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The Crystal Structure of 5,6-Epoxy-4-hydroxy-2-methoxy-

-4,,6-di-t-butylcyclohex-2-enone

BENGT KARLSSON, ANNE-MARIE PILOTTI and ANNE-CHARLOTTE WIEHAGER

Department of Structural Chemistry, Arrhenius Laboratory, University of Stockholm, S-104 05 Stockholm,

Sweden

The crystal structure of 5,6-epoxy-4-hydroxy-2-
methoxy-4,6-di-t-butylcyclohex-2-enone,
C,sH::O,, has been determined by single-crystal
X.-ray diffraction techniques. The unit cell is
triclinic, space group PI1, with dimensions a=
12.833, b=11.695, c=10.861 A, «=104.49, f=
94.62, y=96.83°. There are four molecules in
the unit cell. Data were collected on an com-
puter-controlled Philips PW 1100 diffractom-
eter. The structure was determined by direct
methods and refined by full-matrix least-
squares; the final value of the conventional R
index is 0.062.

The title compound may be prepared by
autooxidation of 4,6-di-t-butylguaiacol in alka-
line solution. The two molecules in the asym-
metric unit are joined together by two hydrogen
bonds, one from the hydroxyl oxygen of each
molecule to the epoxide oxygen of the other.
With the atoms of one molecule designated by
primer, the distances O’(15)---H(0O14) and
O(15)---H(0’14) are 1.83 and 1.97 A, respec-
tively, and the angles O(15)---H(O’14) —O’(14)
and O’(15)---H(O14)—0(14) are 171 and 167°,
respectively. Since the hydroxyl group and the
epoxide ring are found to be cis to each other,

Table 1. Starting phases obtained from the
convergence map. The correct phases are those
without parentheses.

h ba |E
0 3 1 0 3.58
7 —4 6 0 3.55
5 8 -7 0 3.02
3 7 -7 0,() 3.65
3-12 5 0.() 3.22
4 7 -8 0.(x) 3.04
6 —~9 5 0,(x) 2.73
9 —8 —4 (0), 2.46
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Fig. 1. Perspective views of the two separate
molecules in the asymmetric unit.
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Table 2. Positional and anisotropic thermal parameters of the non-hydrogen atoms, The f-values refer to
the temperature factor expression exp(— (h2f;,+ k®Bag+ 12835+ hkB s+ hif 3+ klfys)]. Estimated standard
deviations are given in parentheses. Values are X 104,

z Yy z A Bas Bss Ba Bis Bas
C(1) 2482 (3) 8337 (3) 2389 (3) 79 (3) 91 (3) 75 (3) 35 (8) — 5 (8) 42 (5)
C(2) 3262 (3) 8875 (3) 1678 (3) 59 (3) 96 (3) 97 (4) 13(4) —10(5) 30 (8)
C(3) 2967 (3) 9224 (3) 639 (3) 60 (2) 91 (3) 90 (4) —7 (4) 19 (4) 35 (5)
C(4) 1841 (3) 9153 (3) 114 (3) 61 (2) 62 (3) 78 (3) 12 (4) 10 (4) 43 (4)
C(8) 1098 (3) 9071 (3) 1123 (3) 62 (2) 63 (3) 75 (3) 26 (4) 11 (4) 34 (4)
C(6) 1379 (3) 8648 (3) 2267 (3) 73 (3) 62 (3) 75 (3) 25 (4) 22 (4) 38 (4)
O(7) 2735 (2) 7677 (3) 3033 (3) 106 (3) 168 (4) 148 (4) 90 (5) 15 (4) 178 (6)
0O(8) 4268 (2) 8880 (3) 2190 (3) 65 (2) 162 (3) 137 (3) 24 (4) —24(4) 74 (5)
C(9) 5090 (3) 9322 (4) 1543 (5) 58 (3) 162 (5) 172 (6) 46 (6) 6 (6) 27 (8)
C(10) 1526 (3) 8106 (3) ~—1128(3) 66 (2) 69 (3) 75 (3) 22 (4) 18 (4) 33 (4)
C(11) 1594 (4) 6910 (3) —823 (4) 120 (4) 70 (3) 107 (4) 34 (5) 20 (6) 25 (8)
C(12) 2278 (3) 8252 (4) —2121 (4) 95 (3) 115 (4) 91 (4) 19 (6) 48 (5) 27 (6)
C(13) 405 (3) 8105 (3) —1696 (4) 83 (3) 97 (4) 103 (4) 21 (5) ~—19(5) 10 (6)
0O(14) 1708 (2) 10228 (2) —260(2) 103 (2) 65 (2) 81 (2) 6 (3) 10 (3) 47 (3)
0(15) 1416 (2) 9909 (2) 2347 (2) 96 (2) 64 (2) 85 (2) 23 (3) 28 (3) 29 (3)
C(16) 539 (3) 8133 (3) 2994 (3) 86 (3) 87 (3) 91 (4) 33 (5) 53 (5) 66 (5)
Cc(17) — 577 (3) 8566 (4) 2768 (4) 94 (3) 126 (4) 153 (5) 43 (6) 105 (6) 106 (7)
C(18) 917 (4) 8540 (5) 4424 (4) 145 (5) 171 (6) 89 (4) 50 (8) 91 (7) 87 (8)
C(19) 373 (4) 6774 (4) 2537 (4) 114 (4) 92 (4) 163 (5) 13 (6) 93 (7) 106 (7)

