OCArticle

Substituent Effects on the Basicity of 3,7-Diazabicyclo[3.3.1]nonanes
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- R!= Ph, Bn, Ph(Me)CH, Ph,CH
76\ R?= H, Me, CO,Me
N
Rf N\R1 R*=H, 0

Basicity constants for a series of 3,7-diazabicyclo[3.3.1]Jnonane derivatives in acetonitrile with a variation
over 13 orders of magnitude have been determined using a spectrophotometric titration technique. An
excellent correlation between basicity and calculated proton affinities obtained at PCM-B3LYP&-31
(d)//B3LYP/6-31G(d) level was found. The results are discussed in terms of substituent effects and
compared tdN NMR chemical shifts.

Introduction TABLE 1. Observed K, Values for )
) ] ) ) ) 3,7-D|azab|cyclo[3.3.1a]nonanes, Determined aspy+ for
Acid—base interactions are a pivotal component in many the Conjugated Acid, Spectrophotometrically in AN

chemical reactions both in organic chemistry and in biochem- Solution
istry. Therefore, it is of general interest to be able to predict

and modulate the strength of organic bases and to understanda2dine Stucture pK, | Bispidine  Swwcwre  pK,
the different factors contributing to it. We here present a series Meonone MWe
of structurally similar and chemically stable organic bases, 1 N 8.13 6 A\ 17.48
covering a wide range ofisn+ values (i.e., K, of the conju- ph/N N\ph Bn/N N‘Bn
gated acids) of approximately 13 orders of magnitude (Table o
1). The bases share the bispidine (3,7-diazabicyclo[3.3.1]Jnonane) A (?\\
skeleton, which is also found in the natural product sparteine. 2 N \N 13.48 7 e N Ny 1779
Bispidine as well as sparteine derivatives and isomers have been Ph Ph Ph  Ph
employed extensively as bases in syntHesiwl as ligands for Ph o Ph
organometallic compounddzurthermore, they have interesting Meonone %
physiological properties as antiarrhythmic agents and as opioid 3 A\ 13.81 8 N \N\ 2125
receptor ligands. s e Bn Bn

Basicities of organic compounds are also of interest regarding %
their complexation properties, since the correlation between 4 %\\ 13.97 9 R\ 2138
metal ion complex stability and ligand basicity is well- thN N\Ph Ph\ﬁe “};Ph
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(1) (a) Spieler, J.; Huttenloch, O.; Waldmann, Eur. J. Org. Chem. Bn” “Bn

200Q 391. (b) Bertini Gross, K. M.; Jun, Y. M.; Beak, B. Org. Chem.
1997, 62, 7679. (c) Hodgson, D. M.; Norsikian, S. L. MDrg. Lett.2001,

3,461. (d) Hodgson, D. M. Buxton, T. J.; Cameron, I. D.; Gras, E.; Kirton, - established.A linear relationship between the equilibrium con-
E. H. M. Org. Biomol. Chem2003 1, 4293. (e) McGrath, M. J.; O'Brien, ’ P d

P.J. Am. Chem. So2005 127, 16378. (f) Comba, P.; Lienke. Anorg. stants for protonation and metal complexation can be expected
Chem 2001 40, 5206. (g) Comba, P.; Kerscher, M.; Merz, M.;"New, V.; within a series of structurally related ligands, i.e., Kgm. =
Pritzkow, H.; Remenyi, R.; Schiek, W.; Xiong, Chem. Eur. J2002 8, a x pKpy+ + b.42 Acid—base properties are also one of the

5750. (h) Hoppe, D.; Hense, Angew. Chem., Int. Ed. EnglL997, 36, . . X
2282. (i) Comba, P.; Lopez de Laorden, C.; PritzkowHelv. Chim. Acta most important parameters of compounds with pharmaceutical

2005 88, 647. interest, since protonation can modulate, for example, binding
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properties, lipophilicity, solubility, and transmission through
membraneg®>

Basicity determination of organic compounds may be ham-
pered by limited solubility, ionic or hydrogen-bond interactions,
as well as by leveling effects of the solvent. Recently, aceto-
nitrile (AN) has emerged as the solvent of choice for measure-
ments in nonaqueous solvefitsA spectrophotometric titration
method has been developed that allows the accurte p
determination over a large range of valddgleasurement in
AN results in a self-consistent series of basicity values with
little solvent effects. However, iy, values obtained for AN
solution (Kaan) are different from those in other solvents,
mainly because of different hydrogen-bonding propettias.
an example, Kaan Values were ca. 7.5 units higher than the
pK, for aqueous solution and-6L0 units higher than theky
for DMSO solutionsP

Since the basicity of organic nitrogen compounds is related
(at least partially) to the availability of the nitrogen free electron

Toom et al.

The Kaan values for the bispidine derivativds-9 span a
range of over 13 orders of magnitude. In contrast, previously
potentiometrically measuredg values for DMSO solutiorfd
of 1 (4.4 vs 8.13ApK, = 3.73),3 (5.3 vs 13.81ApK, = 8.51),
and6 (7.7 vs 17.48 ApK, = 9.78) are considerably lower, in
keeping with known literature trend® This applies also for a
reported?! value for (-)-sparteinel0 (17.50 vs 21.66ApK, =
4.16), determined potentiometrically for a solution in AN. These
lower values might also be explained by the presence of
moisture, which would generate a leveling effect.

A cursory overview of the relative basicitiesi{pan) shows
the lowering effect of electron-withdrawing substituents on the
nitrogen atoms. Replacement of Bn by Ph results in a decreased
basicity, e.g.3 vs 1, ApKa = —5.68;8 vs 4, ApK, = —7.28.
Addition of electron-withdrawing phenyl groups to a benzyl
substituent decreases the basicityvs 8, ApK, = —3.46),
whereas addition of methyl groups increasesiv¢ 9, ApK,
= 0.13). Interestingly, there is also a pronounced effect of more

pair for protonation, an alternative and convenient way to accessremote substituents. A carbonyl group in position 9 of the

the basicity might be measurementef NMR chemical shifts.
The H-dependency of chemical shifts is a well-documented
NMR phenomenon and has been used to determfevalues

for a variety of compound¥.

Results and Discussion

In the present work, a UVvis spectrophotometric titration
technique for measurements of relative aciditidgpK_) in
acetonitrile was usetlA solution containing two bases, the base
under investigation and a reference base, with knoWgap
value, was titrated with a solution of methanesulfonic acid in
acetonitrile. A UV-vis spectrum was recorded after each
addition of the titrant. From the spectra, the relative basicity of
the two bases could be calculated. Th€,py values were
determined for the conjugate acid forms of several 3,7-
diazabicyclo[3.3.1]nonanes and are summarized in Table 1.

(2) (a) Axen, A.; Grennberg, H.; Gogoll, AOrganometallicsl997, 16,
1167. (b) Gogoll, A.; Grennberg, H.; AreA. Organometallics1998 17,
5248. (c) Johansson, C.; AxgA.; Grennberg, H.; Gogoll, AChem.-Eur.

J. 2001, 7, 396. (d) Gogoll, A.; Toom, L.; Grennberg, Angew. Chem.,
Int. Ed.2005 44, 4729. (e) Lesma, G.; Danieli, B.; Passarella, D.; Sacchetti,
A.; Silvani, A. Tetrahedron: Asymmetr003 14, 2453. (f) Togni, A.
Tetrahedron: Asymmetr§991, 2, 683.

(3) (@) Smith, G. S.; Thompson, M. D.; Berlin, K. D.; Holt, E. M.;
Scherlag, B. J.; Patterson, E.; LazzaraERr. J. Med. Cheml99Q 25, 1.

