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On filtration a red colored solution was obtained and from the ab-
sorbance value (using 64% = 21 300) the concentration of TPM-K+, 
and hence of KH, was obtained. The resulting values of the solubility 
of KH showed appreciable variation in six determinations, as may be 
expected for a very sparingly soluble substance. The overall result for 
the solubility of potassium hydride in the THF/crown ether system 
is (21.5 ±9.5) X 10~6M. 

The solubility of H2 in THF was determined by the GLC method 
described by Symons34 under conditions analogous to those pertaining 
to the reaction under study. Thus, H2 gas was introduced to 1 atm into 
the reaction vessel containing ~20 mL of THF after freezing with 
liquid nitrogen and evacuating the system. The vessel was then closed 
off from the H2 source, allowed to reach room temperature, and 
shaken thoroughly. Aliquots (4 mL) of the solution were then removed 
with a gas-tight syringe and the gas stripped off by the technique de­
scribed previously.34 Analysis was performed by GLC using a prior 
calibration with a known volume of H2. The solubility of H2 in THF 
at 25 0C was thus obtained as (3.66 ± 0.20) X 10-3 M. The solubility 
coefficient can then be expressed as the volume of gas dissolved by unit 
volume of liquid, i.e., 22.4 X 3.66 X 10-3 = 0.082. 
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acyclic hydrazine derivatives, the preferred conformation is 
that which has the lone-pair orbitals nearly perpendicular (I, 
d near 90°), although this is clearly not the sterically least 
hindered conformation. A large change in the energy separa-

Hydrazine Lone Pair-Lone Pair Interactions. X-Ray 
Crystallographic Structure Determination of Two 
Six-Membered Ring Hydrazines 

S. F. Nelsen,* W. C. Hollinsed, and J. C. Calabrese 

Contribution from the Department of Chemistry, University of Wisconsin, 
Madison, Wisconsin 53706. Received January 19, 1977 

Abstract: The structures, determined by x-ray crystallography, are reported for 3,4-dimethyl-3,4-diazabicyclo[4.4.0]decane 
(2) and for 2,3-dimethyl-2,3-diazatricyc!o[8.4.0.04'9]tetradec-9-ene (3). Crystals of 2 are triclinic, /M, with a = 9.618 (2), b 
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solved by direct methods and refined to R\ = 4.6% and R2 = 5.7% for 666 independent observed reflections. Crystals of 3 are 
monoclinic, PlxJn, with a = 14.343 (3), b = 6.672 (1), c = 14.073 (2) A, /3 = 104.29 (I)0 , V = 1304.9 (3) A3, and Z = 4. Solu­
tion by direct methods and refinement gave Ri = 5.4% and R2 = 5.7% for 1398 independent observed reflections. Compound 
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implications of these results for the interpretation of photoelectron spectroscopic experiments and equilibrium constant mea­
surements are discussed. 
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tion of the two highest occupied molecular orbitals (which are 
dominated by the lone pair atomic orbitals) occurs as 8 is 
changed, and photoelectron spectroscopy (PES) studies2'3 have 
shown that this separation is about 2.3 eV when 8 is near 0 to 
180°, but drops to about 0.5 eV when 8 is near 90°. This sen­
sitivity of the lone pair-lone pair energy separation to 6 has led 
to the use of PES to determine hydrazine conformation, by 
using a scaled estimated curve derived from MO calculations. 
The calculated energy separation for a given value of 8 is, 
however, dependent upon the geometry at nitrogen,3d since the 
separation depends on the overlap of the lone pair atomic or­
bitals. Experimental evidence on the extent of any dependence 
of the degree of flattening at nitrogen on 8 has previously been 
lacking. 

Six-membered ring hydrazines offer an especially good 
opportunity for study of the influence of steric and electronic 
effects upon hydrazine geometry. The cyclic structure requires 
that the ring substituents exist in well defined axial and 
equatorial positions. The PE spectrum of 1,2-dimethylhex-
ahydropyridazine showed the presence of a predominate 
component with a 2.3-eV lone pair-lone pair energy separation, 
hence assigned to the trans lone pair diequatorial methyl 
conformation lee, and a minor component having about a 1-eV 
separation, expected for either of the gauche lone pair con­
formations lae or laa.2-3 Subsequent 13C NMR studies showed 

£ = ^ > / ^ ? £ ^ 
lee lae laa 

unambiguously that lee predominates slightly in solution, and 
that laa is not present in detectable concentration at low 
temperature,4 as expected on steric grounds. There is a fine 
balance between steric and electronic effects in 1, and intro­
duction of methyl groups at the carbons a to the nitrogens 
causes a strong preference for ae conformations, as has been 
shown both by PES3b-3e and 13C NMR4b-5 spectroscopy, which 
have been in agreement as to the predominant conformation 
present in all cases examined. 

