
J. Org. Chem. 1990,55, 2637-2644 2637 

the solvent) and in the gas phase (due to the existence of 
a more feasible competitive reaction) can easily occur in- 
side the active site of an enzyme. 

The present results indicate that hydroxyl attack is a 
strongly favored process, which occurs a t  a high rate due 
to the small activation barrier. Therefore, it seems obvious 
that the hydroxyl attack at the C6 atom of nucleosides 
cannot be the rate-determining step of the deamination 
reactions catalyzed by ADA and CDA. 

The ease of hydroxyl attack on the neutral 6-amino- 
pyrimidine molecule introduces one intriguing question: 
Why is the protonation of N1 necessary6'12,26,27,53,54 for the 
deamination reaction? Stated another way, what is the 
biochemical role of the protonation of N l ?  Three possible 
explanations follow. 

(i) Protonation at N1 creates a net charge over the py- 
rimidine ring and consequently the hydroxyl attack on C6 
is presumably favored (for both orbital and electrostatic 
reasons) over the proton transfer. This charge could open 
new reactive pathways such that a hydroxyl group located 
in a "nonreactive" orientation becomes "reactive". 

(ii) Protonation a t  N1 could be responsible for a con- 
formational change occurring in the enzyme during the 
formation of the tetrahedral intermediate. This change 
is well documented for whereas several indirect 

(53) Ikehara, M.; Fukui, T. Biochim. Biophys. Acta 1974,338,512-519. 
(54) Crabtree, G. W.; Agarwal, R. P.; Parks, R. E.; Lewis, A. F.; 

Wotring, L. L.; Townsend, L. B. Biochem. Pharmacol. 1979, 28, 

(55) Frieden, C.; Kurz, L. C.; Gilbert, H. R. Biochemistry 1980, 19, 

(56) Kurz, L. C.; Weitkamp, E.; Frieden, C. Biochemistry 1987, 26, 
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5303-5309. 

3027-3032. 

experimental indications of this change as the slow binding 
of transition state inhibitors" exist for CDA. As a con- 
sequence, a hydroxyl group initially in a nonreactive 
position could become reactive. 

(iii) This work is focused on the study of hydroxyl attack 
on nucleosides. However, the great reactivity of the hy- 
droxyl group in the gas phase (clearly demonstrated in this 
work) makes it difficult to envision its existence in free 
form at the active site of an enzyme. Therefore, the hy- 
droxyl group must be generated, presumably from a water 
molecule, by the action of a basic residue of the enzyme 
(probably a histidine group16*26). In this context, a new 
reaction, the proton transfer from a water molecule to a 
residue of the active site, appears. I t  could be suggested 
that the protonation at N1 and consequent increase of the 
electrophilicity at C6 facilitates this hydroxyl generation. 

The results discussed above answer certain questions 
concerning the mechanism of reaction of nucleoside 
deaminatives enzymes but introduce new ones such as the 
mechanistic role of the protonation step. Three hypothesis 
are postulated; no experimental evidence supports any one 
of them over the others, and perhaps the true role of the 
protonation step within the whole deaminative reaction 
is a mixture of all of them. 
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The conformational analysis of bridged biphenyls and 2,2'-bipyridines has been undertaken with MM2-V4 
force field (a modification of original MM2 force field containing the V4 torsional term). The known conformational 
properties of these compounds have been correctly reproduced. Ethano- and propano-bridged compounds have 
low interconversion barriers (ca. 4.5 and 10 kcal/mol, respectively), while butano-bridged derivatives present 
highly energetic barriers (ca. 25 kcal/mol). 

Biaryls, mainly 2,2'-bipyridines, are extensively used as 
effective ligands to coordinate a large diversity of metals, 
and this effect is extended to annulated biaryls. E.g., 
2,2'-bipyridine ruthenium complexes are important pho- 
tosensitizers,' a bridged 2,2'-bipyridine (the 1 , l O -  
phenanthroline-cuprous complex) is an oxidative cor- 
reactant in B DNA single-stranded break,2 and some an- 
nulated 2,2'-bipyridine diquaternary salts have potent 
herbicide proper tie^.^ 

(1) Campi, C.; Camps, J.; Font, J.; de March, P. J. Org. Chem. 1987, 

(2) Chen, C. B.; Sigman, D. S. J.  Am. Chem. SOC. 1988, 110, 6570. 
(3) Summers, L. A. The Bipyridinium Herbicides; Academic: New 

52, 521 and references cited therein. 

York, 1980. 

In spite of the great interest of the chemistry of biaryls, 
these molecules have not been deeply studied from a 
theoretical point of view although some MO calculations 
on the conformations of biphenyl4 have been carried out. 
Several articles concerned with experimental determina- 
tions on ground-state conformation and or rotational 
barriers in biphenyl have been published .si Theoretical 

(4) (a) Gasdone, G.; Mariani, C.; Mugnoli, A.; Simonetta, M. Mol. 
Phys. 1968, 15, 339. (b) Lindler, H. J. Tetrahedron 1974, 6, 135. (c) 
Barone, V.; Lelj, F.; Cnuletti, C.; Novella Pianca~blli, M.; Ruseo, N. Mol. 
Phya. 1983,49,599. (d) Hafelinger, G.; Regelmann, C. J.  Comput. Chem. 
1985,6,368. (e) Barone, V.; Lelj, F.; Rueso, N. Int. J. Quunt. Chem. 1986, 
X X I X ,  541. (0 Penner, G. H. J .  Mol. Struct. (THEOCHEICT) 1986,137, 
191. (9) Hafelinger, G.; Regelmann, C. J.  Comput. Chem. 1987,8, 1057. 
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Figure 1. Energy variation and isoenergetic stationary points obtained in the MM2-V4 calculations on the rotation of the pivot bond 
of 1. 