(b) Garrison, G. L.; Berlin, K. D.; Scherlag, B. J.; Lazzara, R.; Patterson,
E.; Fazekas, T.; Sangiah, S.; Chen, C.-L.; Schubot, F. D.; van der Helm,
D. J. Med. Chem1996 39, 2559. (c) Kuhl, U.; Englberger, W.; Haurand,
M.; Holzgrabe, UArch. Pharm. Pharm. Med. Cher00Q 333 226. (d)
Wang, Y.; Tang, K.; Inan, S.; Siebert, D.; Holzgrabe, U.; Lee, D. Y. W.;
Huang, P.; Li, J.-G.; Cowan, A.; Liu-Chen, L.-¥. Pharmacol. Exp. Ther.
2005 312, 220.

(4) () Martin, R. B.; Sigel, HComments Inorg. Chen1988 6, 285.
(b) Walters, K. M.; Buntine, M. A.; Lincoln, S. F.; Wainwright, K. B.
Chem. Soc., Dalton Tran8002 3571. (c) Kapinos, L. E.; Song, B.; Sigel,
H. Chem. Eur. J1999 5, 1794.

(5) (a) Kerns, E. H.; Di, L.Drug Discavery Today2003 8, 316. (b)
Hansch, C.; Kurup, A.; Garg, R.; Gao, Bhem. Re. 2001, 101, 619.

(6) (a) Bordwell, F. GAcc. Chem. Re4.988 21, 456. (b) Taft, R. W.;
Bordwell, F. G.Acc. Chem. Red.988 21, 463.

(7) Leito, I.; Kaljurand, I.; Koppel, I. A.; Yagupolskii, L. M.; Vlasov,
V. M. J. Org. Chem1998 63, 7868.

(8) (a) Kolthoff, I. M.; Chantooni, M. K., Jr.; Bhowmik, S. Am. Chem.
Soc.1968 90, 23. (b) Bos, M.; van der Linden, W. BRnal. Chim. Acta
1996 332 201. (c) Crampton, M. R.; Robotham, I. A. Chem. Res. (S)
1997, 22.

(9) Marek, R.; Ly&a, A. Curr. Org. Chem2002 6, 35.

(10) (a) Perrin, C. L.; Fabian, M. AAnal. Chem.1996 68, 2127. (b)
Breitmaier, E.; Spohn, K.-HTetrahedronl973 29, 1145. (c) Fecagu, D.;
Ghenciu, A.Prog. Nuclear Magn. Reson. Spectro$896 29, 129.
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bispidine skeleton decreases the basictys 7, ApK, = —4.31;

5 vs 8, ApKay = —4.32. Carboxymethyl substituents in the 1-
and 5-positions (bridgehead) also decrease the basi8itys

5, ApKjy —3.12. Furthermore, the effects appear to be
additive: 3vs8, ApKa= —7.44 —4.3-3.1);1vs4, ApKy =
—5.84 (lower than the expected value 6%7.44 because the
nitrogens are already electron-deficient). As expected, sparteine
10 has the highest basicity because it lacks any electron-
withdrawing substituents.

The basicity is also affected by phenyl groups in the
o-position on the carbon substituent of the nitrogen, in analogy
to pKaan values measured for a series of primary amines:
CHsNH, (18.37), PhCHNH; (16.76), PRCHNH; (14.91), and
PhCNH, (13.40)*?

The effect of a carbonyl group in position 9 has been attrib-
uted to interactions between the nitrogen lone pairs andrthe
orbitals of the carbonyl group throughbonds!® Furthermore,
it has been shown that the reactivity of the carbonyl group is
considerably increased upon nitrogen protonafiar com-
plexation to metal ion&?

Having established a relationship between the bispidine
substitution pattern and basicity, it is desirable to find a model
that can be used to predict this parameter quantitatively. Such
a model would also be useful to identify further compounds
with even higher basicity. As can be expected, the literature
contains many theoretical studies on structtbyasicity relation-
ships of organic bases. Proton affinities can be calculated,
including solvent effects. Several models for structtbasicity
relationships have been proposéd.

To explore the possibility to rationalize the trend in measured
pKaVvalues of the bases, we carried out quantum chemical calcu-
lations at the IEF-PCM/B3LYP/6-32G(d)//B3LYP/6-31G(d)
hybrid density functional theory (DFT) levét 18 In these

(11) Boczdn W.; Jasiewicz, BCollect. Czech. Chem. Commu03
68, 696.

(12) Dahn, H.; Farine, J.-C.; NglgeT. T.Helv. Chim. Actal98Q 63,
780.

(13) Sasaki, E.; Kiriyama, Sl. Org. Chem1973 38, 1648.

(14) Tyagi, S.; Berlin, K. D.; Hossain, M. B.; Sinars, C.; van der Helm,
D.; Sangiah, SPhosphorus, Sulfur Silicon Relat. EledP97 123 385.

(15) (a) Deakyne, C. Aint. J. Mass Spectron2003 227, 601. (b) Taft,
R. W. Prog. Phys. Org. Chen1983 14, 247. (c) Maksi¢Z. B.; Vianello,
R. J. Phys. Chem. 2002 106, 419. (d) Peez, P.; Simo-Manso, Y.;
Aizman, A.; Fuentealba, P.; Contreras, R.Am. Chem. SoQ00Q 122
4756.
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Proton affinity TABLE 2. Selected Results from the Quantum Chemical
(kcalmol™) Calculations for Compounds 110, Including Proton Affinities
300 in AN
bispidine Kaan® PAP  q(N)¢ d(N---N)? d(N---N*)e d(N—H)f
295 | 1 8.13 276.4 —0.506  2.829 2.668 1.809
2 13.48 282.0 —0.549 2.958 2.731 1.917
3 13.81 285.6 —0.542 2.884 2.715 1.935
4 13.97 285.0 —0.507 2.979 2.692 1.835
290 5 16.93 288.8 —0.552 2.937 2.709 1.897
6 17.48 290.2 —0.545  2.932 2.705 1.906
7 17.79 292.2 —0.555 2.978 2.761 1.977
285 - 8 21.25 296.0 —0.555  2.973 2.688 1.843
9 21.38 295.6 —0.559 2.979 2.743 1.925
10 21.66 298.0 —0.559  3.004 2.723 1.896
280 - aExperimental values, this worR Calculated proton affinities (kcahol~2),
at the IEF-PCM/B3LYP/6-3t+G(d)//B3LYP/6-31G(d) level using =
€acetonitiie = 36.64, given as energy differences between the protonated
275 ' ' ' ‘ ' molecule and the free baseAtomic charges at the N atoms calculated by
natural population analysis (NPA) given in e. The avera@¥ of the two
7.5 10 125 15 175 20 2.5 N atoms in one molecule is tabulatédN---N distance (A) in free base.
pKa eN---N distance (A) in protonated specié®i—H bond length (A) in

FIGURE 1. Correlation between measureldan values and calculated
proton affinities (PA) obtained at the IEF-PCM/B3LYP/6-8&(d)//
B3LYP/6-31G(d) level using = €acetonitrile= 36.64. PA= 1.5728)Ka.an
+ 263.12,r> = 0.9757.

calculations, the polarized continuum model of Tomasi and co-
workers (IEF-PCM) was used to simulate the nonspecific action
of the surrounding solvent, with the dielectric constant set at
36.64, the value of the dielectric constant of acetonitrile. Results
are summarized in Figure 1 and Table 2.

There is an excellent agreement between calculated proton
affinities and observed basicities (Figure 1).