o) 4257 (3) 13041 (3)  2299(3) 60(3) 81(3) 99 (4) 20 (4) 17 (5) 45 (5)
¢(2) 4288 (3) 12516 (3) 3423 (3) 62(2) 65(3) 97 (4) 12(4) —16(5) 39 (5)

(3) 3547 (3) 12596 (3)  4205(3) 81(3) 73(3) 85 (3) 6(4) —8(5) 66(5)
C(4) 2555 (3) 13133 (3)  4048(3) 61(2) 70(3) 75(3) —9(4) 15 (4) 42 ()
(5) 2382 (3) 13348 (3) 2734 (3) 65(2) 67(3) 73 (3) 5 (4) 8(4) 32(4)
(6) 3204 (2) 13356 (3) 1858 (3) 56(2) 58(3) 77 (3) 4 (4) 10 (4) 35 (4)

o(7) 5033 (2) 13157 (3) 1761 (3) 71 (2) 218 (4) 168 (4) 82 (5) 73 (4) 188 (7)
0’(8) 5181 (2) 12023 (2)  3519(3) 79(2) 97(3) 147 (3) 55(3) —20(4) 74 (4)
c(9) 5357 (4) 11555 (4) 4584 (5) 107 (4) 141 (5) 182 (6) 83 (7) —52(7) 143 (9)
C’(10) 2538 (3) 14322(3) 5098(3) 78(3) 79(3) 76(3) —4(4) 18 (4) 24 (5)
C/(11) 3339 (3) 15316(3) 4893 (4) 96(3) 77(3) 134(5) —21(5) 31(6) —1(6)
C(12) 2814 (4) 14123 (4) 6428 (4) 121(4) 132(4) 75 (4) 13 (6) 10 (6) 24 (6)
C’(13) 1432(3) 14703 (4) 5036 (4) 94 (3) 103 (4) 114 (4) 32 (3) 44 (6) 20 (6)
0’(14) 1676 (2) 12304 (2)  4182(2) 81(2) 85(2) 97(3) —35(5) 37 (3) 44 (4)
0(15) 2393 (2) 12328 (2) 1672 (2) 72(2) 67(2) 82(2) —22(3) 6(3) 29(3)
C’(16) 3155 (3) 14021 (3) 797 (3) 74(3) 83(3) 93(3) 23 (4) 32(3) 80 (5)
C’(17) 2042 (3) 14298 (4) 528 (4) 103 (4) 131 (4) 128 (5) 69 (6) 24 (6) 147 (7)
C/(18) 3456 (3) 13237 (4) —424 (4) 107 (4) 128 (4) 85 (4) 35 (6) 41 (5) 75 (6)
C’(19) 3906 (4) 15199 (4) 1227 (4) 111(4) 95(4) 151(5) —13(6) 50 (7) 102 (7)

these hydrogen bonds are probably responsible
for the boat conformation of the cyclohexene
ring.

As part of a series of investigations on oxidation
products of phenols, the crystal structure of
the autooxidation product of 4,6-di-t-butyl-
guaiacol in alkaline solution has been deter-
mined.

Butylated hydroxyanisoles (BHA) are used
extensively as antioxidants in food.»® The aim
of this investigations was to establish the

Fig. 2. The hydrogen-bonding system in the
dimer molecule.
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Table 3. Positional parameters ( x 10%) of the hydrogen atoms.