conformational analysis of biphenyls has usually been 
carried out using molecular orbital methods at  different 
levels of approximation (ab initio or semiempirical calcu- 
lations). The large size of biphenyl-containing molecules 
preclude them from being calculated by MO methods, and 
it would, thus be very interesting to be able to study their 
geometrical and conformational properties by an empirical 
computational method. Only three recent articles try to 
approach this problem from the molecular mechanics 
(MM) point of view.6 

In this work, our own strategy6b is applied to the con- 
formational study of several bridged biphenyls and 2,2’- 
bipyridines. The studied compounds are: biphenyl itself, 
1, 2,2’-ethano-, 2,2’-propano-, and 2,2’-butano-bridged 
biphenyl, 2 , 3 ,  and 4, respectively, and the corresponding 
2,2’-bipyridines, compounds 5,  6, 7, and 8’. 

7 

1 

5 6 7, RH; ~ O , R = M ~  8 

(5) (a) Almenningen, A.; Bastiansen, 0. K. Nor. Vidensk. Selsk. Skr. 
1958,4. (b) Almenningen, A.; Bastiansen, 0.; Fernholt, L.; Cyvin, B. N.; 
Samdal, S. J. Mol. Struct. 1985,128,59. (c) Almenningen, A.; Bastiansen, 
0.; Fernholt, L.; Gundersen, S.; Kloster-Jensen, E.; Cyvin, B. N.; Cyvin, 
S. J.; Samdal, S.; Skanke, A. J. Mol. Struct. 1985, 128, 77. (d) Almen- 
ningen, A.; Bastiansen, 0.; Gundersen, S.; Samdal, S.; Skanke, A. J. Mol. 
Struct. 1985,128,95. (e) Bastiansen, 0.; Samdal, S. J. Mol. Struct. 1985, 
128, 115. (0 Kobayashi, T. Bull. Chem. SOC. Jpn. 1983,56, 3224. (9) 
Maier, J. P.; Turner, D. W. Faraday Discuss. Chem. SOC. 1972,54,149. 
(h) Suzuki, H. Bull. Chem. SOC. Jpn.  1959, 32, 1340 and 1350. (i) 
Theilacher, V. W.; Bohm, H. Angew. Chem. 1867, 79, 232. 

(6) (a) Tsuzuki, S.; Tanabe, K.; Nagawa, H.; Osawa, E. J. Mol. Struct. 
1988,178,277. (b) Jaime, C.; Font, J. J. Mol. Struct. 1989,195,103. (c) 
Bates, R. B.; Camou, F. A.; Kane, V. V.; Mishra, P. K.; Suvannachut, K.; 
White, J. J. Org. Chem. 1989, 54, 311. 

(7) IUPAC names for 2,3,4,6,7, and 8 are 9J0-dihydrophenanthrene 
or [0.2]-o-cyclophane, [0.3]-o-cyclophane, [0.4]-o-cyclophane, 5,6-di- 
hydro-lJ0-phenanthroline, 3,3’-trimethylene-2,2’-bipyridine, and 3,3’- 
tetramethylene-Z,2’-bipyridine, respectively. 

Computational Techniques 
Calculations were performed in a VAX-8800 computer. 

Osawa’s techniquea was followed throughout the work, i.e., 
after calculating the torsional energy surface by MM2-V4 
p r ~ g r a m , ~  the stationary points were located using a 
modified version of the BIGSTRN-3 programlo able to per- 
form calculations with the fourth-order torsional term 
(hereinafter called BS4). 

The one-bond drive technique was used only for the 
parent compounds, 1 and 5, as a consequence of having 
only one bond capable to rotate. One torsional energy 
surface was calculated for the rest of compounds by using 
the two-bond drive technique on 2-1-1’-2’ and one ad- 
ditional dihedral angle from the aliphatic moiety. Com- 
pounds 4 and 8 needed a deeper study, and three different 
torsional energy surfaces were calculated until we were sure 
that the conformational circuit was completed. Saddle 
points were located, using the BS4 program, either by the 
full Newton-Raphson optimization of close geometries or 
by using the tandem steepest-descent/Newton-Raphson 
algorithm when gradients were larger. After locating the 
real transition states, the BS4 eigenvector distortion option 
was used in connection with the variable metric optimi- 
zation procedure. 

Table I contains the main geometrical features (calcu- 
lated endocyclic dihedral angles and bond lengths), relative 
energies, and symmetry for all the stationary points ob- 
tained in this work for bridged biaryls. MM2 force field 
treats lone pairs (LP) of electrons as pseudoatoms and they 
are represented by full circles near the nitrogen atoms in 
all figures. 

MM2-V4/BS4 Calculations on Biphenyls 
Biphenyl (1) .  Rotation about the pivot bond of bi- 

phenyl (Figure 1) affords two distinct energy maxima lo- 
cated a t  2-1-1’-2’ dihedral angles of O.Oo and 90.0°, and 
two undistinguished energy minima were obtained with 
a 37.3’ dihedral angle between phenyl rings (in good 
agreement with experimental  observation^^^). The calcu- 
lated torsional barriers were 1.28 and 1.60 kcal/mol for the 
Oo and 90° passing rotation, also in good agreement with 
the experimental values. 