To find an explanation for the observed variation of basicity,

several parameter correlations have been investigated. A linear

correlation withr2 = 0.6315 exists between the calculated N
--N distance in the neutral species and the measukeghyp
values (Figure 2). Among the investigated bispidines, those with
a bridging carbonyl group have shorter-NN distances (2.829
2.958 A) and lower [a an (8.13-17.48) as compared to those
with methylene bridges (NN distances within the range
2.973-3.004 A and K, within 13.97-21.66). Although the
carbonyl group would be expected to flatten the six-membered
ring, and thus move the two N atoms farther apart, the opposite
seems to be the case.

The correlation betweenkg ay and N-+N distance is only
moderate 1> = 0.67), but increases 16 = 0.9489 wherl, 2,
4,7, and9 are excluded. These are the species with the bulkiest

(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A,;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, HGaussian
03, revision B.04; Gaussian, Inc.: Wallingford, CT, 2004.

(17) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Stephens, P.
J.; Devlin, J. F.; Chabalowski, C. F.; Frisch, Nl.Phys. Chem1994 98,
11623.

(18) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213.

protonated species.

d(N-N) (A)
3.05

12.5

17.5 22,5

FIGURE 2. N---N distances at the B3LYP/6-31G(d) level plotted
against measured<qvalues. (a)d, N---N distances in neutral species;
—, all compounds includedd[N--*N) = 0.0097K, + 2.784,r%2 =
0.6315]; - -, excluding compounds, 2, 4, 7, and 9 [d(N:--N) =
0.0135fK, + 2.6997,r> = 0.9489]. (b) ®, N---NT distances in
protonated species;, all compounds includedi{N-:-N*) = 0.003pK,

+ 2.6642,r> = 0.2192]; - -, excluding compounds 2, 4, 7, and9
[d(N-+-N*) = —0.0009(K, + 2.7426,r2 = 0.0519].

N-substituents. For the protonated species, this correlation is
very poor, withr2 = 0.22 (all included) and? = 0.05 (, 2, 4,
7, and9 excluded) (Figure 2).

A similar pattern is obtained when plotting the atomic charges
at the N atoms of the neutral species against the experimental
pKaan values (Figure 3). Again, correlation improves, frof
= 0.64 tor?2 = 0.81, whenl, 2, 4, 7, and9 are excluded.

These findings indicate that the basicity is dependent on both
electronic and steric factors. Initially, high electron density on
the N atoms increases th&pan. The presence of a second
nitrogen atom is responsible for much higher values than would
be expected for corresponding monoamines, which is known
as the chelate effeét. However, the presence of bulky substit-
uents might disfavor the hydrogen-bond formation of "
with the second nitrogen atom or decrease the population of
chair—chair conformers in which hydrogen bonding can occur

J. Org. ChemVol. 71, No. 19, 2006 7157
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a b

q(N) g(N)

-0.50 -0.540 3

-0.511 1

-0.544 6

-0.521 ] °

-0.53 -0.548

-0.541 -0.552] 3

-0.55, ] 2=0.8086 \ &
056 -0.556]

-0.56. 1 Yo
-0.57 -0.560

75 10 125 15 175 20 225 75 10 125 15 175 20 225
PK, pKa

FIGURE 3. Atomic charges of the N atomsyN), in neutral species from natural population analysis at the |IEF-PCM/B3LYP{6584d)//
B3LYP/6-31G(d) level plotted against measurd¢, palues. Theg(N) plotted are averages of the charges of the two N atoms in a molecule. (a)
All compounds,q(N) = —0.0037K, — 0.482,r2 = 0.645. (b)1, 2, 4, 7, and9 excluded,q(N) = —0.0019jK, — 0.515,r2 = 0.809.

a b

—0

FIGURE 4. ORTEP view of (a)7 and (b) [/-H]"-CRSO;~, with the counterion omitted for clarity.

. . . TABLE 3. Interatomic Distances Measured by X-ray
without an extra entropy penalty. Protonation of chdioat Crystallography of the Bispidine 7 and the Protonated Bispidine

conformers might also involve solvation of the-M™ species, [7-H] +CF3SOs
which would require desolvation prior to chelation.

. atoms d(7)2 d([7-H] )b Ad°

Other parameters, such as hydrogen-bond length in the
protonated species or the degree of pyramidalization of N, as Sjiﬁig %i’?g igﬁ 18'85
measured by the sum of valence angles at N atdres)), N-3—C-4 1.477 1.524 40047
show only poor correlation to thekp an values. C-4-C-5 1.531 1.519 —0.012
The structures of bispidine derivativé and its mono- C-5-C-6 1.537 1531 —0.006
protonatedf form [7-H]* were investigated by X-ray crystallog- (N::gi'é:; 12;2 i'ggg 18'852
raphy (Figure 4¥2 Selected interatomic distances are summa-  c.g—c-1 1536 1527 —0.009
rized in Table 3. C-1-C-9 1.529 1.535 +0.006
Upon protonation o, the N-3-+N-7 distance decreases from C-5-C-9 1.526 1.528 +0.002
2.85FLr Ap(7) to 2.727 A ([7-H]*), indicating the presence of a N-SN-7 2.854 2.727 - 0127
o : N-3—CHPh 1.473 1.523 +0.050
hydrogen bond (N—H---N). It is interesting to note that for N-7—CHPh, 1.470 1.494 +0.024

compound4, an N-3-:N-7 distance of 3.072 A has been . . b I I
reportec? This fits well to the description above of the phenyl ¢ D?#giﬁg:'g(?fﬁq;e_s E%Ag}&)_lmeratom'c distances i{H] ™ (A).
group as a bulky substituent. Furthermore, protonatiory of

introduces a substantial asymmetry into the molecule, which is

(19) (a) Mennucci, B.; Tomasi, J. Chem. Phys1997 106, 5151. (b) most pronounced for the-€N bond lengths. For example, N-3
Cancs, M. T.; Mennucci, B.; Tomasi, J. Chem. Phys1997 107, 3032. — NG
(c) Cossi, M.; Barone, V.; Mennucci, B.; TomasiChem. Phys. Letl.998 EHPhZ %\'523 A (protonated N) as_ compare_d to HPR .
286, 253. = 1.494 A (nonprotonated N). An increase in bond length is
(20) Reed, A. R; Curtiss, L. A; Weinhold, 'Ehem. Re. 1988 88, observed for all N-C bonds, corresponding to a weakening
899, and references therein. (Figure 5). Notably, this applies also for the &€-9 and C-5

(21) (a) Alder, R. W.Chem. Re. 1989 89, 1215. (b) Meot-Ner, M.; _ AT : _
Hamiet, P.: Hunter, E. P Field, F. 3. Am. Chem. $04.98Q 102, 6393. C-9 bonds, which is in line with the observed effect of protona

(22) CCDC-600810 and CCDC-264284 contain the supplementary tion or metal ion complexation on the carbonyl group reactivity
crystallographic data for this paper. These data can be obtained free of charggvide infra).

from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/ Protonation experiments in solution followed Hyl NMR

data_request/cif. . . . . .
(23) Levina, O. I.; Potekhin, K. A.; Kurkutova, E. N.: Struchkov, Y. T.;  Using methanesulfonic acid, were in agreement with the assump-

Palyulin, V. A.; Zefirov, N. S.Dokl. Akad. Nauk SSSF984 277, 367. tions made in the computations, i.e., protonation of one nitrogen

7158 J. Org. Chem.Vol. 71, No. 19, 2006
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FIGURE 5. Changes in bond lengths of bispididi@ipon protonation.
R = Ph,CH; --- = longer bond;— = shorter bond.