& y 2 X Yy 2
H(C3) 353 954 18 H(C’3) 356 1228 493
H(C5) 34 906 81 H(C’5) 175 1382 259
H1(C9) 499 1027 158 HI(C’9) 480 1096 463
H2(C9) 507 882 66 H2(C’9) 532 1210 548
H3(C9) 571 921 197 H3(C’9) 598 1126 465
HI1(C11) 137 628 —~156 HI1(C'11) 306 1553 406
H2(C11) 240 693 —53 H2(C’11) 338 1596 561
H3(C11) 111 679 —-23 H3(C’11) 397 1501 488
H1(C12) 208 759 —291 H1(C'12) 275 1482 707
H2(C12) 229 893 —234 H2(C'12) 359 1401 659
H3(C12) 303 813 —190 H3(C'12) 230 1348 660
H1(C13) 31 868 —186 H1(C'13) 88 1402 508
H2(C13) 27 761 —~249 H2(C'13) 120 1488 413
H3(C13) 15 800 —115 H3(C’13) 141 1543 575
H(O14) 189 1093 46 H(0'14) 163 1155 346
HI(C17) -85 833 189 HI(C’'17) 184 1489 128
H2(C17) —103 834 323 H2(C'17) 159 1365 39
H3(C17) —142 932 304 H3(C’17) 203 1468 —24
H1(C18) 160 811 467 HI1(C’18) 418 1312 —37
H2(C18) 49 834 485 H2(C’18) 341 1350 —117
H3(C18) 104 947 487 H3(C’18) 299 1246 —76
H1(C19) 22 655 175 H1(C'19) 386 1564 61
H2(C19) 102 644 264 H2(C’19) 370 1574 201
H3(C19) 14 639 280 H3(C’'19) 451 1517 147

structure and stereochemistry of the epoxide
formed upon oxidation of 4,6-di-¢-butylguaiacol
to gain information concerning the mechanism
of formation of the epoxide.1™?

EXPERIMENTAL

Intensities were measured with monochro-
mated CuK« radiation by a computer-controlled

Philips PW 1100 diffractometer. Unit-cell di-
mensions were determined by measurement of
the angular positions of 25 accurately centered
reflexions found by the ‘Peak Hunting Pro-
gram”’. The unit cell and orientation parameters
were obtained from these angular coordinates by
the method of least squares. Crystal data are:
space group Pl, a=12.833(2), b=11.695(2), c=
10.861 (2) A, «=104.49 (2), f=94.62 (2), y=
96.83 (2)°, V=1299 A%, Z=4, D,=1.871 g em™2.

The 60— 20 scan technique was employed to

Fig. 3. The interatomic bond distances.
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Table 4. Observed and calculated structure ampl

10|F |, and 10|F |, respectively.
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Table 4. Continued.

N GEAO~LmCYL E~ECHR—ATARON~E LAV ELOJCONBNA~NE FILARNINATLLSNTEN ToTaey S~ RELENTTTmLONLC ey CCdn—gCranngmace
] ' . ' < o QInISn 1. e~ T + 1~ oo s 3 -0 ® DB
o —— - ~ N ottt Nomtot - e - e et - - N Nt Mt

5 5 ) 3 ) 5 )
& NONACCINO " AC—O~AREIENARE  ~OCACK I EOr ~Ca&h €~ ExCATnA <~ Temae 4400E~E “CrELNACINERCOTLOCC~EA  ~r0 IR ECE =L ENCE ~ema
~ PN Dot ot ot MIOXSOTES - ad -0 ~ O - & ON~EFE TNME O

" ————— L - e - - N e O ot L) et Nt L. - L - « - "oy - L) - N N =AMt
~ NCIACARMELT ANCrmCmmeLrEdC~ Na< 1 ] acoa e chac

VIS Ziens ~— AT Tavee ~ IZvvana Xlnll.......u... e AR R -
LB L LONErEICE O iC in €MOO COMNMNN MO BEMENmE O T e ccaner 9O mONM NG mA~CEO CmirChN
LECEmrC Ly L. Aeca N FCAITCON St NOVE M | £ ONEG MMM e ST MmE 232166246531 MLIEMOERTINNEM “AMNEME =ed =m —~rEMAS =Ocmel
e e L=ty - e A = - e - - o [