Bridged Biphenyls. 2,2’-Ethano-Bridged Biphenyl 
2. The calculated torsional energy surface of 2 (Figure 2), 

(8) Ivanov, P. M.; Osawa, E. J .  Comput. Chem. 1984,5, 307. 
(9) MM2-V4 is a modified version of Allinger’s MM2 program (Al- 

(10) Nachbar, R. B.; Mislow, K. QCPE 1986, 18, 514. 
linger, N. L. J .  Am. Chem. SOC. 1977,99, 8127). 
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Table I.  MM2-V4/BS4 Calculated Endocyclic Dihedral Angles and Lengths for Bonds on the Aliphatic Moiety (deg and A), 
Relative Energy (kcal/mol), and Symmetry of the Energetically Unique Stationary Points for the 

Compounds Studied in This Work 

compd. conf A B C D E F G H re1 E s y m  
dihedral angle”/bond length 

2 T2 0.0 / 1.507 0.0 / 1.405 0.0 / 1.506 0.0 / 1.534 0.0 / 1.506 0.0 / 1.405 5.25 Czu _ _  
M2 
T3 
M3 
T9 
M9 
T4c 
T4b 
T4a 
M4c 
M4b 
M4a 
T6 
M6 
T7b 
T7a 
M7b 
M7a 
TlOb 
TlOa 
MlOb 
MlOa 
T8c 
T8b 
T8a 
M8c 
M8b 
M8a 

19.211.505 
O.O/ 1.530 

49.1 / 1.502 
0.0/1.528 

48.7/1.502 
8.8/1.540 

-74.5/1.497 
-68.7/ 1.498 
-60.6/ 1.502 
-60.6/ 1.502 
-62.7/1.499 

0.0/1.500 
19.0/1.501 
0.0/1.517 

36.7/1.503 
31.9/1.507 
48.8/1.501 
0.0/1.516 

37.6/ 1.503 
30.4/1.506 
48.4/1.500 
0.0/1.526 

-74.8/1.496 
-68.7/ 1.498 
-60.4/1.501 
-60.4/1.501 
-62.7/1.498 

0.211.404 -37.2ji.508 53.9ji.532 
1.2/1.420 35.4/1.509 -80.8/1.521 
1.5/1.405 -72.2/1.512 42.6/1.536 
0.3/ 1.420 36.8/ 1.51 1 -77.3/ 1.531 
1.5/1.405 -73.2/1.512 42.9/1.546 

-3.0/1.433 60.5/1.523 -68.8/1.529 
-1.1/1.403 67.9/1.515 9.2/1.544 
-3.8/1.403 89.1/1.511 -27.8/1.538 
3.3/ 1.404 92.5/ 1.508 -43.4/ 1.534 

-1.4/1.404 17.6/1.522 65.2/1.535 
-1.0/1.404 95.5/1.515 -84.7/1.536 

0.5/ 1.402 -36.5/ 1.509 59.7/ 1.534 
-0.9/ 1.413 -34.4/ 1.508 79.5/ 1.525 
-2.4/ 1.401 -70.8/ 1.506 82.6/ 1.531 
-2.6/1.404 -65.1/1.505 90.9/1.531 

1.7/ 1.404 -72.7/ 1.51 1 42.41 1.537 
-0.3/1.419 -35.9/1.510 76.1/1.536 
-2.5/1.401 -70.7/1.505 81.9/1.542 
-2.1/ 1.403 -66.0/ 1.504 88.1/ 1.542 

1.8/ 1.404 -73.2/ 1.511 42.7/ 1.546 
0.2/1.419 65.8/1.511 -90.4/1.532 

-1.3/1.402 68.5/1.514 8.6/1.545 
-4.1/1.403 89.6/1.510 -28.4/1.539 

3.1/ 1.403 92.2/ 1.508 -43.0/1.534 
-1.8/1.411 18.0/1.521 65.0/1.535 
-1.1/1.403 95.5/1.514 -84.2/1.537 

O.O/ 1.401 O.O/ 1.507 O.O/ 1.538 

-37.2ji.508 0.2ji.404 
80.8/ 1.521 -35.4/ 1.509 
42.6/1.536 -72.2/1.512 
77.3/1.531 -36.8/1.511 
42.9/1.546 -73.2/1.512 

-24.8/1.525 112.1/1.502 
-82.4/ 1.538 9.2/ 1.544 
-30.6/1.544 -27.8/1.538 
-66.4/1.540 65.2/1.535 
-66.4/ 1.540 -43.2/ 1.534 

53.7/1.539 -84.7/1.536 

-36.5/1.509 0.5/1.402 
-79.5/1.525 34.4/1.508 
-20.6/1.538 -27.4/1.520 
-42.5/1.531 -8.2/1.517 

42.4/ 1.537 -72.7/ 1.51 1 
-76.1/ 1.536 35.9/ 1.510 
-21.3/1.546 -24.8/1.521 
-39.6/1.542 -7.6/1.519 

42.7/1.546 -73.2/1.511 

-81.6/1.539 8.6/1.545 
-29.4/1.545 -28.4/1.539 
-66.6/ 1.540 65.0/ 1.535 
-66.6/ 1.540 -43.0/ 1.534 

53.2/ 1.540 -84.2/ 1.537 

0.0/1.507 0.0/1.401 

0.0/1.534 90.4/1.532 

0.00 c;- 
1.5/1.405 0.0 cz 
1.5/1.405 0.00 CZ 

-1.2/1.420 11.87 C, 

-0.3/1.420 13.18 C, 

-69.1/1.502 -3.8/1.422 27.62 C1 
67.9/1.515 -1.1/1.403 6.05 c2 
89.1/1.511 -3.8/1.403 7.67 cz 
17.6/1.522 -1.4/1.412 3.05 C1 
92.5/1.508 3.3/1.404 3.05 C1 
95.5/1.515 -1.0/1.404 0.00 cz 

4.72 Cpu 
0.00 cz 

0.9/ 1.413 7.57 c, 
0.7/1.410 5.45 c1 
1.7/ 1.404 0.00 CZ 

-0.1/1.412 5.20 C1 

0.3/1.412 8.90 C, 
0.7/1.410 6.87 C1 

6.70 C1 

-65.8/1.511 -0.2/1.419 21.16 C, 
68.5/1.514 -1.3/1.402 5.70 C2 
89.6/1.510 -4.1/1.403 7.38 Cz 
18.0/1.521 -1.8/1.411 3.02 C1 

