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The two different crystal forms of rhodochlorin 
XV dimethyl ester described here present an example 
of homoeotypes of a chlorin. Other cases of multiple 
crystal forms of tetrapyrroles include Ni n octaethyl- 
porphyrin. This porphyrin has been found in two 
triclinic and one tetragonal form (Meyer, 1972; 
Cullen & Meyer, 1974; Brennan, Scheidt & Shelnutt, 
1988). An example of a chlorin with two crystal 
forms is 8-isobutyl-12-ethyl methyl bacteriopheo- 
phorbide d, which has been described by Barkigia, 
Chantranupong, Smith & Fajer (1988). The observa- 
tion of two crystalline phases for chlorins points to 
the conformational flexibility inherent to this type of 
molecule. It also shows that a given conformation, 
observed in the crystal, might not necessarily be the 
only one possible, and can be influenced by packing 
effects. 
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Structure of sp-9-Hydroxy-9-pivaloylfluorene, Product of Base-Catalyzed 
Autoxidation of ap-9-Pivaloylfluorene 
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Abstract. 1-(9-Hydroxyfluoren-9-yl)-2,2-dimethyl-1- 
propanone, C18H1802, Mr=266.34, orthorhombic, 
Pbcn, a = 18.917 (10), b = 11.843 (8), c = 
13.177 (7)/~, V = 2952 (5) A 3, Z = 8, Dx = 
1.198 g c m -  3, A(M o Ka) = 0.71069 ./k, /z = 
0.72 cm- l, F(000) = 1136, T = 296 K, R = 0.044 for 

* Correspondence relating to the crystallography should be sent 
to PDR; that relating to the chemistry, to CYM. 

0108-2701/92/101815-04506.00 

1042 unique observed reflections. Conversion of ap- 
9-pivaloylfluorene, ap-(I), into lithiated (I)-9-anion 
followed by the addition of MeOH, then H20, led to 
unexpected hydroxylation to provide 20-40% of sp- 
9-hydroxy-9-pivaloyfluorene, sp-(II), and 60-80% 
recovery of ap-(I). The singular sp conformation of 
(II) in solution suggested by NMR was confirmed in 
the crystalline state by X-ray diffraction which 
showed the O(1)--C(9)--C(10)----0(2) torsion angle 

© 1992 International Union of Crystallography 
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- 0  ° and the C(10~O(2)...H(9)--O(1) non-bonding 
distance 1.95 (4) A, suggesting strong intramolecular 
hydrogen bonding in this conformation. 

Introduction. We recently reported that treatment of 
lithiated 9-fluorenyl anion with pivaloyl chloride 
leads to the formation of ap-9-pivaloylfluorene, 
ap-(I), as the exclusive rotamer in solution as well as 
in the crystalline state (Meyers, Wahner, Manohar, 
Carr, Chan-Yu-King & Robinson, 1991).* 
Quenching an ether solution of lithiated (I)-9-anion 
under argon at 273 K with D20 provided ap-(I)-9-d 
exclusively (Meyers & Manohar, 1987; Manohar, 
1986). Desiring a larger amount of ap-(I)-9-d we 
repeated the reaction but quenched it with MeOD. 
While ap-(I)-9-d was obtained, - 3 0 %  of an unex- 
pected new crystalline compound was also isolated 
whose structure was suggested by ~H and ~3C NMR 
to be 9-hydroxy-9-pivaloylfluorene, (II). Likewise, 
(II) was formed in similar yield, along with ap-(I), 
when MeOH was used instead of MeOD. As illus- 
trated, two rotameric structures may be presented for 
(II). 

H3C ,C~3 II~__~H3 111"1~1"13 H3C" /CH3 . U 
10C~ ~ l~h~¢.lO__H 9 20 H9 H3C l ~  

¢'~--T" ap-(I) 4"Y'~-~3 ap-(II) sp-(II) 

A priori, 9-hydroxylation of ap-(I) through its 
lithiated 9-anion might be expected to provide the ap 
rotamer of (II): 9-protonation and 9-deuteration of 
the same lithiated anion were rotamer specific in 
providing only ap-(I) and ap-(I)-9-d, respectively; 
molecular mechanics calculations indicated that 
ap-(I) and ap-(II) are significantly favored over their 
sp counterparts in which the large steric interaction 
between the tert-butyl group and the fluorene-ring 7r 
electrons imparts very much higher energies; and 
experimental support for the calculated results was 
provided by the report that 9-hydroxy-9-(2"-tert- 
butylphenyl)fluorene, which is functionally and steri- 
cally similar to (II), was prepared and identified as 
the thermodynamically favored rotamer conforma- 
tionally equivalent to ap-(II) (Nakamura, Nakamura 
& Oki, 1977a,b). 

