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Fig. I. Pe pective view of the trocture of diethoxybi 4,4,4-
lrifluoro-1-phenyl-1,3-butanedi nato utanium(l . 

indicate almo t complete 1T-electron delocalization 
over the ,8-diketoenolato group. 

The remainder of the tructure i normal. but with 
rather large thermal parameters for the terminal 
atoms, F(l) F(2), F(3 and (12). 

Acta Cry t. (1990). 46, 163 1637 

All calculations were performed on a PDP 11 /34 
computer with the Enraf-Nonius (1979) SDP crys-
tallographic programs. 
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B. tH+ -pyrazinium N 4-oxide) Dichromate 

BY MARK R. PREssPRICH AND ROGER D. WILLETI 

Department of Chemistry Washington State University, Pullman, Washington 99164-4630, USA 

AND R. M. HEETS, w. w. PAUDLER AND G. L. GARD 
Department of Chemistry, Portland State Unirersity, Portland, Oregon 97207-0751, USA 

(Ruei~-eJ 26 May 19 9; accepted 8 December 1989) 

A~~act. 2C4H~ 20 .Cr20~- M, = 410·2, mono-
clime, P21 a - 8·003 (2) b = 6·132 2), c = 
14-493 (4) , .8 = 94·50 (2)0 , V == 70 · (3) 3, Z = 2 
Dx::. l ·92gcm 3, MoKa, ,\ = 0·71069 , J.L = 
15·5 cm 1

, F(000) = 412 T - 293K R - 0·0602 for 
l980 unique observed ~ftection ~th F~ 3u(F). 
The structure con i ts of discrete dinegative dichro-
ll_la~e anion hydrogen bonded to monopo itive pyra-
Zintum N-oxide cation (N-H .. ·O ""' 2·724, 2·644 A). 
~ strong hydrogen bond to the bridging 0 atom in 
th: cb ~20? anion lead to ignificant lengthening of 

. ndg1ng Cr bond . A hort C- H· .. O inter-
actJOn (3·180 A) i also observed. 

~troduction. Previously we reported the cry tal 
W~cture of pyrazinium chlorochromate (Pressprich, 
t .

1 ~tt, Paudler & Gard 1990) and bis(pyrazinium) 
~ . omate (Pressprich, Willett, Po hu ta Saunders, 

VIs & Gard, 1988). In addition, a bond-length 
0108-2701/90/091635-03$03.00 

correlation for chromate anions of the form 
(Crn0Jn+J)2- was presented (Pressprich et al., 1988). 
In a continuation of our studies with effective and 
selective organic oxidants that involve high-valence 
chromium(VI) complexes the interesting bis(pyra-
Zimum N-oxide) dichromate was prepared: 
2c4~N20 + 2Cr0r~(C4!LN2H0)2Cr207. The 
new orange dichromate salt is stable when stored dry 
and in the absence of light; its melting point, with 
decomposition, is 359-360 K. We have found it to be 
an effective and efficient oxidant in converting cyclic 
saturated and unsaturated alcohols to their corre-
sponding ketones (Wu, Sheets & Gard, unpublished 
results). While infrared data supports an ionic com-
plex, it was necessary to carry out a crystal structure 
study for an exact determination. 

Experimental. Preparation and analysis. A solution 
containing 1·0845 g (1 0·84 mmol) of Cr03 in 1·0 ml 
<C> 1990 International Union of Crystallography 
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of water was added dropwise with stirring to a 
solution cooled with an ice bath and containing 
1·0273 g ( 1 0· 70 mmol) of pyrazine N-oxide in 14·0 rnl 
of H20. The dark-red solution which formed was 
warmed to room temperature and was maintained at 
room temperature with stirring (5 min). The solution 
was cooled to 273 K and the orange solid which 
formed was collected on a sintered glass funnel and 
washed twice with ice water. The product was dried 
under vacuum ( =0·1 Pa) for 12-15 h. Yield, 1·2705 g 
(58%); m.p. 359-360 K with decomposition. 