L - l L) l l L] " " -
- - - - - - -

RIUV—RAASE T - LE SISV ~OOr UL O YAR A"ﬂl"ﬁ’ﬂﬂﬁﬁ”ﬂ‘ 09"..5'3“‘76” KOFNCLOTFCTLCH 7nqs‘m9"‘li ’&"50 < em - CAMCe fnoLad
ALCFCFCLE ANy NG X 0 Q‘LI".".Q ~ L 4 Cn -19627‘ neEexm~ nae ~ dENY MEC =L
G ——— . - — P — . - e - e - « . - wow © -
CIMNLACTmNNINSC N OO B~ g M, menora w <e l o L] 4 ACOM HE ENSNIT N O
ey = ITeTininin AR AR .....: u..l....... IS 1vn T I )
ST -G g NO=O~NNE OK & SN0 3559W-l +Ooon
Daabaah L ST R QT." kl-l.\. <3 Pl I+ 3537‘9“58 A *0C0Y mTOCoT e nemn
FEEN N - - - B e I A Y e @ MmN N e ¢ mname— ~ —— - dei - -

. . . . D "

- l - - - -
onemncer Tg . o ¢ COTA ¢mOn G €~ otgDn 3 oMo ot TTen
LChLAmAL NrerrreCarene - l.klal. b 3 NN, * © 0y AL NS - NIMXTT ~IMP T CETmMm e
JeaNT AT e e AN - - - e —————" T @ - - mom N N . - mneme ~ < e Mty ¢ -
MerLm2100 macox . . . ¢ OO WM

S T AN e A o Tttt g LA OB U RN o Temef 4O B0 N P e R AR AN - Temee
v " 0000 00 0000 000
29 = N R o 0%t e 20 . -y znon 0
o -171773375,; -‘)3"’.9“77‘55?562’ ine ' o~ ) L] BOMN "~
NN —— Lo - —— -~ - ————t O N ATemmeaNemaNTe STRTATTRTERS
» . " .
- - - - - - -
S5 LETSIMNSISRG T LEARmyesrracsonace Toonmaos & 0t e O o o . . 0 TmeegxOadcrme
.3 — C3 nELOONO~ XM ¥ OF S0 W= Ouwn du I TmO0 ¥ T
S N - N € et N N < Nt 0 e ¢ = -~ - e g N O N < - P et Nt ot N N AN
XT AETAONMECcrOO 200¢ ! N p & Ow . . < o »
Eai ITTITT ~—— TEI0ANAAD A == Toritean T TV - Tehebatee
PTETIAYRRORANGENS ~RODINERT IR 20 BLOSHONo0NOs DG ORaNNEeS et NP OO NPOD. 00300 o3 o
memcemed R COOININ ~ ~OOOMO O NhCOoes ik NAFRR - CRT PN | 34
- - - - e - - - 1 [ - 1 N
" D - . " . " .
JreagamemanTgennge = cooeenon “enermmnneo coanrmoe “nom “reen “coecn “ocomogani
YRR S aEE: & St ir S vty Y &3 S9RLANRR  ANSHAnSR RO ose _mam  mAd BENIOE  SAS SO~ ONT Mm 2%93& i
- - e - - - — - - -’ . -« - « -
MO SO NmCMENnO~ o [} ", N AN O, 1NOMens O »
..............*... n..J.J. T ¥ Tt ity TOehety IFVPTIVOT 297V ¢ ) E N ~ i
~ TNTS e N O LMOMO Pt Nty NI £ DY Dy NOn~ O °
N T Yefceonomay 2 R ooo . omo CNOONMON I EMRTIN O+ 95&0?5!%073069«. 4]1961.«-..8034]34399
- T G N A Pt b AN AH A A o N =R - —— ———— Ne—-
* " . ) . . .
= “mecgononryoonme e = <o e NN 0L ONNE O = “ o~ -
¢ * $ee0e + Fe o
N NI STRamenn Oecnas T~ OT ™ e T~ s o0 3 TG AN 0 N O O
- - A3 45 [ hiieb b 4 W oy - 053:..1.{..200%"...5 STaNTS - £ R bt SRS Y A —— N I, o1 $OSRTOTRS -
0 W OERLEINA=CmA N YO Cra0O =0T M, YOt en o on TATOmAerCrTeg B LY L N AeOE hEfrA=OAMNE EA=OEAEN S AmOmNrnal &
igw% FIGTe creo2 n}.ow...*. v 17 TEETENS H‘..-......Oﬂ..,md... crEeg IANSTVTITYT nl\i.a.ﬁ.a... z
gy “7547wl7..n'|’\h 4!6601.@016:6!‘#&’6!1 *n..-.?lx.!l‘x.!hb"‘iél TEETTot~oo~mEr e Mo TERGTQTIONreaduraoAron ~~rAn0gOLacaa $omym
mnamy IMIgaIONOTONT S M <+ .?Abno EONLOEMENNCEIN AL ORI NANLONETMOTOT INTMNE ¢ DR CMNCT OO M
- ERRE == A A N o = RENAIN N - pt -k Ao N N N PRRD Tt N ey
- [ " . . N
oMm=g LS - on somemoo i L =, D0 O OF O
x -4 o No$ " >
ST MI O~ =N LS e e - T, -, - L < ~ e ~RnN i
ace PRl el e T b - hERe. ENII-omNN T Cw 59 'C AN CRTeT - =4 C4 A 35 kMQkOﬁ.MﬁHUﬁ, Nao¥ Mg ﬂbﬂulﬁo.lﬂ
seae . s ] 2~oxn - oo o o
=il A i sme 22TV = et TN l...n..*.,z... RN g b Hhn
ANLLO A= 20 COT onte on o < ore <= ENCO4MOD~IEy T
ROS-L uhTo.a% FLIATOENECLTE MATFLT SORM AChCER RN mme MmN —me Nl s + < svne TRRL2 e Rnog caNon TeSeATERTATES
—— 1 1] 1] - - - NN - Pt ~NN
- - L) L] L) - - L) L] L) .
- - - - - - - - - -
OO momg - o ¢ eme < Og=on “meom v ~cmom—a o $ma CmLALNSCRMALR "N g SN AN 0 O
O OSETL THON Raad & 4 Tk Tt 2o ol AT LOMT LN Lo ~NmN m~eneN $INm NMOT$ SN BMNONE NIng M -’3-{“930276 MAITNLOT S CrhmE C NgLmnornames=yg
~ - = ~ ~ ~ ~ - - - - . - N - o= - ~N
PmCFanscgmmnen 0 ] ogrngmaoNm » fOmN anCEmN Emech 0 . 2 rETO $<00 ErTOO N fir N €
ul__lﬂ..a*. ~ 1FSfITee € FSIVTITYe 19T IVEETY e T 2170 S AvEn €02 3T °2 IVEfITYTeT
0 T