SCHEME 1. Protonation of 7 with MeSO:;H in CDCl 5
H

. % +Ph NL&\
~ 7-2H]?+-2(MeSO;
g2 N ?N* s \P(h ?N“‘ [ F2(MeS0y)
Ph\( H \)/Ph H YPh
Ph  Ph Ph FIGURE 6. Stereochemically significant NOEs (arrows) used for the
TH 72 assignment of bispidine ring conformations f@2H]?"-2(MeSQ").

SCHEME 2. Protonation of Bispidinone 2 with MeSGQH
atom results in the formation of an intramolecular hydrogen in CDCl3

bond to the other nitrogen atom (Scheme 1). On the NMR time o] HO_ OH

scale (at room temperature), the symmetry of the diamine ligand H' A

is preserved for this first protonation step. For the free base in 2 H_j_o. { \N+ + \ \N+

solution, the symmetry i€,, (as opposed t€; in the crystal). Phey™ H™\-Ph Ph~y" HN\_Ph

The positive charge is spread equally over the two N atoms, Ph Ph Ph Ph
resulting in an adamantane-like structure with the proton posi- [2:H" [2-H]"H,0

tioned at equal distance from both nitrogen atoms, as proposed

for monocationic 3,7-diazabicyclo[3.3.1]nonaR&3his appar- TABLE 4. Selected Taft'se Value922%and the Measured

ent C,, symmetry is most likely the result of rapid proton pKaan Values
hopping between the two nitrogen atofg% Cooling of the

solution (to—70 °C) did not show any splitting or broadening 0 Compound R O PK
of the signals. If an excess of acid is added, the second nitrogen W 3 COMe 031 1381
atom is protonated. This releases the intramolecular hydrogen N \N 5 H 000 1693
bond, and a nonsymmetric, diprotonated bispidine with ehair Bn” *Bn p Me  -0.05 1748

boat conformation is formed. The structure was confirmed by
NOEs. This constitutes one example of the few documented,
double-protonated bispidine derivatives. One of these is the This effect would involve an increase of the electron deficit at
commercial antiarrhythmic agent tedisamil dihydrochlodtle. the carbonyl carbon (via an inductive effect), as has been
The structural features of the bispidines and their protonated claimed by other$?
congeners were characterized using routine NMR techniques, To further rationalize the observed basicities, we applied the
including full assignment of alH NMR and3C NMR signals, Taft model. This divides substituent effects on basicity into
as has been described previou8yRing conformations in different contributions, i.e., field effects, polarizability effects,
bispidines were derived from NOEs and homonuclear coupling resonance effects, and steric effe§5a15b.29.30n the Taft
constants and fromiJcy as indicated in HMBC spectra. An equation (eq 1),
example of conformationally significant NOEs is shown for the
doubly protonated bispidine derivativé-PH]2"-2(MeSQ™) in pK, = pK,® + po, + SE Q)
Figure 6.
Bispidinones behaved differently than bispidines upon pro- the two last terms express the independent contributions from
tonation under similar conditions. For example, the bispidinone polar (inductive) and steric effects, respectively.
2 formed a mixture of two monoprotonated species. The ratio  Parameter sets for the bispidine substituents (in the case of
between these species depended on the amount of moisture il,5-disubstituted-3,7-dibenzylbispidinon&ss and6) are col-
the sample. Upon closer scrutiny, the mixture was shown to lected in Table 4. The values measure the polar effects of
contain the saltd-H]* MeSQ;~ and the salt of the corresponding  substituents. A large positive; value implies high electron-
9,9-diol (Scheme 2). withdrawing power by inductive and/or resonance effects,
The formation of such diols is likely to proceed via proto- relative to H, whereas a large negatiwevalue implies high
nation of the carbonyl oxygen atom, followed by a nucleophilic electron-releasing power relative to H. The paramefeis
addition of water. However, this reaction occurs more readily supposedly free of steric influences and dependent on only elec-
in the bispidinones than in comparable ketones, indicating that tronic factors. This allows an estimation of basicity for the given
initial protonation of the nitrogen atom has an activating effect. set of substituents.
The correlation betweerk an ando, (Figure 7) appears to
(24) Douglas, J. E.; Ratliff, T. BJ. Org. Chem1968 33, 355. be rather good for this small selection of compounds (1,5-
(25) Gierczyk, B.;-bska, B.; Nowak-Wydra, B.; Schroeder, G.; disubstituted-3,7-dibenzylbispidinones). For the other com-

Wczlggcggr"r‘ﬁk'gtB"gﬂi;;BB%Z;\%'I"'SEfr'u'\é'toé'o%g“gﬁofq 524 217. pounds, a good correlation could not be found. Most likely,

(27) Garrison, G. L.; Berlin, K. D.; Scherlag, B. J.; Lazzara, R.; Patterson,
E.; Fazekas, T.; Sangiah, S.; Chen, C. L.; Schubot, F. D.; van der Helm, D.  (29) (a) Hansch, C.; Leo, A.; Taft, R. \@hem. Re. 1991 91, 165. (b)

J. Med. Chem1996 39, 2559. Charton, M.J. Org. Chem1964 29, 1222.
(28) Gogoll, A.; Grennberg, H.; Axe A. Magn. Reson. Cheni997, (30) MacPhee, J. A.; Panaye, A.; Dubois, J¥etrahedronl1978 34,
35, 13. 3553.

J. Org. ChemVol. 71, No. 19, 2006 7159



]OCAT’tiCle Toom et al.

PK o TABLE 5. 5N Chemical Shiftst of Compounds 1-12, Including
18 - Protonated Species for 2, 6, and 7
17 bispidine O(*5N) bispidine O(*™N)
6] R® = 0.9999 1 —3225 7 ~326.3
2 —329.9 [*H]*MeSQy~ —314.4
15 [2:H]*MeSQ~ —316.5 [-2H]P 2MeSQ~ —322.5,-325.4
3 —337.0 8 —335.9
41 3 4 -3155 9 ~328.6
13 , , , , | 5 —-336.9 10 —325.4,—326.6
01 0 01 02 03 04 6 —3335  PHI"MeSQ-H0  —315.0
a [6-H]* MeSQ~ —323.0 1132b —341.2
1288 —340.0

FIGURE 7. Correlation between Taft parametgrand gKaan for 1,5-

disubstituted-3,7-dibenzylbispidinoneKp= 16.95— 10.15x o, r? * Referenced to 0.37 M GO, (0 = 0.0 ppm) in CDC} and measured

for CDCls solutions.? Solution in acetonels at —70 °C.