95.5/1.514 -1.1/1.403 0.00 Cz 

-0.2/1.412 
1.8/1.404 0.00 CZ 

92.2/1.508 3.1/1.403 3.02 Cl 

4Endocyclic dihedral angles are given following a clockwise movement starting from the pivot bond &e,, angle A is that for 1-1’, angle B 
is that for 1’-2’, and so on). 
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Figure 2. Schematic representation of the torsional energy surface of 2 as a function of the 2-1-1’-2’ and 2-7-7’-2’ dihedral angles. 
The transition state is represented by X, energy minima by 0, and arrows show the minima connected by the transition state. 

obtained by driving the 2-1-1’-2’ and 2-7-7‘-2‘ dihedral 
angles, presents only one saddle point, T2, and two sym- 
metrically disposed energy minima, M2 and M2’. The 
transition state is completely planar, all bonds are eclipsed, 
and it has Cou symmetry, while both energy minima have 
C2 symmetry. From the energy values a barrier of 5.25 
kcal/mol can be obtained. Compound 2 thus presents free 
conformational behavior. 

2,2’-Propano-Bridged Biphenyl 3. Compound 3 
presents a larger degree of mobility. Figure 3 shows a 
schematic representation of its torsional energy surface as 
a function of 2-7-8-7’ and 2‘-7‘-8-7 dihedral angles. 
According the MM2-V4 calculations, 3 presents two 

isoenergetic energy maxima, T3 and T3’, interconnecting 
two also isoenergetic energy minima, M3 and M3‘. Energy 
maxima present the 2-1-1’-2’ dihedral angle equal to 0.0’ 
while the minima have C2 symmetry and no coplanarity 
between phenyl rings. The calculated barrier for the in- 
terconversion between minima is 11.87 kcal/mol. 
8,8-Dimethyl2,2’-Propano-Bridged Biphenyl 9. The 

presence of two geminal methyl groups does not affect the 
torsional energy surface shape nor the geometrically more 
important features of the parent compound, 3. Only the 
relative energy for the different conformations is affected 
by this substitution (Table I). Its torsional energy surface 
contains one pair of enantiomeric energy maxima, T9 and 
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Figure 3. Schematic representaion of the torsional energy surface 
of 3 as a function of the 2-7-8-7' and 2'-7-84 dihedral angles. 
Transition states are represented by X, energy minima by 0, and 
arrows show the minima connected by each transition state. 

T9', and another pair of minima, M9 and M9'. The cal- 
culated barrier of interconversion for this compound is 
13.18 kcal/mol. 

2,2'-Butano-Bridged Biphenyl 4. The presence of a 
larger aliphatic ring in 4 makes the conformational be- 
havior of this molecule more complicated than those of the 
previously studied compounds. A clear picture of the 
conformational behavior of 4 was obtained after calculating 
three different torsional energy surfaces. Compound 4 
exists in two isoenergetic minima, M4a and M4a', having 
C, symmetry in its ground state wherein the 2-1-1'-2' 
dihedral angle takes values of h62.7". These conformers 
pass through transition states, T4a and T4a', 7.67 kcal/mol 
higher than the global minima and are converted into other 
highly energetic minima, M4b and M4b' (3.05 kcal/mol 
above the global minima), belonging to a pseudorotational 
circuit of conformations having two pairs of energetically 
equivalent minima, M4b and M4c, and two pairs of dif- 
ferent maxima, T4b and T4c, (figure 4). 

The calculated transition states for the interconversion 
of the two global minima, T4c and T ~ c ' ,  having C, sym- 
metry and produced a rotational barrier of 27.62 kcal/mol. 
Figure 4 also contains the representation of all isoenergetic 
stationary points of 4. 

Discussion on Biphenyls. The experimentally de- 
termined conformational properties5b of biphenyl, l ,  were 
correctly reproduced by our calculations. It should be 
noted here that only a few experimental determinations 
have been made for the conformational aspects of bridged 
biphenyls. Mislow" already studied this class of com- 
pounds in 1964 and gave estimations for the intercon- 
version barrier heights. The barrier for 2 and 3 were es- 
timated to be 4 and 13 kcal/mol, respectively. The 
MM2-V4 calculated barriers for these compounds (5.25 
and 11.87 kcal/mol, respectively) are in good agreement 
with these values. Moreover, Rebek12 recently determined 
the interconversion barrier fo the 8,8-bis(carboxymethy1)-3 

(11) (a) Mislow, K.; Glass, M. A. W.; Hopps, H. B.; Simon, E.; Wahl, 
G. J .  Am. Chem. SOC. 1964,86,1710. (b) Mislow, K.; Hyden, S.; Schaefer, 
J. J. Am. Chem. SOC. 1962,84, 1449. 

(12) Rebek, J.; Costello, T.; Wattley, R. J .  Am. Chem. SOC. 1985, 107, 
7485. 

to be 14.6 kcal/mol. The calculated barrier for the 8,8- 
dimethyl-3,9, that can be considered as a model of Rebek's 
compound, is 13.18 kcal/mol, again in good agreement with 
the experimental result. Analysis of calculated transi- 
tion-state geometries indicates a strong H6/H6, nonbonded 
interaction in ethano- and propano-bridged compounds (1 
= 2.05 8, in 2 and 1.87 8, in 3). Clearly, the presence of 
two double bonds in the six-membered ring of 2 produces 
a higher annular tension in the ground state than in the 
seven-membered ring of 3. 