Solution ~H NMR data, however, implied the 
opposite. Compared with the sharp lower field signal 
(8 1.28) of the deshielded tert-butyl protons of ap- 
(I)(Meyers, Wahner, Manohar, Carr, Chan,Yu-King 

* The designations sp (synperiplanar) and ap (antiperiplanar) 
for these conformations are in accord with Rule E-6.6, IUPAC 
Tentative Rules (IUPAC, 1970). 

& Robinson, 1991), the much higher field sharp 
signal (8 0.78) of the tert-butyl protons of (II) corre- 
lated well with the enforced fluorene-ring shielding 
which would be expected of the sp rotamer of (II) 
(viz. Nakamura, Nakamura & Oki, 1977a,b). 
Unequivocal molecular and conformational structure 
determination required X-ray crystal analysis. 

Experimental. Preparation of sp-9-hydroxy-9- 
pivaloylfluorene, sp-(II): to a stirred solution of 
ap-(I) (Meyers, Wahner, Manohar, Cart, Chan-Yu- 
King & Robinson, 1991) (25 mg, 0.10 mmol) in 1 ml 
of ether maintained at 273 K under argon, n- 
butyllithium (0.11 mmol, 0.098 ml of a 1.12 M solu- 
tion in hexane) was added; the solution turned 
yellow immediately and stirring was continued for 
25 min; methanol (reagent grade; 0.1 ml, 3 mmol) 
was added and the color faded; the solution was 
stirred at 273 K for 30 min, diluted with 50 ml of 
ether, washed with water then brine, dried (an- 
hydrous MgSO4) and rotary vacuum evaporated 
leaving a crystalline residue, 25 mg. TLC: two well- 
defined spots, the one of higher Rf value being 
identical to that from ap-(I). 1H NMR: mixture, 
composed of ca 70% of ap-(I) and 30% of a com- 
pound subsequently identified by X-ray analysis as 
sp-(II). Column chromatography afforded recovery 
of ap-(I) (19rag, 76%) followed by isolation of 
sp-(II); white crystals [6mg, 23% conversion or 
quantitative yield based on unrecovered ap-(I)], m.p. 
377.5-378.5 K. IR(conc., CDCI3), v: 3428 (sharp, 
OH str.); 1685 cm -1 (sharp, strong, ~ O  str.). 1H 
NMR (Bruker WM-400, 400 MHz,..CDC13), 8:7.69 
(dd, J43,56--7.5, J42,57--1.2 Hz, 2"I-1, H-4,5); 7.42 
(ddd, J32,67 = 7.5, J34,65 = 7.5, J31,68 = 1.2 Hz, 2 H, 
H-3,6); 7.29 (ddd, J23,76 = 7.5, ,]21,78 = 7.5, J24,75 = 
1.2 Hz, 2 H, H-2,7); 7.24 (dd, J12,87--7.5, J13,86-- 
1.2 Hz, 2 H, H-l,8); 5.59 (s, 1 H, OH); 0.78 (s, 9 H, 
CH3). 13C NMR (Bruker WM-400, 100 MHz for 13C, 
CDC13), 8:214.98 (~---O); 144.75 (C-4a,4b or 8a,9a); 
142.04 (C-8a,9a or 4a,4b); 129.75 (C-3,6); 128.18 
(C-2,7); 124.42 (C-1,8); 120.61 (C-4,5); 87.2 (C-9); 
44.5 [_¢_(CH3)3]; 28.05 [C(CH3)3]. A D E P T  experi- 
ment resulted in no signal at 6 87.2, indicating that it 
represented a quaternary C atom in support of its 
assignment to C-9 and the proposed structure. A 
comparison DEPT experiment on ap-(I) resulted in a 
positive signal at 6 57.1 assigned to C-9, which is 
monoprotonated. 

Similar results were obtained when CH3OD was 
used instead of CH3OH in the quenching step, except 
that much of the recovered starting material con- 
tained 9-d. Yields of sp-(II) from several runs varied 
but were similar. 