Acta Chem. Scand. B 29 (1975) No. 5



Karlsson, Pilotti and Wiehager

550

Table 4. Continued.
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Table 4. Continued.
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measure 5274 reflexions out to 6= 65° at a scan
speed of 0.026 degrees per second. Backgrounds
were estimated by stationary counting at + 0.75°
20 from the peak maxima. Three monitor
reflexions were measured every 90 min. Lorentz
and polarization corrections were applied to the
data but no correction for absorption was made.
The 3546 reflexions for which o(I)/1<0.25,
where I is the net intensity and o(I) its esti-
mated standard deviation, based on counter
statistics, were used in refinement of the struc-
ture.

STRUCTURE DETERMINATION AND
REFINEMENTS

The absolute scale and overall temperature
factor for calculation of normalized structure
factor magnitudes, |E|, were estimated by
Wilson’s method.* The structure was solved by
a modified version of the MULTAN direct phase
determination procedure ® from the 358 refle-
xions with |E| values >1.85. The three origin
specifying reflexions and five reflexions used as
variables in the starting set of phases are given
in Table 1. An E map computed with the
signs of the most reliable set showed all the
non-hydrogen atoms.

The positional parameters and isotropic tem-
perature factors of all the 38 non-hydrogen
atoms were subjected to four cycles of full-
matrix least-squares refinement (R =0.164) by a
modified version of the program LALS.® A

Hughes’” weighting scheme was used in the
refinement. One cycle of refinement of the non-
hydrogen atoms with anisotropic temperature
factors reduced R to 0.095. A difference Fourier
synthesis computed at this point revealed the
positions of all the hydrogen atoms. Additional
cycles of least-squares calculations with hydro-
gen atoms included with fixed positional and
thermal (B=3.5 A?) parameters reduced R to
0.062 for 3546 reflexions. Freeman’s ® scattering
factors for oxygen and carbon and that of
Stewart, Davidson and Simpson ® for hydrogen,
were used throughout the analysis.