No experimental or calculated data on the barriers of 
4 have been reported to our knowledge, preventing 
meaningful comparison with our results. However, 
Thummel13 studied the 2,2'-bipyridinium salt analogue of 
4 by NMR experiments and found it rigid on the NMR 
time scale. Although the effect of two positively charged 
N atoms on the barrier heights is not clear, our results do 
not contradict those from Thummel. Compound 4 has a 
calculated barrier of 27.62 kcal/mol. The transition state 
again presents a 2-1-1'-2' dihedral angle near 0" (actually 
8.8'), another dihedral angle (7-8-8'-7') is nearly eclipsed 
(-24.8'), and one more almost produces eclipsing between 
C-C and C-H bonds (2-7-8-8'). This compound would 
exist as a mixture of two undistinguished enantiomeric 
conformers. By placing one simple methyl group in any 
of the phenyl rings we could turn it into conformational 
enantiomers. If the substituent was placed onto one of the 
aliphatic carbon atoms, the enantiomers then would be- 
come diastereomers. 

Both phenyl rings interact strongly through close hy- 
drogen-hydrogen contacts in all transition states, and as 
a consequence they are considerably deformed. It is known 
that parameters for the mechanical treatment of benzene 
within MM2 are too soft and they allow phenyl rings to 
deform very easily. Thus, it would be interesting to re- 
calculate this barrier height when new phenyl ring pa- 
rameters would be available for the MM2 scheme. 

MM2-V4 Calculations on 2,2'-Bipyridines 
In the conformational study of 5 ,  6 , 7 ,  and 8, the same 

methodology as in the previous section was applied. Again, 
no molecular mechanics studies are described in the lit- 
erature although several molecular orebital calculations 
on these compounds have been p~b1ished.l~ From the 
experimental side, only a few articles dealing with con- 
formational determinations on 2,2'-bipyridines can be 
found. Thus, this work provides an extremely important 
basis for forthcomming experimental or theoretical results. 

2,2'-Bipyridine (5). As already described,15 compound 
5 presents a conformational behavior quite different from 
that of biphenyl (1). The presence of the two N atoms in 
the ortho/ortho' positions substantially affects the geom- 
etry of this molecule. Thus, upon one-bond drive rotation 
of the 1-2-2'-1' angle from 0" to NO0, two energy maxima 
were detected a 0.0" and 73.8"; two energy minima also 
appeared at angle values of 42.0° and 180.0'. The relative 
energies for these stationary points were 7.08, 6.47, 5.99, 
and 0.0 kcal/mol, respectively. These values agree well 
with ab initio ca l~u la t ions '~~  and also with the experi- 

(13) Thummel, R. P.; Lefoulon, F.; Mahadevan, R. J. Org. Chem. 1985, 
50, 3824. 

(14) As examples, see: (a) Yagi, J.; Makiguchi, K.; Ohnuki, A.; Suzuki, 
K.; Higuchi, J.; Negase, S. Bull. Chem. SOC. Jpn. 1985, 58, 252. (b) 
Agresti, A.; Bacci, M.; Castellucci, E.; Salvi, P. R. Chem. Phys. Lett. 1982, 
89, 324 and references cited therein. (c) Hofmann, H.-J.; Birner, P. J. 
Prakt. Chem. 1985,327,938. 

(15) (a) Merrit, L. L., Jr.; Schroeder, E. D. Acta Crystallogr. 1956,9, 
801. (b) Nakamoto, S. J. Phys. Chem. 1960,64,1420. (c) Castellano, S.; 
Gunther, H.; Ebersole, S. J. Phys. Chem. 1965,69,4166. (d) Spotswood, 
T. McL.; Tanzer, C. I. Aust. J .  Chem. 1967,20, 1227. 



Bridged Biphenyls and 2,2’-Bipyridines J. Org. Chem., Vol. 55, No. 9, 1990 2641 

120- 

60 - 

?? 
iu 7 0- 
_ I  
c - 
-60- 

M4c M4a /*\rJ’ T4b 

iM4b 

-120@ -120 -60 0 60 120 

1-2-7-8 

T4c 

M4c 

T4b 

M4b 

T4a 

M4a 

Figure 4. Schematic representation of the torsional energy surface of 4 as a function of the 1-2-7-8 and 1f-2r-7r28r dihedral angles. 
Transition states are represented by X,  energy minima by 0, and arrows show the minima connected by each transition state. 
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Figure 5. Energy variation and isoenergetic stationary points obtained in the MM2-V4 calculations on the rotation of the pivot bond 
of 5. Nitrogen lone pairs are shown as filled circles. 

mentally preferred s-trans conformer and the suggested 
detection of some s-cis-like conformer.148 Figure 5 contains 
the drawing of the energetically equivalent stationary 
points of 5 as well as the energy variation obtained in the 
pivot bond rotation. 

Bridged Bipyridines. 3,3’-Ethano-2,2’-bipyridine (6). 
The calculated torsional energy surface of 6 contains two 
enantiomeric minima, M6 and M6’, connected by one 
transition state, T6 (Figure 6). The saddle point has a 
completely planar structure with fully eclipsed bonds and 
is 4.72 kcal/mol above the minima. Energy minima have 
a dihedral angle of f19.0’ between both aromatic ring 
planes. 