Construction of a hexahydropyridazine ring using all tet-
rahedral angles and standard bond lengths40 suggested that 
the dihedral angle between ee nitrogen substituents would be 
smaller than that between ae substituents, but real hexahy­
dropyridazine geometry remained unknown. 

We therefore decided to determine structures by x-ray 
crystallography to answer the geometrical questions raised 
above. Of the very few solid tetraalkylhydrazines known, we 
selected 2 and 3 for study. Although 2 has a quite small dif-

2 3 

ference in AH° between the ee and ae forms in solution,46 

models suggested that the ee form would pack better, and that 
the solid might consist of this conformation. Proton NMR work 
on 3 was unable to show which conformation this compound 
prefers in solution,6 but c/s-a.a'-dimethyl substitution provides 
a strong ae preference in hexahydropyridazines,4b'5 as does the 
presence of ft/S'-unsaturation,1 so it seemed likely that 3 would 
strongly prefer the ae dimethyl conformation in solution, and 
perhaps also in the solid. 

Experimental Section 
Single Crystal X-Ray Structure of 3,4-Dimethyl-3,4-diazabicy-

clo[4.4.0]decane (2). A crystal of 3,4-dimethyl-3,4-diazabicy-
clo [4.4.0] decane (2) grown by sublimation (parallelopiped with di­
mensions 0.38 X 0.30 X 0.20 mm) was mounted in a glass capillary 
under argon and placed on a Syntex P\ four-circle computer-con­
trolled diffractometer. Lattice constants were obtained from 15 dif­
fraction maxima well distributed in 28, \, and OJ. Graphite mono-
chromated Mo Ka (0.7107 A) radiation was used through the 
alignment and data collection procedures. The Syntex routines7 in­
dicated a triclinic unit cell with a = 9.618 (2), b = 10.435 (2), c = 
5.440 (1) A, a = 102.55 (2), /3 = 94.38 (1), y = 74.88 (2)°, and V = 
514.4 (2) A3. The lattice constants and Laue symmetry were verified 
by partial rotation photographs along each of the reciprocal axes. The 
density of the compound was not measured due to the unusual solu­
bility of the compound in most aqueous and organic solvents. The 
cajculated density of 2 is 1.086 g/cm3 with Z = 2 (centrosymmetric 
P\ space group). 

Intensity data were collected in the range 2° < 2 6 < 45° using a 
scan speed mode (2-24°/min) which varied according to the intensity 
of the measurement. The intensities of two standard reflections were 
monitored every 50 reflections and showed no significant decay in 
intensity throughout the collection of data. 

The data were reduced as previously described8 to yield 1136 in­
dependent reflections, of which 666 were considered significantly 
above background (with / > Ic(I)) and used in the solution and re­
finement of the structure. 

The solution of the structure was accomplished by direct methods.9 

Isotropic full-matrix least-squares refinement of the nonhydrogen 
atoms converged at .Ri = 16.4% and R2 = 20.3%.9~'' These coordi­
nates were used in a difference map which revealed the positions of 
the 20 hydrogen atoms. Isotropic full-matrix least-squares refinement 
for all atoms converged at /? i = 7.6% and R2 = 9.2%. The final full-
matrix least-squares refinement which included nonhydrogen atoms 
with anisotropic thermal motion and hydrogens with isotropic thermal 
parameters resulted in R1 = 4.6% and R2 = 5.7%. All hydrogen dis­
tances were normal and ranged from 0.89 to 1.08 A. A final difference 
map resulted in no peak greater than 0.1 e, and the standard deviation 
in an observation of unit weight ("goodness of fit" value) was 1.48. 