The crystal used for data collection was a colorless 
fragment with dimensions 0.27 x 0.30 × 0.35 mm. 
Data were collected with a Rigaku AFC-5S diffrac- 
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Table 1. Fractional atomic coordinates and equivalent 
isotropic temperature factors ( A  2) 

B~ = (877"2/3) trace U. Atom H(9) was refined isotropically. 

x y z B~q 
0(1) 0.3783 (2) 0.1186 (3) -0.1410 (2) 5.6 (2) 
0(2) 0.5093 (2) 0.1250 (3) -0.1089 (3) 7.5 (2) 
C(I) 0.3942 (2) 0.3781 (4) -0.1846 (3) 5.0 (2) 
C(2) 0.3603 (2) 0.4800 (4) -0.2041 (4) 5.6 (3) 
C(3) 0.3083 (2) 0.5195 (4) -0.1405 (4) 5.3 (3) 
C(4) 0.2885 (2) 0.4586 (4) -0.0552 (4) 4.6 (2) 
C(4a) 0.3221 (2) 0.3565 (3) -0.0360 (3) 3.6 (2) 
C(4b) 0.3130 (2) 0.2755 (3) 0.0468 (3) 3.6 (2) 
C(5) 0.2714 (2) 0.2796 (4) 0.1336 (3) 4.5 (2) 
C(6) 0.2761 (2) 0.1917 (5) 0.2026 (3) 5.4 (3) 
C(7) 0.3204 (2) 0.1008 (4) 0.1856 (4) 5.1 (3) 
C(8) 0.3618 (2) 0.0961 (3) 0.0990 (4) 4.7 (2) 
C(8a) 0.3580 (2) 0.1841 (3) 0.0305 (3) 3.6 (2) 
C(9) 0.3988 (2) 0.2003 (3) -0.0675 (3) 3.8 (2) 
C(9a) 0.3744 (2) 0.3164 (3) -0.1008 (3) 3.7 (2) 
C(10) 0.4796 (2) 0.1917 (4) -0.0533 (3) 4.3 (2) 
C(I 1) 0.5232 (2) 0.2604 (3) 0.0213 (3) 3.9 (2) 
C(12) 0.5746 (3) 0.3296 (5) -0.0417 (4) 10.4 (4) 
C(13) 0.5637 (3) 0.1803 (4) 0.0887 (4) 9.7 (4) 
C(14) 0.4827 (2) 0.3406 (4) 0.0891 (4) 6.7 (3) 
H(9) 0.417 (2) 0.089 (4) - 0.164 (4) 8 (2) 

tometer using graphite-monochromated Mo Ka 
radiation, to scans and a scan speed of 4 ° min-l  (in 
to). Weak reflections [ I< 10.0tr(/)] were rescanned 
(maximum of two rescans) and the counts accumu- 
lated to improve accuracy. The lattice parameters 
were obtained from a least-squares fit of 24 strong 
reflections in the 20 range 30-39 °. A total of 2603 
reflections were measured [h 0 to 22, k 0 to 14, 1 0 to 
15, (sinO/a)max = 0.60 A-1, no redundant reflections] 
and 1561 reflections were considered unobserved 
with [I < 3tr(/)], leaving a data set comprised of 1042 
unique observed reflections. Three standard reflec- 
tions (634, 6374, 10,0,0) changed by -0.6,  - 0 .4  and 
-1 .7%,  respectively; no decay correction was 
applied. The data were corrected for Lorentz and 
polarization; no absorption correction was applied. 
The direct-methods program MITHRIL (Gilmore, 
1984) provided the locations of all non-H atoms. 
Full-matrix least-squares refinement was performed 
to minimize Yw(IFol- IF~[) 2 where w=4Fo2/O'2(Fo 2) 
and tr2(Fo 2) = [$2(C + R2B) + (pFo2)2]/LP 2 (S = scan 
rate, C = total integrated peak count, R = ratio of 
scan time to background counting time, B = total 
background count, Lp = Lorentz-polarization factor 
and p = 0.03). After convergence methyl and phenyl 
H atoms were placed at assumed positions (C--H = 
0.95 A) and fixed. Methyl-group orientations were 
determined on the basis of H-atom positions 
obtained from a difference Fourier synthesis. The 
model was again refined to convergence and the 
hydroxyl H atomic position appeared as the largest 
peak on the difference Fourier map. The final stages 
of refinement were performed with 186 variables 
including all non-H positional and anisotropic ther- 
mal parameters, the hydroxyl H-atom positional and 
isotropic thermal parameter, one scale factor, and a 
secondary-extinction coefficient [0 .9  (1) x 1 0 - 6 ] .  