3,3’-Propano-2,2’-bipyridine (7). The calculated tor- 
sional energy surface of 7 presents a pseudorotational 
circuit having two enantiomeric pairs of transition states, 
T7a/T7ar and T7b/T7br, and two more pairs of energy 
minima, M7a/M7ar and M7b/M7br (Figure 7). The 
global minima M7a/M7ar, have C2 symmetry and dihedral 
angles of f48.8’ between both aromatic rings. These 
minima pass through saddle points, T7a and T7a’, 5.53 
kcal/mol above them and fall into other more energetic 
minima, M7b and M7b’ (5.20 kcal/mol higher than the 
global minima). After crossing the higher transition states, 
T7b and T7b’ (7.57 kcal/mol), the pseudorotation con- 
tinues. Figure 7 contains the representation of the 
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Table 11. H,/H,, or LP1/LPI, Nonbonded Distances ( r ,  A), H&6* *C6’-H6, or LP,-Nl *N1’-LPIt Pseudodihedral Angles 
( w ,  deg), and Selected Bond Angles (deg) (ClC6-H6 or C2-N1-LP,, C5<6-H6 or C6-N1-LPl, and C l ’ C l C 6  or C2’42-Nl; 0 1 ,  
02 ,  and 0 3 )  for Global Energy Minima and Transition States of Bridged Biphenyls (2-4 and 9) and Bipyridyls (6-8 and 10) as 

Calculated by MM2-V4 
2 3 9 4 

T2 M2 T3 M3 T9 M9 T4c0 M4a 
r 2.05 2.19 1.87 2.58 1.87 2.58 1.83 2.83 
w 0.0 28.4 0.0 65.4 0.0 65.2 22.0 80.6 
01 122.0 121.3 123.7 120.4 123.8 120.4 120.4b 120.2 
0 2  115.8 117.7 110.4 119.2 110.5 119.1 109.OC 119.3 
0 3  122.2 122.6 118.6 120.1 118.6 120.2 118.5d 118.7 

6 7 10 a 
T6 M6 T7b M7a TlOb MlOa T8c M8a 
2.17 2.32 1.85 2.62 1.86 2.62 1.75 2.78 
0.0 29.3 0.0 67.0 0.0 67.0 0.0 83.3 

120.4 120.6 119.5 120.5 119.5 120.5 119.1 120.5 
119.8 120.3 117.6 120.4 117.7 120.5 116.4 120.4 
118.3 119.5 112.9 118.0 113.0 118.1 111.1 116.8 

ONonsymmetrical conformation. bC1’-C6’-H6r = 124.1’. ‘C5’-C6’-H6’ = 108.4O. dC1-C1’-C6’ = 115.1’. 

I I 

-60 -30 0 30 60 
3-7-7‘3’ 

Figure 6. Schematic representation of the torsional energy 
surface of 6 as a function of the 3-2-2’-3’ and 3-1-7-3‘ dihedral 
angles. The transition state is represented by X, energy minima 
by <<ftd, and arrows show the minima connected by the tran- 
sition state. Nitrogen lone pairs are shown as filled circles. 

isoenergetic stationary points of 7, as well as the schematic 
representation for the pseudorotational circuit as the 
function of the 3-7-8-7’ and 3’-7‘-8-7 dihedral angles. 
8,8-Dimethyl-3,3’-propano-2,2’-bipyridine (10). The 

conformational energy surface of this compound is just the 
same as that for 7. It contains a closed circuit having two 
pairs of enantiomeric maxima, TlOa/TlOa’ and TlOb/ 
TlOb, and minima, MlOalMlOa’ and MlOb/MlOb’. The 
energy barrier for the pseudorotational process is calcu- 
lated to be 8.90 kcal/mol. 

3,3’-Butano-2,2’-bipyridine (8). The conformational 
behavior of 8 is simpler than that if its hydrocarbon ana- 
logue 4. Compound 8 exists as a mixture of two enan- 
tiomeric conformers, M8a and M8a‘, which are converted 
through several energy maxima and minima. Global en- 
ergy minima, M8a/ M8a’, have dihedral angles of f62.7’ 
between pyridine rings and have C2 symmetry. A family 
of minima, M8b/M8b’ and M8c/M8cf, was found 3.02 
kcal/mol above M8a/M8ar, having angles of *60.4’ be- 
tween the aromatic rings. The interconversion barrier 
between global minima, T8c/T8c’, is 21.16 kcal/mol and 
belongs to conformations with coplanar pyridine rings 
having C, symmetry. 

Figure 8 shows the schematic representaion for the 
torsional energy surface of 8 as the function of the 2-3-7-8 
and 2’-3‘-7‘-8‘ dihedral angles and the conformations for 
the isoenergetic stationary points. 

Discussion on 2,2’-Bipyridines. No experimentally 
determined barrier is reported for 5.  The ab initio cal- 
culated variation of energy versus the rotation of the pivot 
bond14b has been correctly reproduced using our ap- 
proach.6b 

Only one determination for the interconversion barriers 
in bridged 2,2’-bipyridines has been recorded in the lit- 
erature. Compound 6 is experimentally very flexible13 and 
our calculated interconversion barrier is only 4.72 kcal/mol. 

M7a 
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Figure 7. Schematic representation of the torsional energy 
surface of 7 as a function of the 3-7-8-7‘ and 3‘-7‘-8-7 dihedral 
angles. Transition states are represented by X, energy minima 
by 0, and arrows show the minima connected by each transition 
state. Nitrogen lone pairs are shown as filled circles. 

Compound 7 is also mobile as deduced from its NMR 
spectrum.13 Our calculated barrier (7.57 kcal/mol) per- 
fectly agrees with this experimental observation. Never- 
theless, Rebek stated that the 8,8-bis(carboxymethy1)-7 
shows in interconversion barrier of 11-12 kcal/mol,12 while 
our calculations on a model compound (the 8,8-dimethyl-7, 
10) presents only 8.90 kcal/mol for a similar barrier. 
Compound 8 is conformationally rigid and has C2 sym- 
metry according to ‘H NMR data.13 The calculated m- 
terconversion barrier (21.16 kcal/mol) and geometry for 
the energy minimum agree with those observations. 