Single Crystal X-Ray Structure of 2,3-Dimethyl-2,3-diazabicy-
clo[8.4.0.04-9]tetradec-9-ene (3). Crystals of 2,3-dimethyl-2,3-diaza-
tricyclo[8.4.0.04'9]tetradec-9-ene (3) were grown by sublimation over 
a period of 4-5 days. An octahedral shaped crystal (0.40 X 0.25 X 0.25 
mm) was mounted in a glass capillary under argon and placed on a 
Syntex P\ four-circle computer-controlled diffractometer. The crystal 
was optically centered and 15 diffraction maxima were automatically 
centered in 26, x, and u>. Graphite monochromated Mo Ka (X = 
0.7107 A) radiation was used throughout the alignment and data 
collection procedures. The Syntex routines7 indicated a monoclinic 
unit cell with a = 14.343 (3), b = 6.672 (1), c = 14.073 (2) A, 0 = 
104.29 (1)°, and V = 1304.9 (3) A3. Systematic absences (OiIcO) with 
k odd and [hOl) with h + 1 odd indicated the space group P2\jn 
(nonstandard setting of P2\/c (C2/,

5, No. 14). Equivalent positions: 
±[x, y, z; \/2- x, \/2 + y, 1/2 — z]). The monoclinic symmetry and 
associated lattice constants were verified by partial rotation photo­
graphs along each of the three reciprocal axes. The density of the 
compound was not measured due to the unusual solubility of the 
compound in most organic and aqueous solvents. The calculated 
density for 3 having Z = 4 is 1.122 g/cm3. 

Intensity data were collected in the range 2° < 28 < 50° using a 
variable scan speed mode of 2-24°/min. The intensities of two stan­
dard reflections were monitored every 50 reflections and showed no 
significant decay throughout data collections. The data were reduced 
as previously described8 to yield 2495 independent reflections, of which 
1398 were considered significantly above background (with / > 2<r(/)) 
and used in the solution and refinement of the structure. 

The solution of the structure was accomplished by direct methods.9 

Isotropic full-matrix least-squares refinement of the nonhydrogen 
atoms converged at R\ = 14.1% and R2= 18.2%.'-" These coordi­
nates were used in a difference map which revealed the hydrogen 
atoms. Isotropic full-matrix least-squares refinement of all the atoms 
converged at Rt = 8.0% and A2 = 8.9%. Further refinement with 
anisotropic temperature factors for the nonhydrogen atoms resulted 
in .R1 = 5.4% and A2 = 5.7%. C-H distances ranged from 0.94 to 1.02 
A. A final difference map resulted in no peak greater than 0.2 e, and 
the final "goodness of fit" value was 1.28. 
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Table I. Fractional Coordinates (XlO4) and Isotropic Temperature Factors1' for 2" 

Atom y 

C(I) 
C(2) 
N(3) 
N(4) 
C(S) 
C(6) 
C(7) 
C(8) 
C(9) 
C(IO) 
C(H) 
C(12) 
H(Ia) 
H(2a) 
H(2e) 
H(5a) 
H(5e) 
H(6a) 
H(7a) 
H(7e) 
H(8a) 
H(8e) 
H(9a) 
H(9e) 
H(IOa) 
H(IOe) 
H(IIa) 
H(IIb) 
H(Mc) 
H(12a) 
H(12b) 
H(12c) 

5610(4) 
4218(4) 
2952(3) 
2952(3) 
4232(4) 
5604 (4) 
6969(5) 
8318(5) 
8306(5) 
6935(5) 
1667(5) 
1688(5) 
5622(28) 
4118(34) 
4125(28) 
4169(33) 
4227(40) 
5579(27) 
6938 (32) 
6911 (35) 
8448(35) 
9118(42) 
8388(32) 
9076 (45) 
6862(34) 
6995(33) 
1556(38) 
1842(45) 
818(47) 

1763(45) 
1640(38) 
840(41) 

2137(4) 
1774(4) 
2890(3) 
3117(3) 
3603 (5) 
2564(4) 
3005 (5) 
1899(6) 
1451 (6) 
1027(5) 
2422 (6) 
4209 (6) 
2978(31) 
940 (36) 

1678(28) 
4431(37) 
3837(43) 
1720(30) 
3832(32) 
3214(39) 
1088(37) 
2262(36) 
2220(36) 

721 (46) 
207 (35) 
814(35) 

1664(38) 
2068(47) 
3318(48) 
4491 (47) 
5069(41) 
3769(37) 

3611(9) 
2702(10) 
3531(7) 
6324(7) 
7298(10) 
6457(8) 
7436(10) 
6527(10) 
3688(10) 
2699(10) 
2543(13) 
7225(14) 
3019(56) 
3218(72) 
861(58) 

