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The crystal and molecular structure of 2,3-diisopropylidene-l,4-butanediol has been determined crystal- 
lographically using the 1502 unique and significant reflections for which 20< 60 °, and refined to an R 
index of 0.082. Counter methods with graphite-monochromated Mo K~ radiation were employed. All 
hydrogen atoms were located in a difference Fourier function and included in the least-squares refine- 
ment. Crystals form in the monoclinic space group P2dc with cell dimensions a= 7.893 (3), b = 9.194 (6), 
¢= 14.373 (9) ,~ and B= 90.58 (4) °. Estimated standard deviations in non-hydrogen bond lengths range 
from 0.004 to 0.006 ~, and in angles from 0-3 to 0.4 °. The central (2-3) bond length in the butadiene 
moiety is found to be 1.509 (4) ~, with a dihedral angle (1-2-3-4) of 104.8 (4) °. After application of 
an empirical correction for the small amount of n-bond order in the central bond, this result is found 
to support the theoretically derived spZ-sp ~ C-C single-bond length of 1.517 A. 

Introduction 

Although it has been recognized that non-polar 1,3- 
dienes are inherently dissymmetric (Moscowitz, Char- 
ney, Weiss & Ziffer, 1961), no configurationally stable 
examples have been reported. The recent discovery in 
these laboratories of an unexpectedly large (21 kcal 
mol-1) racemization barrier in a compound containing 
an exocyclic vic-diisopropylidene moiety (Kiefer, ke- 
vek, & Bopp, 1972) has prompted an exploration of the 
chemical and physical properties of simple compounds 
containing this structural unit. The readily prepared 2,3- 
diisopropylidene-l,4-butanediol represents the first 
of this series. To our considerable surprise, the nuclear 
magnetic resonance spectrum of this compound dis- 
played magnetically nonequivalent methylene protons 
even well above room temperature (Tcoal,scence ~ 138 °C) 
indicating a high degree of configurational stability. 
The crystals demonstrated no optical activity, suggesting 
that they were racemic. The molecular structure was of 
interest primarily because the probability of a large 
dihedral angle between the n-bond planes presented 
an opportunity to measure accurately an spZ-sp z car- 
bon-carbon bond length in the absence of conjugation 
and severe strain effects. Precise molecular dimensions 
were also desired for theoretical calculations of the 
energy barrier to raeemization. 

Experimental 

2,3-Diisopropylidene-1,4-butanediol was synthesized in 
40% yield by reduction of ethyl hydrogen 2,3-diiso- 
propylidenesuccinate (0.130 mol) with sodium bis- 
(2-methoxyethoxy)aluminum hydride ('Red-al', Al- 
drich Chemical Co., 0-520 mol) in 200 ml of refluxing 

* Present address: Department of Pharmacy, Llniversity of 
Oslo, Oslo 3, Norway. 

toluene for 20 h. The diisopropylidene half-ester was 
prepared in ca. 90 % yield by the Stobbe condensation 
(Stobbe, 1905) of acetone (0.200 tool) with diethyl iso- 
propylidenesuccinate (0.170 tool) (Overberger & Rob- 
erts, 1949) using potassium tert-butoxide (0.280 mol) 
in refluxing tert-butyl alcohol (Johnson & Schneider, 
1963). The neat, distilled dioi (b.p. 112-116 ° C, 0.45- 
0.50 ram) was protected from light and air and allowed 
to remain undisturbed at 13°C for 3-4 days, during 
which time crystals formed. Subsequent attempts to 
grow crystals from a variety of solvents have so far 
been unsuccessful. The high-temperature n.m.r, spec- 
trum was measured using 1-chloronaphthalene and 
quinoline as solvents. 

A crystal of dimensions 0.75 ×0.3 ×0.3 mm was 
used for all crystallographic experiments. Oscillation 
and Weissenberg photographs indicated monoclinic 
symmetry with a fl angle close to 90 °. All reflections 
hOl for l odd and 0k0 for k odd were systematically 
absent, uniquely defining the space group P2x/c. 

