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ABSTRACT 

A single-crystal, X-ray diffraction study was performed on a nonalkenic, 

cyclic trimer (C,,H,sO,, 4) of levoglucosenone, in order to confirm its chemical 
structure. Crystals of 4 are orthorhombic, with unit-cell parameters of a = 792.20, 
b = 1874.35, c = 2383.02 pm, space group P2,2,2,, and z = 8. The structure was 
solved by direct methods, and refined by least-squares to R = 0.032, based on 
2990 unique reflections. Each asymmetrical unit contains two symmetry-independent 
molecules of 4 and one of acetone. The previously assigned chemical structure and 
stereochemistry of 4 were found to be correct. 

INTRODUCTION 

Levoglucosenone (1, 1,6-anhydro-3,4-dideoxy-P-~-glycero-hex-3-enopyranos-2- 
ulose) has been synthesized by the pyrolysis of cellulose and such cellulosic wastes 
as newsprint’, and many aspects of its chemical reactivity have been investigated’. 
The carbon-carbon double bond has been shown to undergo base-catalyzed Michael 
additions readily’, and recently, levoglucosenone was found to form oligomers via 

this process3. A dimer (2), and two cyclic trimers, one alkenic (3) and one nonalkenic 
(4), have been isolated, and their chemical structures tentatively identified by spectro- 
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scopic methods. In addition, the structure of trimer 3 has been confirmed by X-ray 
c~stallography4. In order to confirm the structure of the nonalkenic, cyclic trimer 4, 
an X-ray crystallographic study was undertaken, and the results are reported herein. 

RESULTS AND DISCUSSION 

Trimer 4 (C18H1809) crystallized with two molecules of 4 and one of acetone 
per asymmetrical unit. The atomic coordinates of the two crystallographically in- 
dependent molecules of 4 are listed* in Table I. A stereochemical drawing of 4, 
showing the atomic labelling and thermal ellipsoids, is given in Fig. 1, which shows 
the three residues of levoglucosenone (A, B, and C) with three C-3-C-4 linkages 
joining them to form a central, cyclohexane ring. This structure, including the stereo- 

chemistry, is consistent with the chemical-structure determination reported previ- 
ously3. 

Calculation of puckering parameters”‘6 showed that the deviations in con- 

formations between the two sy~et~-independent molecules are small (see Table 

H-6Aexo 

Fig. 1. ORTEPr6 drawing of moiecule 1 of 4, showing atomic labelling and thermal ellipsoids at 
the SOO,& probability level. ~Thermal parameters for hydrogen atoms are not depicted.) 

*Supplementary data: Hydrogen and non-hydrogen thermal parameters (Table V), bond lengths 
(Table VI) and angles (Table VII) involving hydrogen, atomic parameters of the acetone molecule 
(Table VIII), and observed and calculated structure factors (Table IX) can be obtained from Ekevier 
Scientific Publishing Company, BBA Deposition, P.O. Box 1527, Amsterdam, The Ne~erl~ds. 
Reference should be made to No. BBA~oDi235jC~r~o~~~~. Res., 112 (1983) 179-187. 
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TABLE II 

PUCKERING PARAMETERS FOR 4 

A 51.3 98.3 180.6 
A’” 85.1 95.0 183.5 

B 87.6 Y3.6 I83.0 
B’ 87.X 93.8 IN.1 

C 63.9 159.1 171.0 

C’ 69.9 160.9 I WY 

!, h-l.8 161.0 17-1 I 

Central cyclohexane rings1 
D 57.5 

0’ 55.X 

170.8 282.5 

176.2 305.2 

Anhydro rungs” 

A 
A’ 
B 

B’ 
C 

C’ 

LEPrime refers to molecule 2. hKesidue A of 3l. <C-K’ is atom I ; C-3A, atom 2, G(. (‘C-1 1s atom I ; 
O-5, atom 3, etc. 

II), and are similar to those reported for I,&anhydro-/j-D-galactopyranose’. The 

pyranoid residues A and B are in the B,,,, conformation, with some distortion tow,ard 

the ~ofu~ conformation (5 carbon atoms coplanar). Residue C is in the ‘CL conforma- 

tion, with some distortion toward the ,Y&x~ form. This conformation is typical ol 

monomeric 1,6-anhydrohexoses having all members of the pyranose ring rn the sp-‘- 

hybridized state’. Residue C of 4 and residue A of the alkenic trrmer- 3 are structurally 

the same, including the stereochemistry of the substituents at C-3 and C-4, and their 

conformations are almost identical (see Table II). The central cyclohexanc ring D 

of 4 assumes a conformation very close to the (‘ J ‘Cc.,, form. The conformations 

of all of the anhydro rings are either near to the “--‘r,,., ((,!I = 54 ‘), or lit between 

the c-“To-, and the Eo., (4 = 36’). This is typical of other 1.6-anhydropyranoses”. 