Table 2. Selected bond distances (A) and bond 
angles (o) 

O(1)----C(9) 1.423 (4) C(6)--C(7) 1.383 (6) 
O(2)---C(10) 1.215 (4) C(7)---C(8) 1.385 (6) 
C(1)----C(2) 1.390 (6) C(8)--C(8a) 1.381 (5) 
C(1)---C(9a) !.377 (5) C(8a)--C(9) 1.516 (5) 
C(2)---C(3) 1.374 (6) C(9)--C(9a) 1.516 (5) 
C(3)---C(4) 1.388 (6) C(9)---C(10) 1.543 (5) 
C(4)--C(4a) 1.389 (5) C(10)--C(I 1) 1.519 (5) 
C(4a)--C(4b) 1.463 (5) C(I 1)--C(12) 1.519 (6) 
C(4a)---C(ga) 1.391 (5) C(I 1)--C(13) 1.509 (6) 
C(4b)--C(5) 1.389 (5) C(I 1)--C(14) 1.513 (6) 
C(4b)----C(8a) 1.394 (5) O(1)----H(9) 0.86 (4) 
C(5)---C(6) 1.385 (6) 

C(2)--C(I)---C(9a) ll9.0 (4) 0(1)--C(9)--C(9a) 109.7 (3) 
C(1)---C(2)---C(3) 120.8 (4) O(l)--C(9)--C(lO) 107.9 (3) 
C(2)--C(3)--C(4) 120.7 (4) C(9a)--C(9)---C(9a) 101.9 (3) 
C(3)--C(4)---C(4a) 118.5 (4) C(8a)--C(9)---C(IO) 113.2 (3) 
C(4)--C(4a)--C(4b) 130.7 (4) C(9a)--C(9)~C(I O) 113.4 (3) 
C(4)--C(4a)--C(9a) 120.7 (4) C(I)--C(9a)--C(4a) 120.3 (4) 
C(4b)--C(4a)---C(9a) 108.5 (3) C(1)--C(9a)---C(9) 129.1 (4) 
C(4a)--C(4b)--C(5) 131.1 (4) C(4a)--C(9a)--C(9) 110.4 (3) 
C(4a)--C(4b)--(C8a) 108.8 (3) O(2)--C(10)--C(9) 115.4 (4) 
C(5)--C(4b)--C(8a) 120.0 (4) O(2)--C(10)--C(l 1) 119.2 (4) 
C(4b)---C(5)---C(6) 118.5 (4) C(9)---C(10)--C(1 I) 125.5 (4) 
C(5)--C(6)--C(7) 121.2 (4) C(10)--C(I 1)----C(12) 106.4 (4) 
C(6)--C(7)----C(8) 120.4 (4) C(10)--C(I 1)--C(13) 108.7 (4) 
C(7)--C(8)--C(8a) 118.6 (4) C(10)---C(I 1)--C(14) 116.4 (3) 
C(4b)---C(8a)--C(8) 121.1 (4) C(12)--C(11)--C(13) 109.6 (4) 
C(4b)---C(8a)--C(9) 110.1 (4) C(12)--C(11)---C(14) 108.0 (4) 
C(8)---C(8a)--C(9) 128.7 (4) C(13)--C(1 I)--C(14) 107.7 (4) 
O(I)--C(9)---C(8a) 110.8 (3) C(9)--0(1)--H(9) 107 (3) 

Convergence yielded R = 0.044, wR = 0.045, S = 
1.41 and ( A / O ' ) m a x  = 0.0003. A final difference syn- 
thesis produced ( A p ) m a  x = 0.17 and (Ap)mi  n = 

- 0 . 1 7 e A - 3 .  Atomic scattering factors and 
anomalous-dispersion corrections were obtained 
from International Tables for X-ray Crystallography 
(1974, Vol. IV, pp. 71, 148). All computer programs 
were from TEXSAN (Molecular Structure Corpor- 
ation, 1985). 

