
4954 J. Am. Chem. Soc. 1981, 103, 4954-4956 

Scheme I0 

2a R= ICH2I2 

2b R=CHJCHOHCH 2 

2c R=(CH. 
\ = . N C 
R 
^ N l> 

R method yield/% 

ICH2I2 A1B 96,79 

5b 2 CH2CHOHCH2 A1B 85,60 

5c 2 ICH2I6 C 50 

6 3 ICH2I2 

" Reaction conditions are (A) la (2 mmol) + 2 (2.2 mmol) in 
MeOH (40-50 cm3) refluxed 6 h and a further 24 h after addition 
OfCHCl3 (5 cm3); (B) 3 heated 24 h in refluxing MeOH containing 
acetic acid (1 mol %); (C) la (10 mmol) + 2c (11.5 mmol) in 
EtOH (50 cm3) refluxed for 1.5 h, filtered, and set aside for 12 h. 

collected without special precautions to protect the crystals from 
atmospheric moisture. Structure determination showed this 
material to be tetrabenz[a,g,o,w]-l,5,8,12,15,19,22,26-octaaza-
29,30,31,32-tetraborapentacyclo[ 1 '•'.18-12.115-19. l2M6]dotriacontane 
in which a B-H unit has been incorporated between each pair of 
o-iminoanilino nitrogen to give the unusual 20-membered B-N 
heterocycle shown in Figure 2. The two halves of the molecule 
are related by a crystallographic 2-fold axis perpendicular to the 
best plane through the inner great ring. 

The isolation of the potentially octadentate macrocycles 5 and 
8 presents the interesting possibility of preparing a series of di-
nuclear complexes in which the separation and disposition of the 
two metal ions is controlled by ring sizes and other geometric 
constraints in the ligands. 
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(-t-)-Biotin (1) is an essential cofactor for several enzymes 
involving carboxylation and carbonyl-exchange reactions.2 It 
participates in the fixation, activation, and transfer of carbon 

f Contribution No. 6345 from these laboratories. 
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(2) For reviews of biotin enzymes, see: (a) Woods, H. G.; Barden, R. E. 
Annu. Rev. Biochem. 1977, 46, 385-413. (b) Lynen, F. L. CRC CHt. Rev. 
Biochem. 1979 7, 103-119. 

Table I. 15N NMR Chemical Shifts and Coupling Constants for 
Biotin and Model Compounds 

671N 
( 1 Z N H . HZ) 

compd (concn, M) solvent Nl N3 

2-imidazolidinone (3) (1) 
(1.8) 
(D 
(2) 

desthiobiotin (2) (saturated soln) 
(0.7) 

biotin (1) (saturated soln) 
(0.3) 

H2O 
H2O 
0.1 N NaHCO3 

(CH3J2SO 

0.1 N NaHCO3 

(CH3J2SO 

0.1 N NaHCO3 

(CH3J2SO 

294.0 
294.5 
294.3 
296.7 

(93) 
276.8 
279.3 

(90) 
283.6 
285.6 

(94) 

294.0 
294.5 
294.3 
296.7 

(93) 
282.5 
285.0 

(91) 
292.6 
294.7 

(92) 

dioxide by forming an A -̂carboxybiotin in which N1 was estab­
lished as the point of attachment. The chemical reactivity of the 

O 
Il 

H O C C H 2 C H 2 C H 2 C H 2 

5'4' 3' V 1' 

the two ureido nitrogens of 1 is strikingly different. Thus, Nl-
and N3-acylated products in an 100:7 ratio resulted from the 
reaction of methyl chloroformate with biotin methyl ester.4" The 
low proportion of the N3 product was attributed to steric hindrance 
to the approach of the reagent to N3 because of the presence of 
the carboxylbutyl side chain. A similar argument was employed4b 

to account for the difference in exchange rates for the ureido 
protons with ethanol. 