= 0.9999.
C|> » C|> _ The 5N chemical shift values do not show any general
OZN%“% Me3s%""'63 correlation with the calculated(N) charges, indicating that
N \N N \N several counteracting factors might be involved. The higher
a) B Bn by Bn “Bn chemical shifts for compounds and 4 are likely due to the
Me. ~ Me combined deshielding eff_ect of the phenyl _sqbstituent anisotropy
% y\\ and lower electron density. For the remaining compounds, the
N N N N correlation is the reverse of what would be expected. Protonation
o) Me’ Me  g)tBu “t-Bu has the expected effect of increasing the chemical shift (i.e.,

deshielding), but double protonatior7(H]?*) decreases the
FI(_BURE 8. Sugges_tions for new bispidines with different basicity. chemical shift (which is still higher than in the free base),
Using the Taft equation: (a}(NOp) = 0.76, Ka = 16.95— 10.15x indicating that also further conformational effects are involved
0.76= 9.24; (b)ai(SiMe;) = —0.13, Ko = 16.95— 10.15x —0.13 S " L . .
= 18.27. Using computations and proton affinityK, correlation: (c) (vide infra). This is also indicated by the different chemical
PA = 296.67 kcalmol 2, pK, = 21.33; (d) PA= 299.67 kcaimol, shifts for the two sparteine nitrogens and for the nitrogens in
pKa = 23.19. the dication 7-2H]?". On a qualitative level, substitution of the

nitrogen atoms with groups having stronger electron-withdraw-
they would require the use of steric parameters. However, ouring effect results in deshielding [e.8. (—335.9 ppm)— 7

tests with such parameté?glid not improve the fitting. One  (—326.3 ppm)5 (—336.9 ppm)— 2 (—329.9 ppm)]. A carbony!

reason could be that the literature parameters are not well-suitedyroup (C-9) results in shielding,.e, 8 (—335.9 ppm)— 5

for the property under consideration or that conformational (—336.9 ppm)7 (—326.3 ppm)— 2 (—329.9 ppm)4 (—315.5)

effects of the bispidine skeleton are involved. — 1 (—322.5). This is the opposite of what should result from
Using the results from the correlations between structure and entirely electronic effects and might indicate some conformation-

basicity, we are now able to rationally design new bispidines related anisotropy effects or a change in solvation. On the other

with a range of [a values, in particular bispidines wittKg's hand, the thiolane derivativi2 has a higher shielding than the
outside the present range. In particular, it should be possible to

propose further derivatives of these bispidinones with higher ) S/_\S
basicity by using 1,5-substituents with lowarvalues. A few y\\ CFsS0;
examples are shown in Figure 8. ph. N N pp A\
15\ NMR Chemical Shifts. N NMR chemical shifts, with Y N4 NN
. . . Ph Ph Bn Bn
a range of>1000 ppm, provide valuable information about the < 12
shielding of nitrogen atoms, giving access to structural informa- 11

tion as well as molecular interactions. Lower chemical shift

indicates higher electron density around the nucleus, which in related carbonyl derivativé. To rationalize the effect of metal
turn should be an indicator of its electron donor capability and, coordination, the ligand trans to the nitrogen atoms must be
hence, its basicity. This has also been exploited for a variety of considered, i.e., its trans influence: In the seriesl[* (—314.4
simple organic molecules. Thus, the relationships betven ppm) — 7 (—326.3 ppm)— 11 (—341.2 ppm), the shielding
NMR chemical shifts and theiq values of 2,4-dinitroanilinium effect increases, the protonated ligand being most deshielded.
salts were found to be linear, indicating that these properties Obviously, thez-allyl ligand transfers electrons toward the
are influenced by the same factdpsCorrelation between  nitrogens. In the serieg{2H]?* (—322.5,—325.4)— [7-H]*
basicity and calculated®N NMR chemical shifts has been (—314.4 ppm)— 7 (—326.3 ppm), the double protonated species
established for iminoamines and other compoufdéowever, does not fit in, possibly indicating effects of its different con-
these usually are calculations for isolated molecules in the gasformation (chairboat instead of chairchair). In summary, the
phase. Observed chemical shifts for the bispidine derivatives 15N chemical shifts can be rationalized well on a qualitative
and some of their salts and complexes are summarized inlevel, with the exception of the carbonyl compounds. However,
Table 5. correlation with the basicity of the bispidine derivatives is poor.
It should also be noted that the variation of our experimental
(31) (a) Howard, S. T.; Platts, J. A.; Coogan, MJPChem. Soc., Perkin  chemical shifts is of the same magnitude)(< 25) as typical

Trans. 22002 899. (b) Vianello, R.; Kovaevic, B.; Maksig Z. B. New J. ; ;

Chem2002 26, 1324. (c) Czernek, J.; Fiala, R.; SKiéné. J. Magn. Reson. error margl_ns of yalues der"’ed from quantum Chem(i;éal |
200Q 145 142. (d) Marek, R.; Humpa, O.: D6§td.; Slavk, J.: Sklefia NMR chemical shift calculations. Furthermore, reported excel-
V. Magn. Reson. Cheni999 37, 195. lent correlations betweeltN chemical shifts and basicities or
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proton affinities often refer to calculated, not observed, chemical CHART 1. Selected Structures of the Reference Compounds

shifts, obviously avoiding complications due to conformational
and, in particular, solvation effects.

Conclusions

We have shown that the influence of substituent effects on

the basicity of bispidine derivatives covering a wide range of

values can be predicted by computations with high accuracy.
Substituent effects can also be rationalized considering electronic

effects. A correlation betwe€elN chemical shifts and basicity

could, however, not be proven, indicating that this parameter

is influenced by further effects that are not easily predicted.
Therefore, K, values should provide a better indication of
ligand performance.

Experimental Section
Quantum Chemical Calculations.The quantum chemical calcu-

N g
Ar-N=FI’—N:j Ph-N=P—
<N7 AN
ArP,(pyrr) PhP,(dma),Me
\’?l/ ) " '!l
-N=P— - ~
Ph-N! E N\ Ph Y
0N PANS
PhP,(dma) PhTMG

Chemicals for pK, Determination. The synthesis and purifica-
tion of the reference compounds (Chart 1) are described else-
where?0-44 Acetonitrile [>99.9%, super purity solvent (far UV),
water content<0.005%] was the same as used in previous wWdfks
and was used without further purification. The water content of

lations were carried out with the Gaussian03 program package usingpure solvent was determined by coulometric Karl Fischer titration

the B3LYP hybrid density functional theory (DFT) methte”
Geometries were optimized using the 6-31G(d) valence douible-
basis set of Pople and HariharEnwith subsequent single-point
energy calculations using the 6-BG(d) basis set with diffuse

functions on all atoms except hydrogen. Frequency calculations

to be about 0.004%. Solutions of methanesulfonic acid (Mg5O
>99%) and trifluoromethanesulfonic acid (TfOH,8%) were used
as acidic titrants. A solution of phosphazene bag&iPi(pyrr)
(=98%) was used as basic titrant.
3-(tert-Butyloxycarbonyl)-7-(1,1-diphenylmethyl)-3,7-diaza-

were performed on symmetric structures to ascertain that thesebicyclo[3.3.1]Jnonan-9-one (13)A suspension of coarsely grained
structures correspond to minima on the potential energy surfaces.paraformaldehyde (1.00 g, 33.3 mmol) in methanol (50 mL) was
The nonspecific action of a surrounding solvent was simulated using slowly added to a refluxing solution &f-(tert-butyloxycarbonyl)-

the polarizable continuum model in the integral-equation formalism
(IEF-PCM) of Tomasi and co-worket8.Atomic charges were
calculated with natural population analysis (NPA) as implemented
by Weinhold?®

General Experimental Details.Melting points were determined
in open capillaries and are uncorrectéid.and3C NMR spectra
were recorded at 400 or 500 MH#H) and 100.6 or 125.7 MHz
(*3C). Chemical shiftsH and'2C) were indirectly referenced to
TMS via the residual solvent signal (CDLI7.26 and 77.0)*N
NMR chemical shifts were obtained froft detected'H—15N
gHMBC?* spectra at 500 MHz. Thé>N chemical shifts were
referenced externally to the signal of 4D, (6 = 0.0 ppm, 0.37
M solution of CHNO,* in CDCls). NMR signals were assigned
from gHSQC3¢ gHMBC,3* gNOESY?$” and TOCSY®8 spectra.
Reactions were monitored by TLC on silica gekfor neutral
alumina ks4 and compound visualization was achieved with UV-
light (254 nm) or by developing the plates with a 5% phospho-
molybdic acid solution in ethanol, followed by heating. Flash
column chromatography was performed on silica gel 6035
70um) or on neutral activateg-Al 03 (60 mesh). All commercially

piperidin-4-one (3.00 g, 15.1 mmol), benzhydrylamine (2.98 g, 16.3
mmol), and acetic acid (0.92 g) in methanol (80 mL). During 1 h
another portion of paraformaldehyde (1.00 g, 33.3 mmol) was added
and the mixture was refluxed overnight. Water (500 mL) and 1 M
KOH solution (30 mL) were added, and the aqueous phase was
extracted with diethyl ether and GEl,. The combined organic
phases were dried over Mg%@nd filtered, and the solvent was
evaporated. The yellow foamy residue was purified by flash
chromatography on silica gel (pentane/fCH/EtOAc 10:3:2) to
yield an amorphous solid (3.78 g, 9.30 mmol, 62% yieR)=