The infrared spectrum had bands (em- 1
): 

3079(w,b), 1637(w), 1616(vw), 1595(w), 1560(w), 
1540(vw), 150l(vw), 146l(m), 1426(wm), 1373(sh), 
1342(wm), 1293(vw), 1215(w), 1173(wm), 93l(s,b with 
sh at 944), 901(m), 885(m), 857(m), 829(m), 793(w), 
144(m,b), 110(wm), 102(wm), 664(w), 540(wm), 
532(wm), 519(wm), 484(wm), 418(w). Calculated for 
C8H 10N40 2Cr20 7: C, 23·42; H, 2·24; N, 13-66; Cr, 
25·37%. Found: C, 23·44; H, 2·29; N, 13-74; 
Cr, 25·39%. 

Crystallography. A crystal with dimensions 0·30 x 
0·35 x 0·10 mm was selected and mounted on a 
Nicolet R3m/ E diffractometer system. Cell constants 
from 25 reflections in the range 25 < 20 < 30° 
(Campana, Shepherd & Litchman, 1981). 2738 
reflections were measured by w scans {3 :5 20 :5 65°, 
[(sin0)/.A)max=0·756A-1, -13:5h:513, 0:5k:510, 
0:51:5 22}, with 2738 unique, 1980 observed [F:2: 
3u(F)] reflections, R;nt = 0·032. Scan speeds ranged 
from 2·00 to 29·30° min- 1, with a 1·0° scan range. 
Two check reflections were measured every 98 
reflections, data scaled for a 10% decrease in 
intensity. Empirical (!/!-scan) absorption correction 
assuming an ellipsoidal crystal [T(min.) = 0·859, 
T(max.) = 0·957], Lorentz and polarization 
corrections. 

Structure solution programs were from the 
SHELXTL package (Sheldrick, 1984, 1986). Atomic 
scattering factors of SHELXTL used. Systematic 
absences (OkO, k odd) indicate P21 and P2 1/m as 
possible space groups. From 11£12 - II statistics, the 
noncentrosymmetric space group was chosen. Direct 
methods and subsequent electron density difference 
maps yielded all but H atoms. The origin was defined 
by constraining the y coordinate of the Cr(l) atom to 
0·0. The function minimized was Iw(IF,I - I.Fcl)2, w 
= [u2(F) + (g)F2]- 1

, g refined to 0·001283. Refine-
ment of the structure continued with the following 
conditions: anisotropic thermal parameters for all 
non-H atoms; H-atom isotropic thermal parameters 
approximately 20% larger than the corresponding 
heaV)' atom; C-H and N-H distances restricted to 
0·96 A; H atoms constrained to idealized geometries. 
The N atoms at the para positions of the cations 
were protonated rather than the 0 atoms (see 
Discussion). Final refinement of 207 least-squares 

Table 1. Non-hydrogen atomic coordinates ( x 104
) 

and equivalent isotropic thermal parameters (A2 x !Ql) 
for (C4H4N2H0)2Cr201 

U eq is defined as one third of the trace of the orthogonalized 
uij tensor. 

Cr(l} 
Cr(2) 
0(1) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 
0(10) 
N(ll} 
C(l2) 
C(l3} 
N(l4} 
C(l5} 
C(l6} 
0(20) 
N(21) 
C(22) 
C(23) 
N(24) 
C(25) 
C(26) 

X 
5655 (2) 
2310 (2) 
2711 (10) 

377 (8) 
2771 (10) 
3464 (8) 
6624 (9) 
6261 (II} 
5875 (9) 

10128 (9) 
9528 (10) 

10571 (12) 
9933 (12) 
8241 (10) 
7220 (12) 
7859 (12) 
7605 (14) 
7623 (11) 
6151 (13) 
6162 (16) 
7539 (17} 
8999 (13) 
9023 (12) 

y 
0 

-1039 (4) 
102 (20) 