The final positional and thermal parameters
of the non-hydrogen atoms, together with their
standard deviations, are listed in Table 2 and
those of the hydrogen atoms in Table 3. A list
of the observed and calculated structure
amplitudes is given in Table 4.

RESULTS AND DISCUSSION

The autooxidation product of 4,6-di-t-butyl-
guaiacol in alkaline solution was established to
be 5,6-epoxy-4-hydroxy-2-methoxy-4,6-di-z-
butylcyclohex-2-enone with the hydroxyl group
and epoxide ring cts to each other. The molec-
ular structure is shown in Fig. 1; the two
molecules are identically numbered, with the
numbers of one distinguished by primes.

Table 5. Bond distances (A) between non-hydrogen atoms, with estimated standard deviations in

parentheses.

C(1)—C(2)  1.487 (4)
C(1)=C(6)  1.507 (4)
C(1)—-0(7)  1.218 (4)
C(2)~C(3)  1.334 (4)
C(2)—0(8)  1.363 (4)
C(3)—C(4)  1.495 (4)
C(4)—C(5)  1.522 (4)
C(4)—C(10)  1.566 (4)
C(4)—0(14) 1.439 (3)
C(5)—C(6)  1.482 (4)
C(5)—0(15) 1.435 (3)
C(6)—0(15) 1.451 (3)
C(6)—C(16) 1.539 (4)
0(8)—C(9)  1.430 (5)
C(10)—C(11) 1.526 (4)
C(10)—C(12) 1.532 (5)
C(10)—-C(13) 1.519 (5)
C(16)—C(17) 1.514 (5)
C(16)—C(18) 1.526 (5)
C(16)—C(19) 1.525 (5)

C(1)=C"(2)  1.497 (4)
C’(1)—C’(6)  1.515 (4)
C’(1)=0°(7)  1.205 (4)
C(2)—C’(8)  1.321 (4)
C’(2)—07(8)  1.351 (4)
C’(3)—C’(4)  1.501 (4)
C(4)—C'(5)  1.514 (4)
C’(4)—C’(10)  1.566 (4)
C’(4)—0’(14) 1.439 (4)
C'(5)—C'(6)  1.477 (4)
C’(5)—07(15)  1.439 (3)
C’(6)—07(15)  1.455 (3)
C/(6)—C’(16)  1.544 (4)
0/(8)~C'(9)  1.412 (5)
C’(10)—C’(11) 1.530 (5)
C’(10)—C’(12) 1.540 (5)
C’(10)—C’(13) 1.538 (5)
C’(16)—C’(17) 1.523 (5)
C’(16)—C’(18) 1.520 (5)
C’(16)—C’(19) 1.528 (5)
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Table 6. Interatomic angles (°), with estimated standard deviations in parentheses.