0.40 (pentane/CKCI/EtOAc 10:3:2). 'H NMR (500 MHz,
CDCly): ¢ = 7.49 (m, 4H, Ph), 7.29 (m, 4H, Ph), 7.19 (m, 2H,
p-Ph), 4.64 (dmJ = 13.3 Hz, 1H, G1-N—CO), 4.47 (dmJ =

13.3 Hz, 1H, ®GI-N—CO), 4.06 (s, 1H, PiCH), 3.42 (dm,J =

13.3 Hz, 1H, GINCO), 3.32 (dm,J = 13.3 Hz, 1H, GINCO),
3.27 (m, 2H, 6,8-@), 2.52 (dm,J = 11.5 Hz, 2H, 6,8-El), 2.39

(m, 1H, 1-H), 2.33 (m, 1H, 5-@l), 1.64 (s, 9H, Ei3). 13C NMR
(125.7 MHz, CDCYJ): 6 = 214.0 C-9), 154.5 (N-C=0), 142.6
(ipsoC), 142.5 (ipsc€), 128.8 (Ph), 128.6 (Ph), 127.6 (Ph), 127.4
(Ph), 127.2 (Ph), 80.33Mej3), 76.0 (Ph-CH), 58.4 CH,-6,8), 50.2

available chemicals were of reagent grade and used without further(CH2-2 or CH,-4), 49.8 CH»-4 or CH,-2), 47.4 CH-1), 47.3 CH-
purification unless otherwise noted. 3,7-Diphenyl-1,5-dicarbomethoxy- 5), 28.6 CHs).

3,7-diazabicyclo[3.3.1]Jnonan-9-orig?2 3,7-dibenzyl-1,5-dicarbo-
methoxy-3,7-diazabicyclo[3.3.1]Jnonan-9-d3)& 3,7-diphenyl-3,7-
diazabicyclo[3.3.1]nonang® 3,7-dibenzyl-3,7-diazabicyclo[3.3.1]-
nonan-9-oné,'23,7-dibenzyl-1,5-dimethyl-3,7-diazabicyclo[3.3.1]-
nonan-9-oné,22and §9-3,7-bis(1-phenylethyl)-3,7-diazabicyclo-
[3.3.1]nonan&?¢ were prepared according to literature procedures.

The crystallographic analysis procedure is described in the Sup-

porting Information.

(32) Toom, L.; Grennberg, H.; Gogoll, A. Submitted Magn. Reson.
Chem.,2006.

(33) Toom, L.; Grennberg, H.; Gogoll, ASynthesi2006 2064.

(34) Hurd, R. E.; John, B. KJ. Magn. Reson1991, 91, 648.

(35) Witanowski, M.; Stefaniak, L.; Szymanski, S.; Januszewski].H.
Magn Reson1977, 28, 217.

(36) Davis, A. L.; Keeler, J.; Laue, E. D.; Moskau, D.Magn. Reson.
1992 98, 207.

(37) Wagner, R.; Berger, S. Magn. Reson., Ser. 2996 123 119.

(38) Braunschweiler, L.; Ernst, R. R. Magn. Reson1983 53, 521.

(39) Zefirov, N. S.; Gogozina, S. Vletrahedron1974 30, 2345.

3-(1,1-Diphenylmethyl)-3,7-diazabicyclo[3.3.1]nonan-9-one (14).
A suspension ofL3 (4.06 g, 9.98 mmol) and anhydrous Znf3r
(4.50 g, 20.0 mmol) in CECl, (60 mL) was stirred at room
temperature for 13 h. The mixture was poured into dilute aqueous
NaOH solution, and the aqueous phase was extracted with CH
Cl,. The organic phase was concentrated to yield a yellowish
amorphous solid (2.58 g, 8.43 mmol, 84% yield). The product was

(40) Kaljurand, I.; Rodima, T.; Leito, I.; Koppel, I. A.; Schwesinger, R.
J. Org. Chem200Q 65, 6202.

(41) Inamo, M.; Kohagura, T.; Kaljurand, |.; Leito,lhorg. Chim. Acta
2002 340, 87.

(42) Rodima, T.; Kaljurand, I.; Pihl, A.; Mamets, V.; Leito, |.; Koppel,
I. A. J. Org. Chem2002 67, 1873.

(43) Rodima, T.; Mamets, V.; Koppel, I. AJ. Chem. Soc., Perkin Trans.
1200Q 2637.

(44) Kaljurand, I.; Kit, A.; Soovdi, L.; Rodima, T.; M@&mets, V.; Leito,
I.; Koppel, I. A.J. Org. Chem2005 70, 1019.

(45) Nigam, S. C.; Mann, A.; Taddei, M.; Wermuth, C.-Synth.
Commun.1989 19, 3139.
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SCHEME 3. Synthesis of Compound 2
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SCHEME 4. General Method for the Syntheses of
Compounds 4, 7, 8, and 9
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| I PhMe, A R \R

4,7,8,9

found to be unstable on silica and neutral alumina; therefore, it
was used without further purifications directly in the next stép.
NMR (500 MHz, CDC}): 6 = 7.43 (m, 4H, 26-CH), 7.31 (m,
4H, 3,5-CH), 7.21 (m, 2H, 4CH), 4.01 (s, 1H, P¥CH), 3.56 (dm,
J=13.9 Hz, 2H), 3.34 (m, 2H), 3.19 (drd,= 13.9 Hz, 2H), 2.56
(m, 2H), 2.31 (m, 2H, 1,5-8).
3,7-Bis(1,1-diphenylmethyl)-3,7-diazabicyclo[3.3.1]Jnonan-9-
one (2) (Scheme)3To a mixture of14 (2.00 g, 6.53 mmol),
benzhydryl bromide (1.86 g, 7.53 mmol),,80; (9.0 g, 65.1
mmol), KOH (1.83 g, 32.7 mmol), and BNBr (0.40 g, 1.24 mmol)
were added CECI, (100 mL) and water (40 mL). After stirring at
room temperature for 45 h, the mixture was extracted with@H
(2 x 50 mL), and the combined organic phases were dried over
N&SO,, filtrated, and concentrated to yield 4.2 g of yellow oil.
Purification with flash chromatography on silica gel (pentane/CH
Cl/EtOAC/TEA 100:20:7:6) and recrystallization from acetone gave
2.99 g of colorless crystals (6.33 mmol, 97% yield). Mp: 487
189 °C. R = 0.65 (pentane/CHCI,/EtOAC/TEA 100:20:7:6). IR
(neat): 3026, 2951, 2793, 1734<0), 1492, 1450, 985, 757, 709
cm . *H NMR (500 MHz, CDC}): 6 = 7.43 (m, 8H, 26'-CH),
7.31 (m, 8H, 35-CH), 7.22 (m, 4H, 4CH), 4.42 (s, 2H, P$CH),
3.10 (dm,J = 11.3 Hz, 4H, 2,4,6,8-B,-eq), 2.73 (dmJ = 11.3
Hz, 4H, 2,4,6,8-@lx-ax), 2.52 (m, 2H, 1,5-8). 13C NMR (100.6
MHz, CDCk): 6 = 215.0 C=0), 142.0 C-1'), 128.5 (Ph), 127.9
(Ph), 127.1 CH-4"), 74.7 (PhCH), 56.6 CH»-2,4,6,8), 47.0 CH-
1,5). 5N NMR (50.7 MHz, CDC}): 6 = —329.9 (N-3,7). Anal.
Calcd for GaH3N,0: C, 83.86; H, 6.82; N, 5.93. Found: C, 84.03;
H, 6.81; N, 5.81.
3,7-Bis(1,1-diphenylmethyl)-3,7-diazabicyclo[3.3.1]Jnonane (.