-750(15) 
-3626 (16) 

277 (14) 
-900(17) 
2369 (15) 

-1726(17) 
4180 (15) 
2359 (14) 

798 (18) 
-1167 (21) 
-1532 (15) 

- 10 (23) 
1891 (19) 

-255 (16) 
1591 (16) 
2448 (24) 
4533 (21) 
5588 (18) 
4712 (20) 
2694 (24) 

z 
3255 (I ) 
1934 (I} 
995 (5) 

2085 (5) 
1918 (6) 
2910 (5) 
2394 (5) 
3601 (7) 
4091 (5) 
5693 (5) 
5879 (5} 
6266 (7) 
6505 (7) 
6374 (6} 
5972 (7) 
5715 (7) 

264 (6) 
610 (6) 
820 (7) 

1214 (8} 
1399 (7) 
1171 (7} 
779 (7) 

u.,. 
29 (I) 
29 (I) 
52 (3) 
39 (2) 
49 (3) 
36 (2) 
48 (3) 
55 (3) 
51 (3) 
47 (3) 
27 (2) 
31 (3) 
34 (3) 
33 (3) 
35 (3) 
35 (3) 
64 (3) 
36 (3) 
41 (4) 
51 (5) 
60 (4) 
40 (3) 
39 (3) 

parameters gave R = 0·060, wR = 0·079 (R = 0·111 , 
wR = 0·095 for all reflections), (.1/u)max = 0·012 and 
(.1/u)mean = 0·004. The left-handed alternative was 
rejected on the basis of a higher wR = 0·095 for t.he 
3u data set. Excursions in the final electron denst~~ 
difference map ranged from - 0·48 to 0·99 e A 
[near Cr(2)]. A lack of any possible mirror plane 
perpendicular to the b axis shows P21 to be the 
correct space group. Non-H atomic coordinates are 
presented in Table 1 and selected bond lengths and 
angles in Table 2. * 
Discussion. This X-ray analysis confirms the ionic 
complex structure supported by infrared . spect:o-
scopy. The structure consists of discrete dmegauve 
dichromate anions hydrogen bonded to mon?-
positive pyrazinium N-oxide cations. The analy~ts, 
however, reveals further interesting details, includtng 
the presence of a significant C-H-··0 hydrogen-
bonding interaction. 

Protonation of pyrazine 1-oxide to form ~ monof 
positive cation may conceivably occur at etther 0 

two sites: the 0 atom or the N atom with the lone 
pair of electrons (see Fig. 1). H atoms were no~ 
located in Fourier difference maps but for structura 

• Lists of structure factors anisotropic thermal paramete~s and 
H-atom parameters have ~n deposited with the British Lib~~ 
Document Supply Centre as Supplementary Publication No. . 1 52857 (20 pp.). Copies may be obtained through The Techni~ 
Editor, International Union of Crystallography, 5 Abbey Squa ' 
Chester CHI 2HU, England. 
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Table 2. Non-hydrog n bnnd l ngth ( ) and bond 
angle (')for ,.H,. 2HO 2 r201 

Cr(l}-{)(4) I 793 (6) 
Cr(l}-{)(5) I 617 ( ) 
Cr(l}-{)(6) I 600 (9) 
Cr(l}-{)(7) I 609 (9) 
Cr(2}-{)(l) I 5 6 (9) 
Cr(2}-{)(2) I· 9 (7) 
Cr(2}-{)(3) I 629 (10) 
Cr(2}-{)(4) I· 16 (7) 
0(10}-N(II) 1·253 (12) 
N(II)---C(12) 1·362 (13) 
N(II}-C(I6) 1·368 (13) 

