. The N-unsubstituted parent com- 
pound l a  underwent exchange with complete racemization; k,/k, 
= 1.0 at 50 OC. A small but significant excess of retention could 
be observed with the benzoyl derivative IC k,/k, = 1.4, but with 
the trideuterioacetyl compound Id, k,/k, = 1.0 (both at  30 “C). 
Simply displacing the tert-butyl group one atom farther from the 
reaction site by using the tert-BuOC derivative l e  also eliminated 
the stereospecificity; k,/k, = 1.0 at 30 OC. 

These experiments suggested that a large group attached to 
the amino nitrogen is a minimum requirement for the observed 
exchange with retention. Additionally, a role for the potassium 
ion was demanded by the observation that for both l b  and IC the 
stereospecificity disappeared when 18-crown-6 ether was included 
in the reaction mixture; k,/k, = 0.9 and k,/k, = 1.0, respectively. 
An attempt to magnify the observed stereospecificity by replacing 
K+ with Na+ proved ineffective; k,/k, = 2.0 for l b  in NaO-t- 

The dependence of this effect on the size of the substituent 
attached to the a-amino group suggests that there is conforma- 
tional selection in the act of proton removal, leading to a none- 
quilibrium set of enolate conformers. The conformational inba- 
lance would reflect the preferred conformation for the proton- 
removal transition state and would, in effect, provide molecular 
memory of the starting configuration. With large groups attached 
to the reaction center, high rotational barriers would slow con- 
formational relaxation relative to protonation rate and favor return 
to starting compound through an enantiomerically identical 
transition state. 

The situation suggested would be similar to that reported by 
Murr and co-workers for nucleophilic substitution in sterically 
congested trityl  cation^.^ Walborsky and Motes have also offered 
this type of explanation for their observation of k,/k, = 1.9 for 
2-methyl-3,3-diphenylpropionitrile in methoxide/methanoL6 

In order to see whether the effect could be attenuated by in- 
creasing the size of the group on the a nitrogen, If and l g  were 
prepared and studied in the same solvent-base system. In the case 
of the N-diphenylmethyl derivative If, the rate of exchange was 
slowed relative to l a  by a factor of 150 even at  62 OC. For the 
triphenylmethyl derivative lg, the half-life was of the order of 
weeks at 120 OC. In both cases, If and lg,  the analysis was 
complicated by exchange at sites other than the a: carbon, but it 
was nevertheless possible to show the k,/k, = 1.0 in these systems. 
Thus despite the clear indictions of steric restrictions on transi- 

BulDO-t-Bu. 

(5) (a) Murr, B. L.; Santiago, C. J .  Am. Chem. SOC. 1968,90,2964. (b) 

(6) Walborsky, H. M.; Motes, J.  M. J .  Am. Chem. SOC. 1970, 92, 2445. 
Murr, B. L.; Feller, L. W. Ibid. 1968, 90, 2966. 
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