Toom et al.

pentane and ether and left in a refrigerator to crystallize. Crystals
were separated, and the mother liquid was concentrated and purified
by column chromatography using pentane/ether/TEA (50:7:3) as
the solvent. Crystallization from acetone afforded the title product
(7) as white crystals (345 mg, 0.75 mmol, 45% yield). A byproduct
was also isolated; see Supporting Information (compoifd
Mp: 174-175°C (lit.*62mp: 170°C). R = 0.64 (pentane/ether/
TEA 50:5:3). IR (neat): 3021, 2890, 2748, 1597, 1491, 1267, 995,
748, 700 cm'. *H NMR (CDCls, 500 MHz): 6 = 7.70 (m, 8H,
2',6'-CH); 7.40 (m, 8H, 35-CH), 7.27 (m, 4H, 4CH), 4.19 (s,
2H, Ph—CH), 2.99 (dm,J = 11.1 Hz, 4H, 2,4,6,8-B,-eq), 2.20
(dm,J = 11.1 Hz, 4H, 2,4,6,8-8,-ax), 1.84 (m, 2H, 1,5-8),
1.55 (m, 2H, 9-C1y). 13C NMR (CDCk, 125.7 MHz)6: 143.6
(C-1'), 128.34 (Ph), 128.28 (Ph), 126.6H-4'), 78.0 (Ph-CH),
57.0 CH2-2,4,6,8), 32.6CH>-9), 30.7 CH-1,5).*>N NMR (CDCls,
50.7 MHz)0: —326.3 (\-3,7).
3,7-Dibenzyl-3,7-diazabicyclo[3.3.1]nonane (8).1,5-Diiodo-
2,4-bis(iodomethyl)pentaf®(1.00 g, 1.66 mmol) and benzylamine
(1.06 g, 9.89 mmol, 6 equiv) were dissolved in toluene (6 mL) and
sealed into a glass ampule. After heating at 1@5or 3 days, the
ampule was cooled to room temperature, and the contents were
extracted with 10% NaOH solution, followed by re-extraction of
the aqueous phase with toluene, evaporation of the organic phase,
and drying under vacuum. Flash chromatography was carried out
by using silica gel and pentane/ether/TEA (7:0.5:0.6) as the mobile
phase, resulting in isolation of the title product as a transparent oil
(0.23 g, 0.75 mmol, 45% yield). A byproduct was also isolated;
see Supporting Information (compoud@). R = 0.50 (pentane/
ether/TEA 7:0.5:0.6)'H NMR (CDCl;, 500 MHz): 6 = 7.47 (m,
4H, 2,6'-CH), 7.34 (m, 4H, 35-CH), 7.27 (m, 2H, 4CH), 3.50
(Ph-CHy), 2.84 (dm,J = 11.0 Hz, 4H, 2,4,6,8-B,-eq), 2.36 (dm,
J=11.0 Hz, 4H, 2,4,6,8-B,-ax), 1.91 (m, 2H, 1,5-8), 1.58 (m,
2H, 9-CHy). 13C NMR (CDCk, 100.6 MHz): 6 = 139.8 C-1),
128.8 (Ph), 128.0 (Ph), 126.8ld-4"), 63.4 (Ph€H,), 57.9 CH.-
2,4,6,8), 30.9 CH»-9), 29.9 CH-1,5). 5N NMR (CDCl;, 50.7
MHz): 6 = —335.9 (\-3,7).

General Procedure for NMR Titration Experiments. Bispidine
derivative was dissolved in CDE(0.7 mL) in an NMR tube. A
solution of MeSGQH in CDCl; (ca. 0.5 M) was prepared imme-
diately prior to use. After recording the spectrum of the free
bispidine derivative solution, aliquots of the acid solution were
added and théH NMR spectra recorded after each addition. After
the disappearance of the signals corresponding to the free bispidine
derivative, other NMR spectrd3C, NOESY, HMBC, etc.) were
recorded in order to assign the structures of the formed protonated
species.

(3-endq7-ex0-3,7-Bis(1,1-diphenylmethyl)-3,7-diazoniabicyclo-
[3.3.1]nonane dimethane-sulfonate ([2H]?"-2MeS0;7). H
NMR (500 MHz, CDC}): 6 = 8.93 (bs, 1H, chair-side i), 7.81
(bs, 1H, boat-side N), 7.70-7.80 (several multiplets), 7.33.49
(several multiplets), 5.95 (dl = 9.0 Hz, 1H, boat-side BEH),

5.41 (d,J = 8.1 Hz, 1H, chair-side BEH), 3.61 (m, 2H, boat-
side (H»-eq), 3.53 (m, 2H, boat-sideH3-ax), 3.37 (m, 2H, chair-
side (H,-eq), 3.22 (m, 2H, chair-sidek-ax), 3.03 (s, €El3), 2.74

This compound was prepared by an alternative (Scheme 4) to the(m, 2H, 1,5-CH), 2.56 (m, 1H, boat-side 94@), 1.99 (m, 1H, chair-

literature procedure. 1,5-Diiodo-2,4-bis(iodomethyl)perita¢ie00 g,
1.66 mmol) and benzhydrylamine (2.00 g, 10.9 mmol, 6.6 equiv)

were weighed into a glass ampule, dry toluene (6 mL) was added,

and the ampule was sealed. After heating at 4@25%or 100 h and

side 9-CH). 13C NMR (125.7 MHz, CDC): 6 = 133.6, 133.0,
130.0, 129.9, 129.7, 129.1, 128.8, 128.5, 80.2 (chair-sidEPh

75.9 (boat-side RPICH), 56.9 (chair-sidé&€H,), 51.5 (boat-sid€Hy),

39.5 (CHs), 24.5 (CH-1,5), 20.6 CH»-9).

cooling to room temperature, the ampule was opened, and the pKa_ Det_erminati_on. The spectrophotometr_ic titration method
formed crystals were separated, extracted with 109% NaOH solution used in this work is the same as that described edrtieti.e.,

(15 mL), and re-extracted with GBI, (4 x 15 mL). The combined
organic phases were extracted with brine (4 mL) and dried over
anhydrous Nz50,. The resulting oil was treated with a mixture of

(46) (a) Binnig, F.; Friedrich, L.; Hofmann, H. P.; Kreiskott, H.;
Raschack, M.; Mler, C. 1978 Ger. Offen. DE 2726571Chem. Abstr.
1979 90, 121568. (b) Kaneko, Y1988 Jpn. Kokai Tokkyo Koho JP
63281158,Chem. Abstr1989 111, 15252.