It is worth noting here the dramatic effect that the re- 
placement of the two Hortho for the two lone pairs of 
electrons (LP) exerts on the barrier height. The 5.80 
kcal/mol of increment ( A M ’ )  when passing from 1 to 5 
is reasonable, and it is a consequence of having two LP/ 
Hortho interactions in the energy minimum of 5,  while the 
energy minimum of 1 is already geometrically very close 
to its transition state. The small AAH’ between 2 and 6 
(only 0.53 kcal/mol) indicates that the H6/H6, and LPl/ 
LP,, interactions have low contribution to the barrier 
height as the almost unchanged bond angles around the 
interacting H or LP also suggest (Table 11). 

The geometries for both the energy minimum and the 
transition state within a pair of equally bridged biaryls are 
very similar. Nevertheless, there is a large decrease in the 
barrier height when going from a biphenyl to the corre- 
sponding bipyridine except for the enthano-bridged 2 and 
6. The replacement of H6/H6, by LP1/LPlr interactions 
in the bipyridine transition states must be the reason. 
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Figure 8. Schematic representation of the torsional energy surface of 8 as a function of the 2-3-7-8 and 2‘-3‘-7‘-8‘ dihedral angles. 
Transition states are represented by X, energy minima by 0, and arrows show the minima connected by each transition state. Nitrogen 
lone pairs are shown as filled circles. 

There is no difference between the behavior of the tri- 
methylene-bridged compounds, 3, and 7, with their cor- 
responding 8,8-dimethyl derivatives, 9 and 10, except for 
the barriers heights which are slightly higher for the later. 
An identical AAH* is obtained (4.3 kcal/mol) when passing 
from 3 to 7, or from 9 to 10, denoting the importance of 
the N atoms on the barrier. The C5-C6-H or C6-N1-LP 
bond angles are much smaller in the global transition states 
than in the global energy minima. Their value is sub- 
stantially reduced (about 9”) in 3 and 9, while is only 
slightly decreased (about 3”) in 7 and 10 (Table 11). The 
LP,/LP,, interaction is again less energetic than the cor- 
responding H6/H6,. It is interesting to note that com- 
pounds 4 and 8 have the highest calculated barriers among 
all the studied compounds. These two products contradict 
the general idea of “the larger the ring the greater the 
flexibility”. The presence of the tetramethylene bridge 
forces the substituents in 6,6’ for biphenyl and 1,l’ for 
bipyridines to become very close. Hydrogens interact 
much stronger, as in 4 (2.2 kcal/mol and r = 1.83 A), than 
LP  as in 8. This interaction is so severe that it produces 
the lack of symmetry for the transition state of 4 as well 
as the largest deformation of bond angles (about 10” in 4 
and about 4” in 8) (Table 11). A fully symmetrical tran- 
sition state would have extremely short H/H contacts (less 
than 1.8 A). 

Another important feature to be considered in the bi- 
pyridyl series is the complexing capability of each com- 
pound according to our calculations. Two geometrical 
factors mainly control chelate formation: the nonbonded 
LP/LP’ distance and the pseudodihedral LP-N-N’-LP’ 
angle. All our studied bipyridyls are able to form chelates 
if the LP/LP’ distance is considered (Table 1I).l6 How- 

(16) In ethylenediamine, the energy minima having a geometry suit- 
able to form chelates ( - s ~ / - s p / + s p  and symmetry relabxi ones) present 
a LP/LP’ nonbonded distance of 2.96 A according to MM2 calculations. 
It is very well known that this compound is a very good ligand and forms 
stable chelates. 

ever, the situation drastically changes when the pseudo- 
dihedral angle is considered. Clearly, those bipyridyls 
having a smaller LP-N--N’-LP’ angle (larger planarity) 
in their ground state will be the best ligands for chelates 
(Le. 6). Nevertheless, in considering complexing capa- 
bilities thermodynamic considerations must be also taken 
into account. The parent compound, 5, easily forms che- 
lates with metal cations in spite of having the global 
minimum geometry not well prepared (LPs are antiperi- 
planar). The A G O  liberated when the chelate is formed 
largely overcomes the 7.08 kcal/mol separating the s-cis 
and s-trans conformations of 5. Compounds 7 and 10 can 
also be good candidates as effective ligands because their 
transition states are largely planar (Table 11) and at  only 
7-8 kcal/mol from the global minimum. Since entropy 
changes are frequently the m a i n  driving force for chelate 
f~rmation,’~ even 8, having the worst geometrical re- 
quirements and the largest AH*, may finally be a reason- 
ably good ligand and form stable chelates. 

Conclusions 

MM calculations on bridged biphenyls and 2,2’-bi- 
pyridines have been carried out using a modified MM2 
force field containing the V4 torsional term (MM2-V4). 
The agreement between experimentally available results 
and theoretical calculations undertaken in this work is 
good. Gound-state conformations of equivalently bridged 
biaryls are very similar. Only transition-states geometries 
and barrier heights change when comparing biphenyls to 
bipyridines as a consequence of the presence of H /H and 
LP/LP interactions, respectively. Biphenyls are less 
flexible than bipyridyls, and the contribution of the H/H’ 
interaction on the barrier height can be estimated to be 