C(2)—C(1)—C(6) 116.8 (3) C'(2)—C/(1)— C'(6) 116.7 (3)
€(2)— C(1)— O(7) 120.9 (3) ’(2)—C(1)—0'(7) 120.4 (3)
C(6)—C(1)—O(7) 122.3 (3) ©’(6)—C’(1)—0’(7) 122.9 (3)
C(1)—C(2)—0(3) 122.0 (3) ¢(1)—C'(2)—0(3) 122.5 (3)
C(1)—C(2)—0(8) 110.7 (3) (1)~ C’(2)— 0°(8) 110.0 (3)
C(3)—C(2)— O(8) 127.1 (3) C(3)— C'(2)— 0°(8) 127.4 (3)
C(2)—C(3)—C(4) 123.8 (3) C'(2)—C'(3)—C'(4) 125.6 (3)
C(3)— C(4)— C(5) 111.3 (3) ©’(3)~ C’(4)— C'(5) 111.2 (3)
C(3)—C(4)—C(10)  111.6 (3) C'(3)—C’(4)—C(10)  113.0 (3)
C(3)—C(4)—0(14)  109.1 (3) C(3)—C'(4)—0’(14)  108.2 (3)
0(5)—C(4)—C(10)  111.8 (3) C'(5)—C’(4)—C’(10)  109.6 (3)
C(5)—C(4)—O(14)  106.8 (3) C'(6)—C'(4)—0’(14)  108.0 (3)
C(10)—C(4)—0(14)  105.9 (2) C'(10)—C'(4)— 0’(14)  106.6 (3)
C(4)—C(5)—C(6) 123.4 (3) C’(4)— C’(5)— C'(6) 124.4 (3)
C(4)—C(5)—O(15)  114.9 (3) C’(4)—C’(5)—0’(15)  115.6 (3)
C(6)— C(5)— O(15) 59.6 (2) C'(6)—C'(5)—0’(16)  59.8 (2)
C(1)—C(6)—C(5) 114.8 (3) C'(1)—C'(6)—C'(5) 116.1 (3)
0(1)-C(6)—0(15)  110.2 (3) C(1)—C'(6)—0’(15)  109.2 (2)
C(1)—C(6)—C(16)  119.3 (3) (1)~ C(6)—C’(16)  118.7 (3)
C(5)—C(6)—O(15)  58.5 (2) C'(5)—C’(6)—0’(16)  58.8 (2)
C(5)—C(6)—C(16)  122.4 (3) C/(5)—C(6)—C’(18)  122.4 (3)
0(15)—C(8)—C(16) 115.2 (3) 0'(15)—C'(6)—C’(18)  115.2 (3)
C(2)— 0(8)—C(9) 115.8 (3) €(2)~ 0’(8)— C’(9) 116.7 (3)
C(4)—C(10)~C(11)  110.2 (3) C'(4)~-C'(10)—C’(11)  110.1 (3)
C(4)—C(10)—C(12)  109.6 (3) C(4)—-C(10)—C’(12)  109.1 (3)
C(4)—C(10)—C(13)  110.7 (3) O'(4)—C"(10)—C(13)  110.4 (3)
C(11)—C(10)—C(12) 109.1 (3) C’(11)—C’(10)—C*(12)  109.7 (3)
C(11)—C(10)—C(13) 108.7 (3) C’(11)— C(10)— C7(13)  108.8 (3)
0(12)—C(10)—C(13) 108.7 (3) C’(12)—C’(10)—C’(13)  108.7 (3)
C(5)— O(15)— C(6) 61.8 (2) C'(5)—0’(15)—C’(6)  61.4(2)
C(6)—C(16)—C(17)  112.5 (3) C'(6)—C’(16)—C/(17)  110.7 (3)
C(68)—C(16)—C(18)  108.8 (3) C'(6)—Cr(16)—C’(18)  109.2 (3)
C(6)—C(16)—C(19)  109.5 (3) C'(6)—C’(16)—C’(19)  109.6 (3)
C(17)—C(16)—C(18) 108.3 (3) C’(17)—C’(16)— C’(18) 108.5 (3)
C(17)—C(16)—C(19) 107.5 (3) C’(17)—C(16)—C’(19) 108.3 (3)
C(18)—C(16)—C(19) 110.2 (3) C’(18)—C’(16)—C(19) 110.5 (3)

"
e

4 SE—

Fig. 4. Projection of the crystal structure along the ¢ direction. e, carbon; @, oxygen.
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Table 7. Intermolecular distances shorter than 3. 8 A.

Superscript Coordinates Superseript Coordinates

none x; Y; oz iii l—2;2—-y; -z
i x; —1+4+y; =z iv l—z; 2—y; 1-2
ii —-x; 2-y; —z v l—2;3-y;1—-2

C(13)—O(15i) 3.632 (4) C(11)—C’(17i)  3.788 (5)
0(14)—C(17i)  3.645 (5) C(12)—O’(8iil)  3.720 (4)
C(3)—0’(15)  3.703 (4) C(13)—Cr(51)  8.728 (4)
C(4)—0’(15)  3.632 (3) C(13)—0’(14l)  3.541 (4)
O(7)—C’(9i%)  3.285 (5) C(13)—~0’(154) 3.569 (4)
0(7)—C’(19))  3.629 (5) 0(14)—07(15)  2.797 (3)
0(8)—0(8) 3.608 (4) 0(15)—0’(14)  2.967 (3)
0(8) —C’(9) 3.579 (5) 0(15)—0’(15) 3.233 (3)
0O(8)—-C’(91¥)  3.666 (5) C’(2)—C’(11)  3.740 (5)
C(9)—0’(8) 3.328 (5) 0/(8)—C’(11%)  3.413 (4)
C(9)—C’(9) 3.624 (6) C’/(9)—-C/(11¥)  3.724 (6)
C(9)—C’(18ii))  3.713 (6)

Table 8. Least-squares planes and deviations (A). The planes are described in terms of normalized
equations in the orthogonal coordinate system (m, n, p) having p || ¢, » in the bc plane and m in
the a,b,c-octant.