6531 (71) 
9040(78) 
6946 (57) 
6707(62) 
9103(71) 
7231 (67) 
7290(73) 
2967(66) 
3124(88) 
3168(68) 

963 (65) 
3362(75) 
802(81) 
3175(91) 
8888(87) 
6549(80) 
6833 (74) 

2.9 
5.2 
2.6 
5.2 
6.7 
2.8 
4.1 
4.5 
4.7 
5.9 
4.3 
7.7 
4.3 
4.0 
6.0 
7.1 
8.5 
6.8 
6.2 
5.8 

(7) 
(10) 

(8) 
(10) 
(13) 
(7) 
(9) 
(11) 
(10) 

(11) 
(9) 
(14) 
(10) 
(10) 
(13) 
(15) 

(13) 
(15) 

(12) 

( H ) 

a Standard deviations of the last significant figure are given in parentheses in this and in all following tables and figures. 

Table II. Anisotropic Temperature Factors" for 2 (XlO4)0 

Atom 

C(I) 
C(2) 
N(3) 
N (4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(IO) 
C ( H ) 
C(12) 

/Su 

110(6) 
127(6) 
103(5) 
103(5) 
125(7) 
115(6) 
135(7) 
112(6) 
113(7) 
125(6) 
119(7) 
133(8) 

022 

77(6) 
102(6) 
107(5) 
115(5) 
96(6) 
83(6) 

122(7) 
175(8) 
151 (8) 
118(7) 
155(9) 
137(8) 

033 

399(26) 
361 (25) 
436(21) 
458 (22) 
437 (29) 
349 (26) 
398(29) 
590(31) 
558(30) 
369 (26) 
652(37) 
658(37) 

0,2 

- 2 2 (4) 
- 3 9 ( 5 ) 
- 2 6 ( 3 ) 
- 1 6 ( 4 ) 
- 2 4 ( 5 ) 
- 2 7 (5) 
- 4 0 (5) 
- 4 4 (6) 
- 1 6 ( 6 ) 
- 3 1 ( 5 ) 
- 4 2 (6) 
- 1 3 ( 6 ) 

013 

33(9) 
- 1 9 ( 9 ) 
- 1 9 ( 7 ) 

29(7) 
13(10) 

- 6 ( 8 ) 
- 3 1 ( 1 0 ) 
- 5 4 ( 1 1 ) 

19(11) 
42(9) 
- 4 ( 1 2 ) 
54(13) 

023 

36(10) 
49(11) 
57(8) 
65(8) 
51 (12) 
47(9) 
49(12) 

142(13) 
113(13) 
21(11) 
19(15) 
23(15) 

a Anisotropic temperature factors are of the form: exp[-(0nft2 + Q12Ii
1 + 033/2 + 20)2M + 20I3W + 2feW)]. 

Results and Discussion 

Coordinates and thermal parameters for compound 2 are 
given in Tables I and II, those for compound 3 are given in 
Tables III and IV. Bond lengths, bond angles, and torsional 
angles for 2 and 3 are given in Figures 1-3 and 4-6, respec­
tively. Observed and calculated structure factors for each 
compound are also given (see paragraph at end of paper re­
garding supplementary material). 

A thermal ellipsoid plot of compound 2 (Figure 7) shows the 
ee form to be favored in the crystalline state over the ae form 
as expected from steric considerations. A similar plot of 
compound 3 (Figure 8) shows it to prefer the ae conformation 
in the solid state. 

The comparison of geometry at the hydrazine units in the 
trans and gauche lone pair hydrazines 2 and 3, respectively, 

is a principal point of interest in this work, and will be the focus 
of our discussion. Because d is constrained to be about 180° for 
the ee hydrazine 2, it will have a larger lone pair-lone pair 
interaction than the ae compound 3 (PE studies of close models 
show that the energy separations should be about 2.3 and 1.0 
eV, respectively). Since equilibration studies indicate that the 
ee conformation is electronically destabilized relative to ae 
conformations, one might imagine that the geometry at the 
nitrogens of 2 would be distorted relative to that of 3 in order 
to minimize lone pair-lone pair interaction. The geometry 
changes which would minimize interaction of the lone pairs 
are lengthening of the N-N bond and increasing the nonpla-
narity at nitrogen, both of which decrease the lone pair-lone 
pair overlap. Our data allow evaluation of the size of these 
effects. 