Because of the lack of sensitive physical methods to distinguish 
between the two nitrogens of 1 in solution, we have examined the 
15N NMR spectra in the hope of providing a useful probe for 
determining how protein systems interact with biotin. 

The 15N chemical shifts5 and one-bond NH coupling constants 
for biotin and two model compounds, desthiobiotin (2), and 2-
imidazolidinone (3), are given in Table I. For both biotin and 

O 

HN 3 

H 

INH 

H 

H O C C H 2 C H 2 C H J C H J M CH3 

A 
N I 

VJ 
desthiobiotin, two well-resolved 15N resonances are observed in 
the proton-decoupled spectra. The two resonances in desthiobiotin 

(3) (a) Bonnemere, C; Hamilton, J. A.; Steinrauf, L. K.; Knappe, J. 
Biochemistry 1965, 4, 240-245. (b) Guchhait, R. B.; Polakis, S. E.; HoMs, 
D.; Fenselau, C; Lane, M. D. J. Biol. Chem. 1974, 249, 6646-6656. 

(4) (a) Knappe, J.; Ringlemann, E.; Lynen, F. Biochem. Z. 1961, 335, 
168-176. (b) Glasel, J. A. Biochemistry 1966, 5, 1851-1855. 

(5) The 15N NMR spectra were recorded on a Bruker WH-180 Fourier-
transform quadrature-detection spectrometer operating at 42 kG (18.25 MHz 
for 1SN and 180 MHz for 'H) with 25-mm sample probe. Nitrogen chemical 
shifts are reported in ppm upfield of 1 M H15NO3. 
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were assigned on the basis of selective decoupling. The coupled 
spectrum shows two broad doublets corresponding to one-bond 
NH splittings of 90 and 91 Hz. Selective irradiation of the protons 
of the methyl group at C5 changed the downfield 15N doublet into 
a broad doublet of doublets. This behavior is consistent with the 
assignment of the downfield resonance to Nl , with a three-bond 
coupling of the methyl protons (typical6,7 3 /N H = 2-4 Hz) to Nl 
which can be removed by the selective decoupling, and also with 
the residual splitting due to the C4 proton. 

The two resonances of biotin were assigned both by off-reso­
nance decoupling and by synthesis of biotin specifically labeled 
with 15N at Nl . Explicit assigments of the biotin proton chemical 
shifts were necessary for the proton off-resonance decoupling 
experiments. The ureido proton resonances are observed at 220 
MHz as two broad singlets at S 6.45 and 6.37. On the basis of 
homonuclear decoupling experiments,' the downfield ureido res­
onance was assigned to H3. 

On irradiation with a coherent decoupling field (?H2), the biotin 
one-bond NH couplings (J) are reduced and the long-range 
splittings effectively removed. The residual coupling (J1), which 
is linearly dependent on the difference (Av) between the resonance 
frequency of the directly bonded proton and the decoupler fre­
quency, goes to zero when the decoupler frequency coincides with 
the proton resonance.8 Thus, f = JAvKfH1). As the proton 
decoupler was moved to higher field for biotin, the residual 
coupling of the nitrogen resonance centered at 294.7 ppm went 
to zero before the residual coupling of the resonance centered at 
285.6 ppm. Therefore, the resonance centered at 294.7 ppm 
corresponds to the nitrogen directly coupled to the downfield 
unreido proton, H3. Thus, the chemical shift of N3 is 294.7 and 
of Nl is 285.6 ppm. 

Synthesis of (+)-[l-15N]biotin was achieved by the multistep 
procedure of Vasilevskis et al.,9 starting with the (-)-a-methyl-
benzylamine salt of methyl 5-(2,5-dihydro-4-hydroxy-3-nitro-
thien-2-yl)pentanoate (4) kindly provided by Hoffmann-LaRoche, 
Inc., and using 15N-labeled KNCO10 with the reduced nitroketone 
to introduce the label unequivocally (6) into the eventual Nl 
position of (+)-biotin (7). The proton-decoupled spectrum of the 
Nl-labeled biotin in 0.1 N NaHCO3 gave a single resonance at 
283.5 ppm (see Figure 1). This result confirms the off-resonance 
decoupling assignment. 