A Syntex P1 four-circle computer-controlled dif- 
fractometer with graphite-monochromated Mo Ks ra- 
diation (K~I, 2=0.70926 A; K~2, ).=0.71354 A) and 
pulse-height analyzer was used for preliminary experi- 
ments and for the measurement of diffraction intensities. 
The cell constants and their standard deviations were 
determined by a least-squares treatment of the angular 
coordinates of 15 independent reflections with 20 
values up to 21.8 °. The program used was written by R. 
A. Sparks and is part of the diffractometer program 
library. 

The 0-20 scanning mode with scan speed valiable 
from 2 to 24 ° rain -1, depending on the peak intensity 
of the reflection, was utilized during the data collec- 
tion. Background counting time was equal to the scan 
time and the scan range varied from 2.0 ° at low 20 to 
2-4 ° at 60 °. The temperature was maintained within 1 ° 
of 19°C. Three check reflections, which were re- 
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measured after every 100 reflections during data col- 
lection, showed a linear decrease to 86 % of the initial 
intensity. A decay correction was applied (Ottersen, 
1973). 

Standard deviations were assigned according to the 
formula 

~r(I)=[co2(CT + Bz + B2)-t- (pl)2] ']~, 

where co is the scan rate, CT is the total integrated 
count, B~ and B2 are the background counts, and the 
intensity is I=co(CT-B~-B2). A value of 0.02 was 
assigned to the empirical parameter p to account for 
instrument instability. Of the 3054 unique reflections 
measured, all those for which 20< 60 °, 1502 had inten- 
sities larger than three times their standard deviations, 

Table 1. Observed and ealeulated structure factors 
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and all of  the remaining reflections were excluded f rom 
Fourier  calculations and least-squares refinements. 
The intensities were corrected for Lorentz and polariza- 
tion effects (Ottersen, 1973); the contr ibut ion of the 
monochromator  crystal was calculated assuming that 
it was hal f  perfect and hal f  mosaic in character. 

The atomic scattering factors used were those of 
Doyle & Turner  (1968) for C O and O ° and those of 
Stewart, Davidson & Simpson (1965) for hydrogen. 

C r y s t a l  d a t a  

2,3-Diisopropylidene-l ,4-butanediol ,  Cx0HlsO2, mono- 
clinic, P21/c; a=7 .893  (3), b = 9 . 1 9 4  (6), c= 14.373 (9) 
A, f l=90.58 (4) °. Figures in parentheses are est imated 
s tandard deviations in units of  the least significant digit 
given for the corresponding parameter.  V =  1042.9 A?; 
M.W. 170"2; Dobs (f lotat ion)= 1.05 g c m - 3 ;  Dcal¢ = 
1.084 g cm-3 ;  Z = 4 ;  F (000)=376 ;  melt ing point 
46-47 °C. 

S t r u c t u r e  d e t e r m i n a t i o n  

The phase problem was solved by a computer  procedure 
(Long, 1965), utilizing a reiterative application of 
Sayre's equation (Karle, 1964). The 336 values of E, 
the normalized structure factor, larger than 1.5 were 
used. Positions for all 12 non-hydrogen atoms were 
indicated in the E-map. The fast-Fourier program 
ALFF (Hubbard ,  Quicksall  & Jacobson, 1971) was 
used fol all calculations of Fourier  functions. 

The structure model was refined to R1 = 0.17 [R1 = 
(YlFo-IFcll)/YFo and Rz= {~w(Fo-lFcl)Z/YwF2o)l/z}. 
The introduction of anisotropic thermal  parameters 
followed by least-squares refinement reduced R~ to 
0.12. The weights, w, used in the least-squares were 
the reciprocal squares of ~r(Fo). The program used 
(UCLALS4) was that of  Gantzel,  Sparks & Trueblood 
(1960) which minimizes ~w(AF) 2. 

Positions for the 18 hydrogen atoms were indicated 
in a difference Fourier  function. These were included 
in the least-squares refinement with individual iso- 
tropic thermal  parameters.  