Plane A 0.1693m + 0.9350n + 0.3154p= 9.1427

Plane B 0.3487m + 0.9027n + 0.2522p= 9.1738

Plane C  —0.0403m + 0.9264n 4 0.3745p= 8.1605

Plane A’ 0.3964m + 0.8868n + 0.2376p = 13.9480

Plane B’ 0.3145m + 0.9375n 4+ 0.1489p = 14.5499

Plane C’ 0.4577m + 0.8169n + 0.3263p = 13.4030

Plane A Plane B Plane C

Atom Deviation Atom Deviation Atom Deviation
C(1)* —0.267 C(1) 0.004 C(1) 0.004
C(2) 0.009 C(2)s 0.513 C(2) 0.009
C(3) —0.009 C(3)s 0.487 C(3) —0.009
C(4)* —0.258 C(4) —0.005 C(4) 0.004
C(5) 0.008 C(5) 0.009 C(5)* 0.531
C(6) —0.008 C(6) —0.009 C(6)* 0.525
Plane A’ Plane B’ Plane C’

Atom Deviation Atom Deviation Atom Deviation
C'(1)* 0.169 C’(1) —0.009 c/(1) 0.007
c(2) -—0.022 C’(2)s —0.355 c’(2) ~—0.017
C’(3) 0.022 C’(3)s —0.303 C’(3) 0.017
C’(4)s 0.172 C’(4) 0.010 C’(4) —0.008
C’(5) —0.020 C’'(6) —0.020 C'(8)s —0.367
C’(6) 0.019 C’(6) 0.019 C’(6)*» —0.328

@ These atoms were omitted from the calculations of the least-squares planes.

The crystallographic asymmetric unit con-
tains two molecules joined together by two
hydrogen-bonds (Fig. 2). The hydroxyl oxygen
O(14) in one molecule is hydrogen-bonded to
the epoxide oxygen O’(15) of the other. The

distances 0’(15)---H(O14) and O(15)---H(O’14)
are 1.83 and 1.97 A, respectively, and the
angles O’(15):--H(014)—0(14) and O(15):--
H(0’14) — 0’(14) are 171 and 167°, respectively.

Fig. 3 indicates the numbering system used in
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all tables and shows the bond lengths within
the two molecules. Bond distances and angles
for the structure are listed in Tables 5 and 6.
No correction for thermal vibrations have been
made. The estimated standard deviations, based
solely on least-squares parameters, are about
0.004 A for the bonds and 0.3° for the angles.
No distance between bonded non-hydrogen
atoms in one molecule of the asymmetric unit
differs by more than 0.019 A from the corre-
sponding distance in the other molecule.

The mean C(sp®)—C(sp®) bond distance, ex-
cluding C(5) — C(6), is 1.532 A. The longer bonds
are between the highly substituted carbon atoms
C(4),C(10) and C(6),C(16). The shortness of
the C(5)—C(6) bond length reflects the strain
caused by the epoxide ring. The C(sp?)—C(sp?)
bonds have an average length of 1.504 A in
good agreement with usually observed values,
The C(sp®)—C(sp?) single bond is slightly
shorter, 1.492 A. The C(sp?)— O bonds and the
C(sp®) — O bond have mean lengths of 1.430 and
1.357 A, respectively.

The molecular packing is shown in Fig. 4.
Intermolecular contacts less than 3.8 A are
listed in Table 7. The hydrogen-bonded dimers
are held in position in the unit cell by van der
Waals forces. Some of the van der Waals
distances are shorter than normal, for example
the O(7) — C’(91V) distance of 3.285 A.

The best least-square planes through the
ring are given for each of the dimer molecules
in Table 8. In the non-primed molecule, the
sets of atoms C(1), C(2), C(3), C(4); C(1), C(4),
C(5), C(6); and C(2), C(3), C(5), C(6) are each
coplanar within +0.009 A. In the primed
molecule the deviations from the best planes
for the same sets of atoms are +0.017, +0.020,
and +0.022 A, respectively. All hydrogen atoms
lie in chemically reasonable positions with ap-
parent bond distances ranging from 0.76 to 1.12
A, mean value 0.96 A.
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