O2N 0 (-)MEA HCl-H 2 N 

CHjOOC(CH2) 

Na 0OC(CH2) 

^ / ( 2 ) NaOH 

A 
™ 15NH ( 1 ) -H 2 O 

\ / ( 2 ) H + , CHjOH 

U 

A 
(3 ) Ac 2 O 

bNH ™ 1SN.. 

$ £ p H M H O O C ( C H 2 K ^ J " " 
(S ) H ' 

H 

The nitrogen chemical shift range of ureas11 is between 270 
and 320 ppm. The equilibrium concentration of the imino tau-

(6) Axenrod, T. In "Nitrogen NMR"; Witanowski, M„ Webb, G. A., Eds.; 
Plenum Press: London, 1973; Chapter 5. 

(7) Anteunis, M. J. 0.; Borremans, F. A. M.; Geland, J.; Marchand, A. 
P.; Allen, R. W. J. Am. Chem. Soc. 1978, 100, 4050-4055. 

(8) (a) Wehrli, F. W.; Wirthlin, T. "Interpretation of Carbon-13 NMR 
Spectra"; Heyden: London, 1976; pp 66-72. (b) Hawkes, G. E.; Randall, 
E. W.; Hull, W. E. J. Chem. Soc, Chem. Commun. 1977, 546-548. 

(9) Vasilevskis, J.; Gualtieri, J. A.; Hutchings, S. D.; West, R. C; Scott, 
J. W.; Parrish, D. R.; Bizzarro, F. T.; Field, G. F. J. Am. Chem. Soc. 1978, 
100, 7423-7424. 

(10) Purchased from Prochem (KNCO, 96.5 atom % 15N; K2CO2, 15.5%). 
(11) (a) Witanowski, M.; Stefaniak, L.; Januszewski, H. "Nitrogen 

NMR"; Witanowski, M., Webb, G. A., Eds.; Plenum Press: London, 1973; 
Chapter 4. (b) Witanowski, M.; Stefaniak, L.; Webb, G. A. Annu. Rep. NMR 
Spectrosc. 1977, 7, 117-244. 

-28 3. 6 
292. 6 
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Figure 1. (a) Natural-abundance 15N NMR spectrum of (+)-biotin in 
0.1 N NaHCO3. (b) 15N NMR spectrum of (-t-)-biotin, specifically 
labeled with 15N (93%) at Nl, in 0.1 N NaHCO3. 

tomer is usually small. Comparison of the chemical shifts of 
O-methylisourea12 and tetramethylurea indicates that the imine 
nitrogen should be downfield from urea nitrogens by about 80 
ppm. The range of nitrogen chemical shifts observed for 1-3 is 
consistent with all of these nitrogens being of the urea type. 
Furthermore, the differences in nitrogen shifts among the ho­
mologous ureas 1-3 are consistent with known /3-, 7-, and <5-
substituent effects on ureas.13,14 Downfield shifts in the range 
12-19 ppm result from replacing a hydrogen on the a carbon by 
a methyl group in acrylic ureas.13 Similar 0-substitutent effects 
can account for most of the shift differences observed between 
2-imidazolidinone (3) and desthiobiotin (2). 