Allman12 has discussed the differences in bond length ex-
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Table III. Fractional Coordinates (XlO4) and Isotropic Temperature Factors1' for 3 

Atom y 

C(I) 
N(2) 
N(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(IO) 
C(Il) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
H(Ia) 
H(4a) 
H(5a) 
H(5e) 
H(6a) 
H(6e) 
H(7a) 
H(7e) 
H(8a) 
H(8e) 
H(IIa) 
H(IIe) 
H(12a) 
H(12e) 
H(13a) 
H(13e) 
H(14a) 
H(14e) 
H(15a) 
H(15b) 
H(15c) 
H(16a) 
H(16b) 
H(16c) 

2032 (2) 
2787(2) 
3027 (2) 
3491 (2) 
3517(3) 
3841 (3) 
3238 (2) 
3261(2) 
2944(2) 
2246 (2) 
1543(2) 
527 (2) 
288 (2) 
1036(2) 
3611 (2) 
3570(3) 
2037(17) 
4181 (16) 
2863(21) 
3939(21) 
4532(20) 
3787(20) 
2564(19) 
3432(20) 
3957 (20) 
2904 (20) 
1619(20) 
1693(18) 
477(17) 
48 (23) 

-344(21) 
245(19) 
997(18) 
930(18) 
4130(25) 
3409(21) 
3922(18) 
3587(21) 
4263 (25) 
3273(21) 

-592(4) 
780(3) 
2049 (3) 
965 (4) 
2346 (5) 
1316(5) 
-520(5) 

-1935(5) 
-940 (4) 
-1605(4) 
-3278(5) 
-2400 (6) 
-1230(5) 

359(5) 
-307 (6) 
3787(5) 

-1695(40) 
649 (32) 
2950(41) 
3484 (47) 
895 (40) 
2258(45) 
-134(37) 
-1133(45) 
-2366 (39) 
-3157(45) 
-4305 (48) 
-3926 (40) 
-1520(42) 
-3524(52) 
-562 (44) 
-2195(42) 
1439(41) 
924 (40) 
687(51) 

-973 (49) 
-1311 (43) 
4859(50) 
3421 (48) 
4227 (47) 

3690(2) 
3567 (2) 
4429 (2) 
5326(2) 
6206 (2) 
7196(2) 
7245 (2) 
6408 (2) 
5419(2) 
4677 (2) 
4710(3) 
4482(3) 
3529(3) 
3481(3) 
3377(3) 
4229(3) 
3201 (19) 
5346(15) 
6115(20) 
6201 (21) 
7332(19) 
7695(23) 
7179(17) 
7902(23) 
6478(19) 
6450(20) 
4225(22) 
5349 (20) 
5034(19) 
4435 (23) 
3443(21) 
2974(21) 
3936 (20) 
2855 (22) 
3342 (24) 
2772 (25) 
3888(21) 
4739(25) 
4228 (23) 
3587(25) 

3.2(6) 
2.0 (5) 
4.4(7) 
5.1 (8) 
4.3 (6) 
4.6(7) 
3.1 (6) 
4.7 (7) 
3.8(6) 
4.3 (7) 
5.1 (7) 
4.0(7) 
4.1 (6) 
6.1 (9) 
4.8 (7) 
4.6(7) 
4.1 (6) 
3.3 (6) 
6.5(9) 
5.0(8) 
4.1 (7) 
6.3(9) 
6.2(8) 
5.3(8) 
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Figure 1. Bond lengths for compound 2.'' 

IO 2 

Figure 3. Torsional angles for compound 2.1 

IO 2 

Figure 2. Bond angles for compound 2.1' 

pected from the use of different experimental techniques for 
measurement. For hydrazine itself, which has a lone pair-lone 
pair dihedral angle 6 near 95°, very similar N - N bond lengths Figure 4. Bond lengths for compound 3." 
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Table IV. Anisotropic Temperature Factors11 for 3° 
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Atom 

C(I) 
N(2) 
N(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(IO) 
C ( H ) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 

0n 

42(2) 
44(1) 
47(1) 
38(2) 
61(2) 
57(2) 
53(2) 
53(2) 
39(1) 
39(2) 
52(2) 
46(2) 
40(2) 
44(2) 
54(2) 
66(2) 

022 

170(7) 
188(6) 
135(6) 
155(7) 
179(8) 