Full-matrix least-squares refinement of  all posit ional 
parameters,  anisotropic thermal  parameters  for non- 
hydrogen atoms, and isotropic thermal  parameters  for 
hydrogen atoms converged to give the final error in- 
dices, R1 = 0.082 and R2 = 0.096. The 'goodness-of-fit ' ,  
{[~w(Fo-lFcl)2]/(m-s)} 1/2, is 2.44, and the overdeter- 
minat ion ratio, m/s, is 8.3. The number  of observa- 
tions is m, and s, the number  of parameters,  is 181. In 
the final cycle of least-squares, all shifts involving non- 
hydrogen atoms were less than 1% of their s tandard 
deviations. Shifts in parameters  for hydrogen atoms 
were less than 60 % of their e.s.d.'s. The largest peak on 
the final difference Fourier  function had a density of 
less than 0.3 e A-3 ;  the s tandard deviation of the elec- 
tron density is calculated to be 0.1 e A -3. 

Table 1 is a tabulat ion of the observed and calculated 
structure factors ( x 10), and the final parameters of  the 
non-hydrogen atoms are listed in Table 2. Final par- 
ameters for hydrogen atoms are given in Table 3. 

Table 3. Fractional atomic coordinates ( × 103) 
and hsotropic thermal parameters (A 2) for 

hydrogen atoms. 

See Fig. 1 for the identities of the atoms. The e.s.d, is in the 
units of the least significant digit given for the corresponding 

parameter. 

x y z B 
H(13) 55 (9) 130 (8) 302 (5) 9.6 (17) A, 
H(14) -56  (9) 362 (8) 273 (5) 8.9 (16) 
H(15) 269 (10) -112 (10) 489 (6) 9.4 (20) 
H(16) 190 (9) -72  (8) 574 (5) 7-8 (15) 
H(17) 340 (14) -61 (11) 556 (7) 12.0 (27) 
H(18) 220 (7) 315 (7) 575 (4) 7.1 (13) 
H(19) 120 (9) 192 (8) 633 (5) 8-4 (15) 
H(20) 336 (9) 176 (8) 615 (5) 7.9 (15) 
H(21) 352 (9) 134 (8) 285 (5) 8.8 (16) 
H(22) 335 (7) - 8  (5) 350 (3) 5.4 (11) 
H(23) - 13 (6) 476 (5) 403 (3) 4.3 (9) 
H(24) -41 (5) 328 (5) 457 (3) 4.3 (9) 
H(25) 184 (10) 606 (7) 357 (4) 5"7 (16) 
H(26) 315 (11) 586 (10) 284 (7) 11"9 (22) 
H(27) 312 (11) 657 (10) 420 (6) 10"8 (21) 
H(28) 541 (9) 353 (8) 319 (6) 8.1 (18) 
H(29) 523 (9) 280 (9) 391 (5) 9"2 (17) 
H(30) 583 (10) 429 (9) 414 (5) 8-1 (17) 

Table 2. Fractional atomic coordinates and thermal parameters with estimated standard deviations (all × 10 4) 

See Fig. 1. for the identities of the atoms. The e.s.d, is in the units of the least significant digit given for the corresponding par- 
ameter. The temperature factor is exp[-(fi l th 2 +f122k 2 +,Oa3l 2 +Blzhk +~3hl+B23kl)]. 