7-Substituent effects are sensitive to molecular conformation 
and increase with steric crowding at the nitrogen induced by the 
7 substituent. In acyclic ureas, upfield shifts range from 2 to 4 
ppm.13 For cyclic compounds, where the relationship between 
the nitrogen and 7 carbon is fixed, gauche effects are pronounced. 
Koch and co-workers14 reported that the substituent effects for 
sterically hindered urea nitrogens are increased by 10-12 ppm 
(upfield) for 7 substituents and 4 ppm (downfield) for 8 sub-
stituents.15 

The 5.7-ppm difference between the desthiobiotin resonances 
falls within the range expected for 7 and <5 effects on N3 arising 
from the carboxybutyl side chain at C4. For biotin molecules in 

(12) Witanowski, M.; Stefaniak, L.; Szymanski, S.; Webb, G. A. Tetra­
hedron 1976,52,2127-2129. 

(13) (a) Nakanishi, H.; Roberts, J. D., unpublished results, (b) Sibi, M. 
P.; Lichter, R. L. / . Org. Chem. 1979, 44, 3017-3022. 

(14) (a) Haltiwanger, R. C; Burns, J. M.; Crockett, G. C; Koch, T. H. 
J. Am. Chem. Soc. 1978, 100, 5110-5116. (b) Burns, J. M.; Ashley, M. E.; 
Crockett, G. C; Koch, T. H. J. Am. Chem. Soc. 1977, 99, 6924-6928. 

(15) For example, the NH shift in 9 is 10.6 ppm upfield from the corre­
sponding shift in 8.14 

CH 



4956 /. Am. Chem. Soc. 1981, 103, 4956-4957 

the crystal,16 the sulfur is in the endo position forming 84 and 86° 
dihedral angles with N3 and Nl which constrains Cl' to a pseu-
doequatorial position and a 43° dihedral angle to N3. The solution 
conformation is similar as indicated by the proton-coupling con­
stants.17'18 The difference between the interactions of Nl and 
N3 with Cl', combined with the presence of a 7-sulfur atom, could 
reasonably cause the N3 nitrogen shift of biotin to be only 2 ppm 
downfield from that of 2-imidazolidinone (3) and yet 9 ppm upfield 
from that of Nl. 

The steric hindrance which causes these 15N-shift differences 
is in accord with the observed retardation of chemical reactions 
at N3 relative to Nl.2,4 The availability of (+)-biotin unequiv­
ocally labeled at Nl suggests its use as a mechanistic probe for 
following the biological carboxylation and transcarboxylation of 
biotin and investigating the interaction between biotin and avidin, 
inter alia. 

Acknowledgment. We thank Dr. Janis Vasilevskis, Dr. Milan 
B. Uskokovic, and Stanley D. Hutchings of the Chemical Research 
Department, Hoffmann-LaRoche, Inc., Nutley, NJ, for their 
generous help in materials and methodology. 
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It has been shown1 that the in vitro transformation of the 
alkaloids of the vobasine series into those of the ervatamine series 
may be readily accomplished in three steps (Figure 1): oxidation 
of the starting alkaloid to the corresponding iV-oxide, rear­
rangement of this TV-oxide induced by its treatment with tri-
fluoroacetic anhydride ("modified Polonovski reaction "2), and 
reduction of the intermediate iminium ion. 

In this way dregamine and tabernaemontanine have been 
transformed stereospecifically and in high yields to 20-epi-erva-
tamine and ervatamine, respectively. This sequence of reactions 
is in good agreement with the proposal that the biosynthesis of 
the ervatamine alkaloids could involve the intermediacy of vo-
basine-type systems which contain the ethanamine unit of tryp­
tophan. 

In the context of this hypothesis, it was interesting to examine 
whether an enzyme preparation would also be able to catalyze 
the transformation of vobasine into ervatamine-type alkaloids. 
Cytochrome P-450 dependent monooxygenases were chosen since 

(1) Husson, A.; Langlois, Y.; Riche, C; Husson, H.-P.; Potier, P. Tetra­
hedron 1973, 29, 3095. 