Discussion. Table 1 lists atomic coordinates and 
equivalent isotropic temperature factors. Table 2 
contains a compilation of selected bond distances 
and angles.* The crystal structure (Fig. 1) verifies the 
molecular structure of (II) as 9-hydroxy-9- 
pivaloylfluorene and its conformation as sp, the same 
singular conformation it exhibits in solution as sug- 
gested by NMR. Fig. 2 is a stereoscopic illustration 
of its molecular packing in a unit cell. The torsion 
angle of - 0  ° for O(1)--C(9)--C(10)--O(2) and the 
small non-bonding distance of 1.95 (4)/~ shown for 
C(10)---O(2)...H(9)--O(1) suggest substantial intra- 
molecular hydrogen bonding, while the absence of 
corresponding intermolecular hydrogen bonds is evi- 
dent from Fig. 2 (cf. Milstein, Fultz & Calabrese, 

* Lists  o f  o b s e r v e d  a n d  ca lcu la t ed  s t ruc tu re  fac to rs ,  ca lcu la ted  
H - a t o m  c o o r d i n a t e s  a n d  t e m p e r a t u r e  f ac to r s ,  a n i s o t r o p i c  t h e r m a l  
p a r a m e t e r s  fo r  the  n o n - H  a t o m s ,  t o r s ion  angles ,  a n d  i n t e r m o l e c u -  
lar d i s t ances  i nvo lv ing  n o n - H  a t o m s  h a v e  been  d e p o s i t e d  wi th  the  
Bri t ish L i b r a r y  D o c u m e n t  S u p p l y  C e n t r e  as S u p p l e m e n t a r y  Publ i -  
c a t i on  N o .  S U P  55182 (22 pp.) .  Cop ie s  m a y  be o b t a i n e d  t h r o u g h  
T h e  Techn ica l  Ed i to r ,  I n t e r n a t i o n a l  U n i o n  o f  C r y s t a l l o g r a p h y ,  5 
A b b e y  Squa re ,  C h e s t e r  C H 1  2 H U ,  E n g l a n d .  [ C I F  reference:  

CR0397]  
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1986). Such intramolecular hydrogen bonding is pos- 
sible only in the sp conformation of (II). 

The data in Table 2 reflect these results. For 
example, the increased polarity of O==C in sp-(II) 
associated with hydrogen bonding is reflected by its 
greater bond length° [O(2)--C(10), 1.215 (4) A], 
compared to 1.198 (5)A for the corresponding 
of ap-(I). Likewise, formation of the hydrogen- 
bonded five-membered ring would be accommodated 
by a reduction in angle O(2)--C(10)--C(9) and 
increase in angle C(9)--C(10)--C(11), both of which 
are observed: 115.4 (4) and 125.5 (4) ° in sp-(II) com- 
pared to 119.2(4) and 118.8 (4) ° in ap-(I), respec- 
tively. The strength of the intramolecular hydrogen 
bonding in sp-(II) is also indicated in the solution IH 
N M R  spectrum in which the 9-OH proton resonates 
at 8 5.59, significantly downfield compared to the 
corresponding values for OH of t5 1.91 for 

H ( 2 ) C ( 2 ) ~  . 

H(3) H(4)~ H(5)~ 

~H(13a) 
C(13) 

~ O  (13c) 
(2) 

coo) 
H(9) 

C(9)~O(1)~H(8) 

- ~ c ( 8 )  

~(,]C(8a) -~H(7) 
:C(4b) z~C(7) 

Fig. 1. Molecular configuration and IUPAC atom-numbering 
scheme. Thermal ellipsoids are drawn at the 50% probability 
level. H atoms are shown as isotropic spheres with B values of 
1.0 A 2. 

! 
P 

Fig. 2. Stereoscopic illustration of the molecular packing. The 
origin is at the lower-right-back corner, a is vertical, b is 
horizontal and c is out of the plane of the paper. 

9-hydroxyfluorene itself (Harvey & Lee, 1986), 
t5 2.3 for 9-hydroxy-9-(2 ' - ter t -buty lphenyl ) f tuorene  
(Nakamura, Nakamura & Oki, 1977a) and near 
3.7 for simple a-hydroxy ketones (e.g. Pouchert & 
Campbell, 1974). 

Several implications are suggested from these 
results. Attacks on (I)-9-anion are steric approach 
controlled, which leads directly (kinetic control) to 
products in a high-energy conformation invoking 
repulsion between the tert-butyl  group and ring 7r 
electrons, as in the sp rotamer illustrated. In this 
conformation the rotational barrier is usually easily 
surmounted which leads to the energetically favored 
less sterically encumbered rotamer (thermodynamic 
control), e.g. sp-(I)---, ap-(I). While (II), reasonably, is 
likewise formed in its sp conformation, intramolecu- 
lar hydrogen bonding stabilizes this rotamer which 
enhances the rotational barrier sufficiently to allow 
the isolation of this rotamer. Reaction-mechanism 
details are currently under investigation and will be 
presented elsewhere. 
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