Molecules of 4 have a rigid, fused-ring structure. with no freely-rotating. 

functional groups. As a result, the differences between the two symmetry-independent 

molecules are small. The largest bond-length diffcrcnccs ( -_-L-T) arc C-SAC-h/l 

(2.2 pm) and C-IA-O- 1 A ( I .7 pm; see F’ig. 2). The greatest bond-angle differcnccs 

are C-2A-C-3A-C-4A (3.7”), C-3A-C-4B-C-5B (1.4’), and C-?A-C-3A-C-4B 

(2.2”, see Fig. 3). When molecules I and 2 of 4 were superimposed and the fit was 

refined by least-squares” (with hydrogen atoms excluded), the mean difference hc- 
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Fig. 2. Bond lengths (pm) for 4. The upper numbers correspond to molecule 2. (Standard deviations 
ranged from 0.3 to 0.6 pm. Bond lengths involving hydrogen atoms have been omitted.) 

tween equivalent, non-hydrogen atoms was 13 pm, with a minimum difference of 
5 pm (C-4B and C-4C), and a maximum of 43 pm (O-2A). The difference between 
proton positions ranged from 4 (H-4B) to 43 pm (H-SA), with an average of 23 pm. 

The C-5-0-5-C-l-O-l-C-6 atom sequence of 1,6-anhydrop~anoses consists 
of four sequential, C-O bonds. It had been observed” that the two outer bonds 
(C-5-O-5 and O-l-C-6) are systemati~~ly long, and the two inner bonds (O-5-C-l 
and C-l-O-l), systematically short, when compared to the average, C-O bond- 
length of this sequence; this has been attributed” to the “anomeric effect”. A similar, 
long-short-short-long, bond-length sequence is present in 4 (see Table III), and is 
most prevalent in residue C. In residue A, this effect is somewhat less pronounced, 
the C-l-O-1 bond-length being close to the average length. In residue B, however, 
the sequence begins with the typical, long-outer and short-inner bond, but the next 
two O-l-C bonds lengths are both close to the average. This was not expected, as 
residues A and B are almost identical, both chemically and conformationally (see 
Table II). However, these bond-length differences are smal1 (2 G = * 1 pm), and 
caution should be used in interpreting these results. 

Hydrogen atomic parameters refined properly, with the resulting bond-len~hs 
involving hydrogen atoms ranging from 83 to 114 pm, and bond angles from 101 to 
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Fig. 3. Bond angles (‘J for 4. The upper numbers correspond to molecule 2. (Standarii deviations 

ranged from 0.2 to 0.4 ‘. Bond angles involving hydrogen atoms have been omitted 1 

TABLE II1 

<‘Prime refers to molecule 2. 

1 I6 ‘. The isotropic, thermal parameters (U) for all hydrogcrl atoms of 4 ranged from 

190 to 1070 pm’, and avernged 469 pm’. 

The acetone molecule h:L5 farge, apparent, thermal motion, wit11 anisotropic. 

thermal parameters (U,,) ranging from 350 to 3010 pm2 for non-hydrogen atoms. 

Despite the high thermal motion, the hydrogen atoms were visible. with the value of 
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TABLE N 

Protons 
involved 

..il ._,.. .-__ __~.__._ - 

Dihedral angle (“) 
Molecule no. 
I ‘? 