x y z fltt fl22 fla3 ill2 fl13 fl23 
0(1) 1013 (4) 479 (4) 2927 (2) 310 (8) 148 (4) 67 (2) 21 (9) -97  (6) - 7 6  (5) 
0(2) -667 (3) 3062 (3) 3188 (2) 180 (5) 121 (3) 65 (2) - 7  (7) -70  (4) 18 (4) 
c(3) 2621 (6) -370 (5) 5276 (4) 236 (9) 106 (5) 80 (3) 22 (11) 11 (8) 72 (6) 
c(4) 2232 (6) 2156 (5) 5905 (3) 282 (10) 147 (6) 36 (2) 23 (12) 22 (6) 2 (5) 
c(5) 2429 (4) 1221 (4) 5050 (2) 133 (5) 82 (3) 44 (2) 0 (7) - 14 (4) 10 (4) 
c(6) 2416 (4) 1779 (3) 4198 (2) 120 (5) 78 (4) 39 (2) 6 (7) - 7  (4) - 2  (4) 
c(7) 2600 (6) 853 (4) 3339 (3) 234 (8) 109 (4) 45 (2) 27 (10) - 1  (6) -37  (5) 
c(8) 2033 (4) 3358 (3) 4001 (2) 157 (6) 83 (4) 34 (1) 18 (8) -18  (4) - 1  (4) 
c(9) 159 (4) 3708 (4) 3977 (2) 145 (6) 102 (4) 51 (2) 42 (8) - 13 (5) - 7  (4) 
C(lO) 3241 (5) 4315 (4) 3783 (3) 164 (7) 104 (4) 51 (2) 13 (9) - 2 0  (5) 12 (5) 
C(ll) 2924 (6) 5877 (5) 3527 (4) 248 (10) 115 (5) 85 (3) 25 (11) -13 (8) 66 (6) 
c(12) 5089 (6) 3908 (5) 3790 (4) 157 (7) 142 (6) 96 (3) -41 (11) - 8  (7) 42 (7) 
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Standard deviations were calculated from the correla- 
tion matrix ignoring standard deviations in cell param- 
eters. The estimated standard deviations in the C-C 
and C-O bond lengths [Fig. l(a)] range from 0.004 to 
0.006 &, and the e.s.d.'s of the angles [Fig. l(b)] in- 
volving these non-hydrogen atoms are 0.3 to 0.4 ° . 
Geometrical features involving hydrogen are summar- 
ized in Table 4, and the two 'ethylene' planes are de- 
scribed in Table 5. 

Table 4. Average bond distances (A) and bond 
angles involving hydrogen 

Estimated standard deviations are in the units of the least 
significant digit given for the corresponding parameter. 

Number  
Average value averaged Range 

O - - H  0"85 /~, 2 0"84 (7) -0"85 (7) A 
C - - - H  0.98 16 0.77 (10)-1.17 (10) 
O . . . H  1.94 2 1.90 (7) -1.98 (7) 

C - C - H  111"6 ° 16 89 (4)-128 (6) ° 
C - O - H  102.4 2 96 (5)-109 (5) 
O - C - H  111.3 4 107 (2)-115 (4) 
H - C - H  104.2 14 77 (6)-143 (7) 

0(2 H(,3) j go._( ~ ~ H ( , 4 )  
o ( , ) ~ - "  / l  .... 

C181 H(251 

H(301 

(a) 

II -,,50 A I 

(b) 

Fig. 1. The 2,3-diisopropylidene-l,4-butanediol molecule. El- 
lipsoids of 15 % probability are used (Johnson, 1965). Bond 
lengths and bond angles are given. 

Table 5. Deviations from least-squares planes 
(A × 10 3) 

Bold-face deviations indicate the atoms used to define the 
least-squares plane. A negative deviation indicates that the 
atom with the coordinates given in Table 2 (Table 3 for hydro- 
gens) lies between that plane and the origin. The direction 
cosines (× 104), q, are with respect to orthogonal axes. The 
r.m.s, deviation (/k × 103) of the boldface atoms from the plane 
is 6. D is the distance (in A) from the plane to the origin. 

Plane 1 Plane 2 

O(1) - 1297 -2139  
0(2) - 2219  - 1285 
C(3) - 60 1019 
C(4) 31 2432 
C(5) 10 1046 
C(6) 42 - 18 
C(7) 12 - 1408 
C(8) - 36 38 
C(9) - 1447 - 6 
C(10) 1032 2 
C(I 1 ) 999 - 26 
C(12) 2413 9 
H(13) - 1537 
H(14) - 1798 
qb × (a × b) 9866 595 
qb 1574 2396 
qa × b 419 9690 
D 2"289 6"366 
6 36 21 

Discussion 

Intramolecular crowding in 2,3-diisopropylidene-l,4- 
butanediol, particularly between the cis, cis-methyl 
groups, C(4) and C(12), but also between the methyl- 
ene groups, C(7) and C(9), forces the diene system to 
adopt a severely skewed conformation: the C(5)- 
C(6)-C(8)-C(10) dihedral angle is 104.8 (4) °. (Dihedral 
angles are given in Table 6.) This configmation is 
stabilized by the intramolecular van der Waals poten- 
tial minimum occupied by the C(4) group between the 
C(9) and C(12) groups, by that found by the C(12) 
group between the C(4) and C(7) groups, and by the 
formation of an intramolecular hydrogen bond [2.75 
(1) A] between O(1) and 0(2). The O(1)-H(13) . . .0(2)  
angle is 175 (4) ° . This compound may, in fact, owe its 
unexpected ease of crystallization to the conformational 
rigidity imparted by these steric and hydrogen-bonding 
constraints. The observation that replacement of 1- 
chloronaphthalene with quinoline (a good hydrogen- 
bond acceptor) as solvent has no significant effect on 
the n.m.r, coalescence temperature implies that hydro- 