(2) (a) Cave, Ad.; Kan-Fan, C; Potier, P.; Le Men, J. Tetrahedron 1967, 
23, 4681. (b) Ahond, A.; Cave, Ad.; Kan-Fan, C; Husson, H.-P.; de Rostolan, 
J.; Potier, P. J. Am. Chem. Soc. 1968, 90, 5622. (c) Husson, H.-P.; Chevolot, 
L.; Langlois, Y.; Thai C; Potier, P. J. Chem. Soc, Chem. Commun. 1972, 
930. (d) Potier, P. Rev. Latino-Am. Quim. 1978, 9, 47. Potier, P. In "Indole 
and Biogenetically Related Alkaloids"; Phillipson, J. D., Zenk, M. H., Eds.; 
Academic Press: London, 1980, p 159. 

Figure 1. 

Table I. Influence of Various Factors on the Formation 
of Metabolites 2 and 3 

formation rates of (in nmol 
per nmol of cytochrome 

P-450 per 30 min)13 

conditions 2C 3 C 

complete incubation 2 70 
system" 
- O 2 (under argon) 0.4 4 
-NADPH <0.1 2 
+ellipticine 0.6 20 

after protein denaturationb 0.2 3 
0 5 mM 1 + 1 mM NADPH + aerated microsomes (10~5 MM cyto­

chrome P-450). bWith microsomes boiled 5 min at 95 0C. c Mean 
values calculated from 2 to 5 experiments; the errors limits vary 
from ±20% to ±90% for very low values. 

they are known to be able to catalyze both the oxidation of tertiary 
amines3 by dioxygen and NADPH (step a, Figure 1) and the 
reduction of various substrates including azo4 and nitro com­
pounds,5 A -̂oxides,6 and nitroxides7 by NADPH (reactions 
analogous to step c of Figure 1). 

Moreover, catalysis of step b by the iron of cytochrome P-450 
appears likely since it has been reported that iron salts8 catalyze 
some reactions of A-oxides that can be also equally performed 
by using trifluoroacetic anhydride with the conditions of the 
modified Polonovski reaction.2 The present paper describes the 
results obtained by incubation of dregamine (1) with rat liver 
microsomes in the presence of NADPH and O2, which leads to 
20-ep/-vervatamine (2), and shows that this reaction is catalyzed 
by microsomal cytochrome P-450 dependent monooxygenases. 

Dregamine hydrochloride9 (5 mM) was incubated at 37 0C with 
a suspension of liver microsomes10 from phenobarbital" pretreated 
rats in phosphate buffer at pH 7-4 (5 mg protein per mL; 2.1 
nmol of cytochrome P-450 per mg protein) in the presence of 

(3) (a) Gorrod, J. W. Chem. Biol. Interact. 1973, 7, 289. (b) Wehleke, 
H. DrugMetab. Dispos. 1973, /, 299. (c) Beckett, A. H.; Morton, D. M. J. 
Pharm. Pharmacol. Suppl. 1966,18, 88-91. (d) B. Wilson and S. Orrenius, 
Chem. Biol. Interact. 1971, 3, 313. 

(4) Fujita, S.; Peisach, J. J. Biol. Chem. 1978, 253, 4512. 
(5) Gillette, J. R.; Kamm, J. J.; Sasame, H. A. MoI. Pharmacol. 1968, 4, 

541. 
(6) Sugiura, M.; Iwasaki, K.; Kato, R. MoI. Pharmacol. 1976, 12, 322. 
(7) Rosen, G. M.; Rauckman, E. J. Biochem. Pharmacol. 1977, 26, 675. 
(8) Scherer, C. A.; Dorschel, C. A.; Cook, J. M.; Lequesne, P. W. J. Org. 

Chem. 1972, 37, 1083. 
(9) We are grateful to A. Husson, M. Colin, and A.-M. Bui for supplying 

alkaloids 1 and 2. 
(10) Prepared by a classical procedure: Frommer, U.; Ullrich, V.; Stau-

dinger, H. J. Z. Physiol. Chem. 1970, 351, 903. 
(11) Used as a good inducer of cytochromes P450.'0 
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