(17) Cotton, F. A.; Wilkinson, G. Aduanced Inorganic Chemistry, 5th 
ed.; John Wiley and Sons: New York, 1988; pp 45-48. 
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of 4-6 kcal/mol in this class of compounds. 
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Nucleophilic Addition of Phosphines to Carbonyl Groups. Isolation of 
1-Hydroxy Phosphonium and 1-(Trimethylsiloxy) Phosphonium Salts and 
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1-Hydroxy phosphonium salts and 1-(trimethylsiloxy) phosphonium salts can be isolated by nucleophilic addition 
of a small basic phosphine (PMe, or PEt3) to the carbonyl carbon of aldehydes or ketones in the presence of 
Br,-acetone (a source of anhydrous HBr), anhydrous acids, or chlorotrimethylsilane as trapping agents. The 
crystal structure of [(CH,),C(OH)(PEt,)]Br, Ib, was determined through X-ray diffraction. Ib crystallizes in 
the monoclinic system, space group P2,/n with lattice constants a = 7.304 (3) A, b = 12.004 (4) A, c = 14.164 
(5) A, p = 93.33 (3)O, and Z = 4. Least-squares refinement of the structure led to a R (R,) factor of 0.042 (0.043) 
for 732 unique reflections of I > 3 u ( n  and for 62 least-squares variables. The phosphorous atom and all carbon 
atoms adopt sp3 hybridization. The C-0 bond distance of 1.429 (10) A indicates a normal C-O single bond; however, 
the P-C bond to the carbonyl derived carbon (1.877 (10) A) is significantly longer than the other P-C bonds 
(1.80 (1) A av). 

Introduction 
Phosphonium salts are usually prepared from the re- 

action between phosphines and alkyl halides, and these 
salts are readily transformed to phosphorus ylides by 
treatment with base.' (2-Hydroxyalky1)phosphonium salts 
are an important class of compounds because of their use 
in the mechanistic investigation of the Wittig reaction and 
their versatile synthetic utility.' Recently a general syn- 
thesis of (2-hydroxyalkyl)-, (3-hydroxyalkyl)-, and (4- 
hydroxyalky1)phosphonium salts was reported from the 
reaction between triphenylphosphine and cyclic ethers in 
the presence of strong acidsa2 Tertiary phosphines are also 
known to attack at  unsaturated carbon atoms and add 
smoothly to unsaturated aldehydes and esters in the 
presence of strong mineral acids (eqs 1 , 2 ,  and 3)., Hansen 
Ph,P + CH,=CHCOOH + HBr - 

[Ph,PCH,CH,COOH]Br (1) 
Ph,P + PhC=K!COOH + HC1- 

Ph3P + MeOOCC=CCOOMe + HBr - 
[Me00CCH=C(COOMe)PPh3]Br (3) 

reported the reaction between 0-alkyl selenoesters and 
PEt,, which includes an intermediate A from nucleophilic 
attack of the phosphine on a selenoyl ~ a r b o n ; ~  however, 

[ Ph,PCPh=CHCOOH] C1 (2) 

(1) (a) March, J. Advanced Organic Chemistry, 3rd ed.; John Wiley 
and Sons: New York, 1985; p 846. (b) Vedejs, E.; Meier, G. P.; Snoble, 
K. A. J. J. Am. Chem. SOC. 1981,103,2823. (c) C-Rouhou, F.; Bigot, Y. 
L.; Gharbi, Y. L.; Delmas, M.; Gaset, A. Synth. Commun. 1986,1739. (d) 
Johnson, A. W. Ylid Chemistry; Academic Press: New York, 1966. (e) 
Maercker, A. Org. React. 1965, 14, 270. 

(2) Yamamoto, S.; Okuma, K.; Ohta, H. Bull. Chem. SOC. Jpn. 1988, 
61, 4416. 

(3) Corbridge, D. E. C. Phosphorous; Elsevier: Amsterdam, 1985; p 
209. 
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this intermediate was not isolated (eq 4). Wittig and 

A 

Rieber reacted solutions of trimethylphosphonium me- 
thylide with benzophenone and isolated a low yield of 
impure (2,2-diphenyl-2-hydroxyethyl)trimethyl- 
phosphonium iodide after quenching with acid and po- 
tassium iodide.5 

(CHJJ'=CH, -I- (C&,)&O 7 KI 

[(CH,),PCH2C(OH)(C,H,),1I (5) 

It has also been difficult to obtain structural data for 
tetrahedral intermediates formed by nucleophilic addition 
to a carbonyl carbon.ls,' Weak amine-carbonyl interac- 

(4) Hansen, P.-E. J. Chem. Soc., Perkin Trans. 1 1979, 1627. 
(5) Wittig, G.; Rieber, M. Justus Liebigs Ann. Chem. 1949,562, 177. 

Trialkyl ylids show enhanced reactivity over aryl analogues.6 
(6) Johnson, A. W.; LaCount, R. B. Tetrahedron 1960,9, 130. 
(7) (a) Asubiojo, 0. I.; Blair, L. K.; Brauman, J. I. J. Am. Chem. Soc. 

1975,97,6685. (b) Rogers, G. A.; Bruice, T. C. Ibid. 1974,96, 2481. (c) 
Khouri, F.; Kaloustian, M. K. Ibid. 1979,101,2249. (d) O'Leary, M. H.; 
Marlier, J. F. Ibid. 1979,101, 3300. (e) Tee, 0. S.; Trani, M.; McClelland, 
R. A,; Seaman, N. E. Ibid. 1982, 104, 7219. (0 March, J. Advanced 
Organic Chemistry, 3rd ed.; Wiley: New York, 1985; p 290. (g) Lowry, 
T. H.; Richardson, K. S. Mechanism and Theory in Organic Chemistry, 
2nd ed.; Harper and Row: New York, 1981. (h) McClelland, R. A.; 
Santry, L. J. Acc. Chem. Res. 1983,16,394. ( i )  Capon, B.; Ghosh, A. K.; 
Grieve, D. M. A. Acc. Chem. Res. 1981,14,306. (j) Bender, M. L. Chem. 
Rev. 1960,60,53. (k) Jencks, W. P. Catalysis in Chemistry and Enzy- 
mology; McGraw-Hill: New York, 1968. (1) Bruice, T. C.; Benkovic, S. 
Bioorganic Mechanisms; W. A. Benjamin: New York, 1966; Vol. 1. (m) 
Jencks, W. P. Chem. Reu. 1972, 72, 705. References in the above. 
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