7162 J. Org. Chem.Vol. 71, No. 19, 2006

simultaneous titration of two free bases, one bispidine derivative,
and a reference base of comparable basicity. After each addition
of acidic titrant the U\+vis spectrum was recorded. Also, both
bases were titrated separately. A glovebox was used to ensure the
absence of humidity and oxygen. A UWis spectrophotometer

(47) Ruenitz, P. C.; Smissman, E. E. Heterocycl. Chem1976 13,
1111.
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TABLE 6. Results of UV—Vis Spectrophotometric Titration Experiments in AN Solution and Assigned Kaan Values for the Conjugate Acid
Forms of the Compounds 110

reference base conén,® M
reference acid? calcn assigned
bispidine identity 5 bispidine base used method ApKe® s pKavalue

1 3-NO;-aniline 7.68 1.59 4,74 T S 0.44 0.05 8.13
3-NO,-4-F-aniline 7.67 2.56 5.67 T S 0.42 0.04
2,6-(MeO)-pyridine 7.64 2.49 7.11 T S 0.48 0.07
2,4-F-aniline 8.39 2.58 8.33 T S -0.23 0.03
2-Cl-pyridine 6.79 3.29 13.25 T S 1.38 0.05

2 2,6-Chb-4-NOy-CgHo-Pi(pyrr) 14.43 1.73 3.67 M NV/S -0.95 0.1 13.48
2,6-(NQy)2-CeHs-Pi(pyrr) 14.12 1.50 5.22 M NV/S 0.65 0.05

3 2,4-(NQy)2-CeH3-Pi(pyrr) 14.88 3.57 3.19 M NV/S -0.95 0.1 13.81
2,6-(NQy)2-CeHs-Pai(pyrr) 14.12 2.78 7.53 M NV -0.35 0.05
2,6-Chb-4-NOy-CgHo-Pi(pyrr) 14.43 2.74 4.03 M NV -0.62 0.05
3-NH-pyridine 14.17 1.67 6.63 M NV/S —-0.44 0.1

4 2,4-(NQy)2-CeHs-P1(pyrr) 14.88 2.31 3.07 M S —-0.90 0.03 13.97
2,6-(NQy),-CgHs-Py1(pyrr) 14.12 1.91 2.91 M S -0.17 0.01
2,6-Chb-4-NO,-CgHo-P1(pyrr) 14.43 2.50 3.68 M S -0.47 0.01

5 2-NO,-4-CF3-CgH3z-P1(pyrr) 16.54 2.45 1.78 M NV 0.39 0.05 16.93
2-NO,-5-ClI-CgH3-P1(pyrr) 17.27 3.00 2.08 M NV -0.34 0.05
2-NO,-4-Cl-CgH3-P1(pyrr) 17.68 2.66 2.83 M NV -0.76 0.05

6 2-NO,-4-CFs-CgH3z-P1(pyrr) 16.53 1.98 3.61 M NV 0.96 0.05 17.48
2-NO,-5-CI-CgHz-Pa(pyrr) 17.27 4.16 1.85 M NV/S 0.19 0.07
4-NMe;-pyridine 17.95 1.43 4.50 M NV/S —0.47 0.1
4-NMe;-pyridine 17.95 2.67 5.02 T NV/S —0.46 0.1
2-NO,-4-Cl-CgH3-P1(pyrr) 17.68 1.88 3.87 M NV/S -0.19 0.1

7 2,5-Ch-CgH3-Py1(pyrr) 18.52 1.13 1.86 M S -0.70 0.04 17.79
4-pyrrolidinylpyridine 18.33 1.04 3.23 M NV/S -0.59 0.1
4-NMe-pyridine 17.95 1.42 3.32 M NV -0.17 0.06
4-NO,-CgHa4-P1(pyrr) 18.51 1.12 2.85 M S -0.70 0.06

8 PhR(dma) 21.25 1.24 2.49 M NV 0.03 0.06 21.25
4-Br-CgH4-P1(pyrr) 21.19 1.84 1.14 M NV/S 0.08 0.06
PhR(dma)Me 21.03 1.14 2.04 M NV/IS 0.23 0.1
4-CFs-CgHa-Pi(pyrr) 20.16 1.49 1.61 M NV/S 1.01 0.1
PhTMG 20.84 1.54 2.71 M NV 0.43 0.06

9 2-Cl-CgHa-P4(pyrr) 20.17 2.34 2.74 M NV/S 1.2 0.1 21.38
PhR(dma) 21.25 1.79 3.62 M NV/IS 0.11 0.05
4-Br-CgH4-P1(pyrr) 21.19 1.79 2.99 M NV/S 0.21 0.05
PhR(dmayMe 21.03 2.17 2.67 M NV 0.36 0.05
PhTMG 20.84 2.05 3.40 M NV/S 0.52 0.1

10 PhR(pyrr) 22.34 4.39 3.87 M NV/S -0.63 0.1 21.66

PhR(dma) 21.25 4.07 3.17 M NV/S 0.41 0.05
PhR(dma) 21.25 6.45 3.53 T NV/S 0.42 0.05
4-Br-CgH4-P1(pyrr) 21.19 3.58 3.14 M NV/S 0.49 0.1
PhR(dma)Me 21.03 4.11 2.67 M NV/S 0.60 0.07
PhTMG 20.84 3.97 4.32 M NV/S 0.77 0.07

aReference 442 Concentration of bispidine and reference base in mixtukdabreviation of the acid titrated with: M= CH3SO;H, T = CRSOsH.
d Calculation method: NV, bispidine as “nonvisibleApK, calculated on molar basis; S, calculated from ks spectra® ApK, = pKa(bispidine) —
pKa(reference base).

was connected to an external sample compartment that was situatedation methods have been reported previodgi/248From each
in the glovebox by means of two quartz fiber optic cables. titration experiment of the mixture of bases, thpK, was deter-

Glassware used during the experiments was heated atQ 56r mined as the mean of H#20 values. As most of the bispidines

at leas 6 h and then cooled in a desiccator ove©Por in the have only small differences between the Y¥s spectra of the
glovebox. Concentrations of bases used in the titration experimentsfree base and the protonated form, an alternative method was used
were around 1 M and never exceeded 14 10~° M; concentra- as well. In this metho& available spectra as well as the exact
tions of acidic and basic titrants were usually in thex5.0* M amount of moles of the compounds in the titration vessel and of

range. The solutions were transferred by means of Pasteur pipetghe added titrant are used (“based on moles” method; see ref 42
or syringes. A solution of MeSgl in AN was used as acidic titrant  for details). Good agreement between these two different approaches
in most cases. In some experiments (see Table 6), a solution of(pure spectrophotometric and based on moles method) was not
TfOH was used because the acidity of MeBiQvas too low. Two always obtained. In this case the result with better standard deviation
basicity equilibriums were measured using both acids to make sure(usually the method that was based on moles) was used. The
that ApK, does not depend on anions of the acids (Table 6). The absolute K, values were calculated as reported previol8lpy
water content of collected titrated waste solutions was determined minimizing the sum of squares of differences between directly
by coulometric Karl Fischer titration to be about 0.6656006%. measured\pK, values and assignedpvalues while the i, values

Calculation Methods. UV —vis spectra were used to determine of reference bases were kept constant (Table 6). However, it should
the ApK, values for those pairs of bases that have both good as
well as different UV-vis spectra of the free base and the protonated  (48) Leito, I.; Rodima, T.; Koppel, I. A.; Schwesinger, R.; Vlasov, V.
form (“pure” spectrophotometric method). The details of the calcu- M. J. Org. Chem1997, 62, 8479.
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be stressed that the absolute,values of bases given in Table 6
are not as accurate as the relativgg The precision and the con-

Toom et al.
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[ u
ST Ny — Ne 2)
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