267(10) 
264 (9) 
179(8) 
131(7) 
128(6) 
167(8) 
241 (9) 
237 (9) 
230(9) 
259 (9) 
198(9) 

033 

43(2) 
41(1) 
49(2) 
47(2) 
52(2) 
48(2) 
42(2) 
47(2) 
43(2) 
45(2) 
54(2) 
75(3) 
67(2) 
51(2) 
56(2) 
65(3) 

012 

- 3 ( 3 ) 
3(2) 

- 2 ( 2 ) 
9(3) 

- 1 0 ( 4 ) 
- 4 ( 4 ) 
10(4) 

1(3) 
16(3) 
12(3) 

- 8 ( 3 ) 
- 1 6 ( 4 ) 

0(3) 
13(3) 
12(4) 

- 1 6 ( 4 ) 

013 

8(1) 
14(1) 
13(1) 
10(1) 
15(2) 
12(2) 
13(2) 
6(1) 

12(1) 
10(1) 
5(2) 

15(2) 
2(2) 
5(2) 

22(2) 
20(2) 

023 

- 1 0 ( 3 ) 
- 7 ( 3 ) 

0(2) 
- 1 2 ( 3 ) 
- 2 4 ( 3 ) 
- 3 6 (4) 

- 4 ( 4 ) 
2(3) 
H3) 

- 6 ( 3 ) 
5(4) 

12(4) 
1(4) 

25(4) 
- 9 ( 4 ) 
16(4) 

1 Anisotropic temperature factors are of the form: exp[-(0n/i2 + 022&2 + 033/2 + 2j$nhk + 20; 2 hi + 2023^:/)]. 

15 AX 

Figure 5. Bond angles for compound 3.1 

Figure 7. Thermal elliposid plot of compound 2 showing numbering and 
30% probability ellipsoids.9 

Figure 6. Torsional angles for compound 3. 

have been calculated using x-ray'3 (rx = 1.46 A), far infrared14 

(rn = 1.453 (5)), and electron diffraction15 (rg = 1.449 (4)) 
data. The only other accurate N-N bond length for a hydra­
zine with saturated alkyl and hydrogen substitution is the x-ray 
value of 1.447 (3)16 for the gauche lone pair hydrazine 4 

CH3 

Ar" 
CH3 

Figure 8. Thermal ellipsoid plot of compound 3 showing numbering and 
20% probability ellipsoids.9 

(which crystallizes with axial NH bonds and equatorial 
methyls), in excellent agreement. Similarly, the N-N bond 
length determined here for the gauche-tetraa\ky\hydrazme, 
1.450 (3), is in complete agreement with the other gauche 
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Figure 9. Newman projection along the N(3)-N(4) bond in compound 
2. 

hydrazine values. The observed N-N bond length for the 
trans-hydrazine 2 was 1.486 (4) A. Allman12 has discussed 
evidence that x-ray bond distances are increased for bonds to 
nitrogen atoms because of displacement of the observed center 
of electron density toward the lone pair. This would tend to 
increase the x-ray bond length for a trans relative to a gauche 
hydrazine, but any such effect seems to be quite small, from 
the data quoted above for hydrazine. Although the N-N bond 
length may be slightly greater for trans than for the gauche 
hydrazines, such an effect is seen to be rather small from our 
observed difference in N-N bond length for 2 and 3 being 
about 0.04 A, representing nine standard deviations. 

The bond angles about the nitrogen atoms change far more 
significantly between 2 and 3, as expected because angular 
deformation is easier than bond length deformation. The de­
gree of flattening at nitrogen may be examined conveniently 
by comparing the values of /3, the angle of bend of the N-
methyl group out of the CNN' plane (j3 = 54.7° for a tetra-