Table 6. Dihedral angles (°) 

Estimated standard deviations, in parentheses, are in the units 
of the least significant digit given for the corresponding par- 

ameter. 

C(5)--C(6)-C(8)-C(10)  104.8 (4) 
C(7)- -C(6)-C(8)-C(9)  92.7 (4) 
C(5)--C(6)-C(7)-O(1 ) 96.1 (4) 
C(8)- -C(6)-C(7)-O(1)  77.8 (4) 
C(6)- -C(8)-C(9)-O(2)  68-8 (4) 
C(10)-C(8)-C(9)-O(2) 105" 1 (4) 
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gen bonding does not contribute significantly to hin- 
dered rotation about the C(6)-C(8) bond. The intra- 
molecular hydrogen bond also does not appear to 
induce any significant angular distortion" all of the 
observed C-C-C and C-C=C bond angles [Fig. l(b)] 
are within 2 ° of the corresponding angles determined 
by electron diffraction for isobutylene (Bartell & Bon- 
ham, 1960) and tetramethylethylene (Pauling, 1960). 

Although a case for some shortening of the carbon- 
carbon double bonds might be made, all of the bond 
lengths except that of the central C(6)-C(8) single bond 
appear to fall within the normally observed ranges 
(Lide, 1962). The latter bond length, 1.509 A, is well 
above the accepted value of 1.48 + 0.01 A for 'normal'  
spZ-sp z C-C single bonds (Lide, 1962; Stoicheff, 1962; 
Bastiansen & Tr~etteberg, 1962), which, however, ac- 
tually have bond orders greater than one, owing to con- 
jugation effects. It seems very unlikely that this appar- 
ent bond stretching is due to conformational strain, 
since such strain should be reflected in distortions of 
other bond lengths and especially of bond angles, 
which relieve strain by deformation much more 
efficiently than do bond lengths (Westheimer, 1956). 
The only statistically significant bond-angle deformation 
observed, in C(3)-C(5)-C(6) and C(8)-C(10)-C(I1) 
(average 124.9°), is in the wrong direction to correlate 
with stretching of the C(6)-C(8) bond; if anything, the 
forces responsible for widening that angle should tend 
to compress the C(6)-C(8) bond. The data of Table 5 
indicate very little deviation from planarity in the two 
ethylene planes. 

Based on the above considerations, we suggest that 
the conformation adopted by 2,3-diisopropylidene- 
1,4-butanediol in the crystalline state is substantially 
strain-free, and that the C(6)-C(8) bond length, 1.509 
(4) A, must be very close to the equilibrium value for 
an spZ-sp z C-C single bond in the absence o f  conjugation 
effects. As such, the present work represents probably 
the most precise determination of this theoretically 
important number to date. 

A number of authors have discussed the influence of 
electron delocalization on the length of the single bond 

between two zc bonds as a function of the dihedral angle 
(~) between ~z bond planes. The most widely cited value 
for a pure non-conjugated sp2-sp z bond (gt = 90 + 10 °) is 
1.515 (15) A, determined for the interannular distance 
in hexaphenylbenzene by electron diffraction (Almen- 
ningen, Bastiansen & Skancke, 1958). Though the un- 
certainty in the measurement is high, it is close to the 
theoretical value of 1.517 A derived and impressively 
supported with empirical correlations by Bak & 
Hansen-Nygaard (1960). The effects of conjugation 
for values of ~, between 0 and 90 ° have also been cal- 
culated for biphenyl and other systems (Adrian, 1958; 
Fischer-Hjalmars, 1962), and offer further support for 
the assumption that partial conjugation leads to system- 
atic bond shortening. Using the bond-order-bond- 
length relationship given by Bak & Hansen-Nygaard 
(bond shortening=0.168 A xrc-bond order) and a 
C(6)-C(8) re-bond order calculated (relative to planar 
butadiene=0.20) for ~ =  104.8 ° by the simple Hfickel 
method (Roberts, 1961), the predicted spZ-sp 2 single- 
bond length in 2,3-diisopropylidene-l,4-butanediol is 
1.507 ,A., which is within experimental error limits of the 
measured value. If the correction (0-010 A) were 
applied instead to the observed distance, the pure sp 2- 
sp z bond length would be 1.519 (4) A, ignoring the 
e.s.d, of the correction. 