0{4}-Cr(l 5) 109 6 (.<I) 
0{4}-Cr(l)-0(6) 105·5 (4) 
0(5}-Cr(l)-0(6) I 136 (S) 
0{4}-Cr(l)-0(7) 108 6 (4) 
0{5}-Cr(l)-0(7) 109-() ( ) 
0{6}-Cr(l}-0(7) 110 .. (S) 
O(I}-Cr(2)-0(2) 109·S (4) 
O(I}-Cr(2}-0(3) I 10 (S) 
0(2}-Cr(l}-0(3) I 09 6 (S) 
O{I}-Cr(2}-0(4) 110·3 (4) 
0(2}-Cr(l}-0(4) 106 5 (4) 
O(J}-Cr(2}-0(4) 1100 (4) 
Cr(I}-0(4)-Cr(2) 1270 (4) 
0(10}- (I I}-C( I2) II · ( ) 
O(IO}- (II)-C(J6) 12B() 

1·363 (16) 
1-370 (12) 
I 3 (14) 
l ·.l (17) 
1·2.3 (14) 
1·3-46 (I 
I · 16 (14) 
1400 (19) 
I· 7 (I ) 
I Sl Cl7) 
I 2(1 ) 

II ·9(9) 
119 7 (9) 
1197 (10) 
120 s {10) 
119 6 (9) 
121 6 (10) 
117· (10) 
1219(11) 
1203 (II) 
II ·I (II) 
121 4 (12) 
119S(II) 
120·3 (10) 
120 (10) 

and ch~mical rea on the atom rather than the 0 
f10~ 1~ believed to be protonated. The hort t 
~tenomc oxygen-to-oxygen di tance i 0(10)· .. 0(7) 
- l238 A while the hort t interionic nitrogen-to-
oxygen distance are (14) .. ·0(4) = 2·644 and 
~(24)-· ·0(5) = 2·724 . Protonation of the para 
nitrogen of the N-oxide pyrazinium cation leading 
~ ... ~on~ hydrogen bonding explain the horter 
N dtstance . Fig. 2 includ the resultant 
(N H"·O hydrogen bond : (14)-H(l4) .. ·0(4) 
(N- H:::O : 161 ) and (24 H(24)"·0(5) 
hav HI 0 - 154 ). Paudler & Humphrey (1970) 
cata~ a ~0 ;ound, via a pKa correlation for base-
that ~~ -D exc~ange of some pyrazine I -oxide , 
pyrazine ~ a~om. With the lone pair of electron in 

The ~ ·OXIde • more ba ic than the 0 atom. 
dist (14>-H.(14) .. ·0(4) hydrogen bond trongly 
Cr(f~ the dichromate anion. The bridging 
the (4) and Cr(2}-0(4) bond are lengthened 
res~t~~~ significantly: I· 793 (6) and 1·816 (7) : 
1·780 A Y, ver~us the expected bond length of 
valueis?res pnch eta/., 1988). In fact, the 1·816 
Cr-o d~rger th~n that. found for any other bridging 
with th •s1tance m. a dtchromate anion. A ociated 
shorteni~ e~gtherung .of the bridging bond is a 
average 2 ° the termmal Cr-Q bonds o that the 
identical r~ bond length (1·655 A) i practicalJy 
vious)y fo:~ the average value of 1·656 A pre-

The long i . 
0·629 A) a es . termmal Cr-o bond is Cr(2)-o(3) 
C--ij. .. 0 0: Its length may be attributed to a weak 
B(23) .. ·0(3) Y~.rogen bond. The hort C(23)-

tstance of 3·180 A and the near 

Fig. I . Pyrazine -oxide. 

Fig. 2. Thermal-ellipsoid plot of the formula unit (at the 50% 
probability level). H atoms are represented by small circles. 
Hydrogen-bonding interactions are represented by dashed lines. 

linearity of the C(23)-H(23) .. ·0(3) interaction 
geometry, C-H .. ·O = 169°, support the idea of sig-
nificant C-H .. ·O hydrogen bonding. Pressprich et 
a/. (1990) have discussed this issue with consideration 
of other chromium-containing compounds. The role 
of C-H···O interactions in a series of organic com-
pound ha al o been examined (Taylor & Kennard, 
1982). 
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