Me/ 

hedral atom, 0° for a planar one). For the //"ans-hydrazine 2, 
the (3 values at the two nitrogens are 59.3 and 59.0°, or about 
4.4° larger than the tetrahedral value, while for 3, /3 values of 
49.4° (N(2)Me(15) (axial)) and 47.8 (N(3)Me(16) (equa­
torial)) are observed, 5.3 and 6.9° lower than a tetrahedral 
nitrogen would show. One factor favoring increased bending 
in 2 compared to 3 is that this bending increases the MeNNMe 
dihedral angle, relieving the Me,Me steric interaction for 2. 
The steric situation is more complicated for 3, where both the 
interaction with the ring C(4) carbon and Me(16) will be af­
fected as Me(15) (eq) is moved. While the internal C(I) 
N(2)N(3) angle (at the nitrogen with the axial methyl) is 5° 
less than the C(4)N(3)N(2) (equatorial methyl) angle, 
changes in the external bond angles result in similar degrees 
of flattening at the nitrogens (/3 values within 1.6°). This 
suggests that the change in /3 between 2 and 3 is not entirely 
steric, but partly a result of the change in lone pair-lone pair 
interaction because 8 is different. The /3 angle at the N-Me 
nitrogen in the bis(trialkylhydrazine) 4 is calculated from the 
data of Ansell and Erickson16 to be 54.5°, about halfway be­
tween the values found for 2 and 3, and quite close to the tet­
rahedral value (as are all of the torsional angles in this com­
pound). The strong intermolecular hydrogen bonding ob­
served16 may well make this molecule a poor comparison with 
a tetraalkylhydrazine. The importance of steric effects in de­
termining the flattening angle at nitrogen cannot, however, be 
overlooked. 

The approximately 10° difference in the /3 values for 2 (6 
about 180°) and 3 (8 about 70°, see below) could have sig­
nificant effects on the use of photoelectron spectroscopy lone 
pair energy differences to estimate 8 values.2-3 Although INDO 
calculations on hydrazine itself show only a 2% drop in the 
calculated energy difference at 8 = 180° when /3 is changed 
from 49 to 59°, the changes are much more significant at other 
8 values, about 5% at 120°, 17% at 60°, and 14% at 0°.17 The 
change in /3 as 8 is changed found here ought to be incorporated 
into a working curve for AE vs. 8, as well as the experimentally 
found (but not predicted at the INDO level of calculation) 

r 48.5 67.9, 

67.A (N2J 46.1 

A 56.4171.9 , 6 

Me15 

Figure 10. Newman projection along the N(2)-N(3) bond in compound 
3. 

insensitivity of AE to 8 near the crossover point.18 The fact that 
0 for other cyclic systems will be sensitive to structure seems 
to preclude the photoelectron spectroscopy method from being 
able to measure very precise 8 values. 

Many of the dihedral angles for 2 and 3 are shown in Figures 
3 and 6. The dihedral angles about the hexahydropyridazine 
ring of 2 vary in roughly the manner predicted entirely from 
bond length considerations;40 the degree of puckering is far 
greater at the nitrogen side of the hexahydropyridazine ring 
(the CN-NC angle being 9.4° larger than the 56° of cyclo-
hexane itself) than on the opposite side (the CC-CC angle is 
6.2° less than that of cyclohexane).19 We note that the internal 
ring torsion angle CN-NC for 2 (65.4°) is rather close to that 
observed for the tetrahydropyridazine 3 (67.4). The tetrahy-
dropyridazine is, of course, considerably flattened at the ole-
finic side of the six-membered ring, the torsional angle at the 
double bond being found to be 5.4°. 

The MeN-NMe dihedral angle is about 8° larger for the 
axial, equatorial compound 3 (71.9°) than for equatorial,e-
quatorial 2 (63.7°), as expected from the NMR-derived 
equilibrium constants,4 which suggested a larger Me,Me in­
teraction in ee than in ae conformations. The MeN-NMe di­
hedral angle for 2, the diequatorial compound, would have been 
even smaller had not /3 been larger for 2 than for 3. 

The lone pair-lone pair dihedral angles are of particular 
interest in relation to the photoelectron spectroscopy work on 
hydrazines.2,3 The lone pair electrons are not directly observed 
by x-ray crystallography, so only indirect estimates of the di­
rections of the lone pair orbital axes, and hence of 6, can be 
made. If the lone pairs are considered to be directed perpen­
dicular to the plane passing through the a-carbon atoms (the 
similarity of the C-N and N-N bond lengths makes this a 
reasonable procedure), 8 = 74° for the ae lone pairs of 3, and 
178° for the aa lone pairs of 2. If instead, the lone pair orbital 
axes are considered to bisect the CNC angle in a Newman 
projection down the N-N bond, as illustrated in Figure 9, 8 
values of 69.7 and 179.2° are obtained. These two methods of 
estimation give approximately the same answer. The 160-170° 
8 values estimated for diequatorial hexahydropyridazines in 
our photoelectron spectroscopy work3 are seen to be incorrect; 
the lone pair-lone pair interaction does not cause torsional 
distortion of the hexahydropyridazine ring of the sort that 
would be required to obtain such a low 8 value. This mistake 
probably arose because of our use of a constant tetrahedral /3 
value in the AE vs. 8 working curve, as discussed above. 
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Vitamin B6 compounds are known to be essential in enzy­
matic metabolism of amino acids. The early studies by 
Braunstein et al.3 and Snell et al.4 suggested that the initial step 
in the metabolic mechanism of amino acids is Schiff base 
formation between the formyl group of pyridoxal 5'-phosphate 
and the amino group of the amino acid. 