~- 

_.-__ 

Coupling constant 
Avg. (Hz,’ 

~~~te~pretai~a~ 
1 24 

3A, 4A 170 180 175 12.0 
3A, 4B 176 173 175 12.0 
3B, 4B 177 178 178 12.0 
3B, 4C 168 171 169 12.0 
4B, 5B 119 118 118 2.8 
5B, 6Bexo 38 41 40 3.3 
SA, 6Aeniia 89 83 86 -0 
5B, (iBend 88 86 87 -0 
5c, Kendo 98 104 101 -0 
4A, 5A 105 115 110 1.6 3.0 
4C, 5c 60 70 65 3.0 1.6 
3C, 4A 58 60 59 6.1 4.3 
3c, 4c 41 45 43 4.3 6.1 
5 A, 6Aexo 28 42 35 5.3 m3.5 
5C, 6Cexo 28 17 22 N 3s 5.3 

-.___ 

When different from 1. 

U ranging from 1060 to 2980 pm2, C-H bond-lengths from 77 to 126 pm, and bond 
angles from 86 to 126”. The large apparent, thermal motion probably stems from 
the absence of strong, intermolecular interactions between acetone and 4. No strong 
hydrogen-bonds are possible, due to the lack of O-H groups. The smallest distance 
between acetone and 4 is 231 pm from an acetone proton to O-lA’, and this is the 
only H*-*O distance that is less than 250 pm. 

The structure of 4 was originally determined by IH-n.m.r. spectroscopy, and 
the stereochemistry by the spin-spin coupling-constants of the protons in the centraI 
cyclohexane ring3. Four of the six coupling constants associated with this ring were 
12.0 Hz, resulting from spin coupling of ruans-diaxial protons. Fig. 1 and Table IV 
show that protons 4A, 3A, 4B, 3B, and 4C are, indeed, arranged trans-axially, with 
dihedral angles ranging from 168 to 180”. H-3C is in the equatorial position (J3c,4 
6. I and 4.3 Hz) with proton dihedral-angles of N 59 and 43 *. 

Although the stereochemistry of 4 could be determined from the ‘H-n.m.r. 
spectrum, the cyclic nature of 4 precluded an unambiguous interpretation of the 
complete spectrum. Two different interpretations were possible3, both fully consistent 
with all of the spin-spin decoupling experiments. Although the majority of the proton 
coupling-constants for 4 were the same for both interpretations, there were three 
instances where the assigned coupling-constants could be interchanged, depending 
on the interpretation chosen. For instance, J4A,5A was either 1.6 or 3.0 Hz, and 
J4c,5c either 3.0 or 1.6 Hz, for interpretations 1 and 2, respectively. 
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A comparison of the dihedral angles found in the solid phase and the coupling 

constants for 4 in solution provided evidence to indicate which ’ H-n.m.r. interprcta- 

tion is correct (see Table IV). The average, proton dihedral angles ~xxre compared 

to the diagrams derived from two cquntions that correlate dihedral angles \+ith 

coupling constants”.13. In each of the three pairs. Lvhcre the coupling constant:, 

differed depending on the interpretation, this indicated \vhich of tho two dihedral 

angles should result in the larger and the smaller coupling constant. In all cases. this 

led to the choice of interpretation 2, suggesting that this intcrprctation 15 the correct 

one. A comparison of the similanties between residue c’ of 4 and residue A of 3 

also supports this interpretation. The choice of 6.1 Hz for ./i(.,l( of 4 agrees well with 

J3A,5A (6.9 Hr) of 3. Both residues have pyranosc rings with Identical substitution- 

patterns, conformations (see Table II). and H-3-H-3 dihedral angles ( - 4.3 fi)~- 

residue C of 4. and 45 for residue A of 3). 

Two crystalline forms of 4 have been observed. The crystals used in this stud) 

were obtained by using acetone as the crystallization solvent3. and thcl, contain one 

molecule of acetone in each asymmetrical unit. Acetone was also ~~bscr\icd by ‘H- 

n.m.r. spectroscopy of the dissolved crystals, where a three-proton Gnglct *as oh- 

served at 2.1 p.p.tn. When crystals of 4 were prepared without the IISZ ol‘ acetonc 

(method “b”, ref. 3), ‘H-n.m.r. spectroscopy showed no resonance for acetone, and 

Weissenberg photography showed them to be monoclinic, space grc)up either P7 

or P3,, Z = 4, with cell parameters a = 1240, b = 7X0, and c y= 1790 pm. and 

p = 113’. 

EXPERIMENTAL 

Crystals of 4 were obtained as colorless plates from a previous study3; the 

spectral properties were reported therein. Weissenberg and precession photographs 

showed them to bc orthorhombic. space group P2,3,2, (systematic absences fol 

hO0, OkO, and 001 reflections when h, k or 1 is odd); z = 8. X-Ray intensity data wcrc 

collected from a single crystal (0.5 x 0.3 )c 0.1 mm). mounted on n cornputrr- 

controlled, four-circle diffractometer. Cell constants obtained from IO centered 

reflections were a = 792.30(,7). h = 1X74.35( IS), and c = 2383.02( IS) pm, p,,,,c = 

1.530, I-‘,r.Iz = 1.527. Data were collected in the 0) 30 mode. scats width 1.2 , 

scan rate 2 “.min.- ‘. i = 154. 18 pm, ma*~nium 30 = 130’. with 10-s bachgrounds 

measured on both sides of each reflection. Six standard reflections remeasured after 

every 300 reflections provided a deterioration correction. iL[ld multiple nicasurement~ 

of a 1 = 90” reflection yielded an applicable absorption correction ‘-L. A correction 

for coincidence loss was made, based on measurements of about 450 rsflcctrons al 

reduced beam intensity. 

Initial attempts IO determine the structure using M LJLT4N7F” were not 

successful, but a more recent version of the program. MIJLTANXO. run with default 

input parameters, found the locations of 53 of the 53 non-hydrogen atoms in the 

two molecules of 4 per asymmetrical unit. The remainder of the structurr. including 
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an acetone molecule, was located by using conventional Fourier and Icast-squares 
methods16. The. temperature factors were refined anisotropicaliy for the carbon and 
oxygen atoms, and isotropically for hydrogen atoms. The blocked, least-squares 
refinement converged to an R (= CIIF,I - [Fcl I/ZIFOl) of 0.032 for 2990 reflections 
with F, >40 (F,). Eighty reflections had F ~40 (F,). The weighted R is 0.036, 
and the goodness of fit is 3.239. The maximum shift/error in the last refinement 
cycle was 0.45. 
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