A stereo view of the packing is given in Fig. 2. The 
intermolecular forces in the crystal are relati,,ely weak, 
consistent with its low melting point. Each molecule 
participates in only two intermolecular hydrogen bonds 
for which 0 (2) . . .O(1)  is 2.75 (1) /~,. [O(1) has coor- 
dinates related to those given in Table 2 by the symme- 
try operation" - x, 0.5 +y,  0.5 - z]. 
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Bellingerite, 3Cu(IO3)2.2HzO, is triclinic, space group P1, with a0 = 7.256 (2), b0 = 7.950 (2), co = 7.856 (2) 
A, ~=105-10 (2), /3=92.95 (2), and y=96.95 (2) °, Z =  1. The heavy-atom positions were determined 
from a three-dimensional Patterson map. The crystal structure was determined by the heavy-atom 
method and refined by the method of least-squares, with anisotropic temperature factors, to an R of 
0.038 for 3156 reflections measured on an automatic single-crystal diffractometer. The standard error 
in Cu-O and I-O bond lengths is + 0.005 A and in O-Cu-O and O- I -O  angles + 0.02 °. The crystal 
structure of bellingerite is a three-dimensional framework consisting of a corner-sharing tetragonally 
distorted Cu(l)O6 octahedron, a [Cu(2)2Os(H20)2] octahedral dimer and three independent pyramidal 
iodate groups. Cu(1) at a symmetry center is bonded to four oxygens at 1.936 A ( × 2) and 1.967 A ( × 2) 
approximately in a square plane, while two oxygens at 2.528A ( × 2) complete the octahedron. Cu(2) has 
three oxygen atoms at 1.942, 1.946 and 1.973 A and a water molecule at 1.950 A approximately in a 
square plane, while one oxygen at 2-456 A and a water molecule at 2.483 A form the apices of the distor- 
ted octahedron. Two Cu(2) octahedra form a dimer by sharing an octahedral edge. The pyramidal 
I(1)O3 group, with point-group symmetry 3m, has three oxygens at 1-815, 1.823 and 1.824 A from the 
iodine atom, with O- I -O  angles 96.0, 95.7 and 97-3 °. I(1) is weakly bonded to three further oxygens at 
2-755, 2.676 and 2.796 A. The I(1)O6 coordination polyhedron is a distorted octahedron. I(2) is bonded 
to three oxygens at 1.817, 1.815 and 1.825 A, the O- I -O  angles being 99.1, 99.4, and 95-1 °. Four further 
oxygens form weak bonds at 2.737, 2.957, 3.050 and 3"172 A. The I(2)O7 polyhedron can be described 
as a square pyramid with two domes below the equatorial plane. I(3) is bonded to three oxygens at 1.801, 
1.823 and 1.795 A, with O- I -O  angles 96.7, 101.0 and 101.1 °. I(3) is weakly bonded to two further 
oxygens at 2.771 and 2.873 A. The 1(3)O5 polyhedron is a distorted trigonal bipyramid. Both I(2)O3 and 
I(3)O3 groups approximate very closely to the point-group symmetry m. Both H atoms belonging to the 
water molecule are involved in strong hydrogen bonds (both O - H . . .  O = 2.663 A). 

Introduction 

In part  I of  this series, we described the structure of  
veszelyite, (Cu, Zn)2ZnPO4(OH)a.2H20 (Ghose, Leo 

& Wan,  1974), which has a novel type of  octahedral  
sheet structure. In this paper  we describe the structure 
determination of  a copper iodate mineral,  bellingerite, 
3Cu(IO3)2.2H20 f rom Chuquicamata ,  Chile. The 