Considerable information on the equilibrium of Schiff bases 
formed by pyridoxal or pyridoxal 5'-phosphate with amino 
acids or amines has been obtained from UV-visible and 1H 
NMR studies in aqueous and nonaqueous media,5-14 but 
structural evidence for these dynamic states has not been 
conclusive. Furthermore, the tetrahedral intermediate (car­
binolamine) formed through the addition process between the 
carbonyl and the amino group of the two components has re­
ceived little structural attention. 

Recent studies of vitamin B6 and derivatives15-16 and amino 
acids17 '18 by carbon-13 nuclear magnetic resonance spec­
troscopy (13C NMR) have led us to pursue the application of 
13C NMR methods for the derivation of dynamic structural 
information in the formation of Schiff bases and carbinolamine 
complexes from pyridoxal 5'-phosphate and amino acids. 

This study is the first comprehensive treatment of 13C NMR 
application to Schiff base and carbinolamine formation from 
pyridoxal 5'-phosphate and amino acids, although a prelimi­
nary study on pyridoxal 5'-phosphate-amine systems was re-
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ported very recently.19,20 We wish to establish a correlation 
of chemical shifts with Schiff base structures and to provide 
13C N M R evidence for the intermediacy of carbinolamines. 

Experimental Section 

Pyridoxal 5'-phosphate was purchased from Sigma Chemical Co. 
and DL-alanine was obtained from Merck and Co. Reagents were used 
without further purification. D2O obtained from Diaprep was 99.7% 
pure. The NaOD was prepared from D2O and metallic sodium under 
dry nitrogen. 

13C NMR spectra were obtained at 25 0C on a Bruker HX90E 
pulse Fourier transform NMR spectrometer (22.63 MHz) interfaced 
with a Nicolet 1080 computer. Typical parameters for 13C NMR 
experiments follow: spectral width of 6024 Hz with acquisition of 8 
K data points, 7-/xs pulse corresponding to a tip angle of 30°, and a 
recovery time of 2 s. The number of spectral accumulations was in the 
range of 5000-7500 depending on sample conditions. Chemical shifts 
are given in parts per million (ppm) downfield from external tetra-
methylsilane (capillary with 5-mm o.d. concentric tube within the 
10-mm sample tube). The digital reproducibility is ±0.1 ppm. The 
probe temperature was 25 °C. D2O solvent was the source of an in­
ternal deuterium lock. Broad band proton noise decoupling and gated 
decoupling experiments were carried out by standard methods. 

The sample solution was prepared by first dissolving the amino acid 
in the 0.35 M pyridoxal 5'-phosphate (pH 6.0) stock solution and then 
adjusting to the final concentration and pH. Sample concentrations 
were 0.3 M in each component. Before preparing the stock solution, 
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Abstract: The Schiff base and carbinolamine formation from pyridoxal 5'-phosphate and DL-alanine in aqueous solution was 
investigated by carbon-13 nuclear magnetic resonance spectroscopy. The pA"a value for the deprotonation of the pyridinium 
nitrogen was found to be less than that of free pyridoxal 5'-phosphate. At pH 7.1 two pH-dependent forms of the Schiff base 
and three species of carbinolamines which have different configurations were detected, while at pH 10.5 the pH-dependent 
forms of the Schiff base predominate. At pH 6.3 the Schiff base is equally distributed between the pH-dependent forms and 
increased concentration of the three carbinolamine species were detected. Evidence presented suggests that the Schiff bases 
allow for no intramolecular interactions between the iminium proton and either the phenolate anion of C-3 of pyridoxal 5'-
phosphate or the carboxyl group of the amino acid. At pH 12.8, the equilibrium is shifted from the Schiff base toward free 
components and the carbinolamine intermediate was not clearly detected. 
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