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Summary. Crystal structure determinations of two novel bilirubin analogs with spirocyclohexyl and

spirofluorenyl groups at C(10) are reported. Conformation-determining torsion angles and key hydro-

gen bond distances and angles are compared to those from molecular dynamics calculations, and to the

corresponding data from X-ray determinations and molecular dynamics calculations of bilirubin. Like

bilirubin, the component dipyrrinones of spirocyclohexyl and spirofluorenyl rubins are present in the

bis-lactam form with (Z)-configuration double bonds at C(4) and C(15). Their crystal structures show

considerable similarity to that of bilirubin: both pigments adopt a folded, intramolecularly hydrogen-

bonded ridge-tile conformation stabilized by six hydrogen bonds. The interplanar angle of the spiro-

cyclohexyl ridge-tile is nearly the same (94�) as that of bilirubin (�95�), but the interplanar angle of

the spirofluorenyl ridge-tile is noticeably smaller (84�). The hydrogen bond distances of both spiro-

rubin crystal structures are generally longer by 0.1–0.2 Å than those in bilirubin. Both new pigments

exhibit excellent lipophilicity and, unlike bilirubin, are soluble in methanol.

Keywords. Linear tetrapyrroles; Stereochemistry, Hydrogen bonding.

Introduction

The bile pigment of mammals, bilirubin (Fig. 1A), is an important and conforma-
tionally interesting member of the linear tetrapyrrole class [1] and the yellow
pigment of jaundice [2, 3]. Composed of two dipyrrinones conjoined to a CH2

group (Fig. 1B), bilirubin is flexible about the center, and it is the relative orienta-
tion of these dipyrrinones about C(10) that determines the shape of the pigment.
The most stable stereochemistry is not linear (Fig. 1A), but one where the dipyrri-
nones are rotated into a conformation shaped like a half-opened book (Fig. 1B) or
ridge-tile, and in which intramolecular nonbonded steric interactions are mini-
mized and the structure is greatly stabilized by a matrix of six intramolecular
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hydrogen bonds [4]. Dipyrrinones are known to be avid participants in hydrogen
bonding, capable of strong self-association to form hydrogen-bonded dimers [5, 6],
and an even stronger attraction to engage carboxylic acids in hydrogen bonding [7, 8].
Thus, each dipyrrinone of bilirubin clings to a carboxylic acid, thereby adding con-
siderable additional stabilization to the ridge-tile conformation [4], which is the
only conformation of bilirubin observed in crystals [9] of bilirubin by X-ray crys-
tallography and by solid state NMR [10]. Solution NMR studies [10, 12] and circular
dichroism spectroscopy [4, 13] confirm its dominance in solution, even when the

Fig. 1. (A) Bilirubin in a high-energy linear conformational representation with angles of rotation

about the C(9)–C(10) and C(10)–C(11) bonds, �1 and �2, �180�; rotations of the dipyrrinones about

torsion angles �1 and �2 interconvert the ridge-tile and linear conformations, as well as others

(porphyrin-like); rotations about  1 and  2 within the two dipyrrinones distort the chromophores

from planarity; (B) In the energy-minimized conformation shaped like a ridge-tile with �1¼�2� 60�

and an interplanar angle of �98�; the ridge-tile seam lies approximately along the line connecting

carbons 81, 10, and 121; in the ridge-tile, the dipyrrinones are planar,  1� 2� 0�; this conformation

achieves considerable stabilization from intramolecular hydrogen bonds (hatched lines); (C) The

spirocyclohexyl (1) and spirofluorenyl (2) rubins of this work with the numbering of atoms from the

X-ray crystal structures; (D) The dipyrrinone precursor (3) to spiro-rubins 1 and 2
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carboxyl groups are ionized, and molecular mechanics energy calculations [4] sup-
port the general notion that this conformation is very strongly stabilized.

Very few crystal structures have been obtained for bilirubins [1, 9, 14–17], which is
due largely to the considerable difficulty encountered in growing suitable crystals.
The crystal structure of a 10-substituted bilirubin, 10-isopropyl-3,17-bisnor-meso-
bilirubin-XIII� showed that the presence of the isopropyl group caused the dihedral
angle (� of Fig. 1B) to open slightly while maintaining full intramolecular hydrogen
bonding [16]. Our continued interest in bilirubin stereochemistry and its stabiliza-
tion by intramolecular hydrogen bonds between propionic acid and dipyrrinone
groups led us to consider whether such hydrogen bonding might be retained in a
bilirubin analog with both small and large spirocyclic groups at C(10), the sensitive
‘‘hinge’’ of the ridge-tile. Earlier solution studies of 10,10-dimethyl bilirubin ana-
logs [18] indicated that the gem-dimethyl group did not interfere with intramolecular
hydrogen bonding and also enhanced solubility in organic solvents. In order to probe
further the 10,10-dialkyl effect, we prepared two new bilirubin analogs, one with a
spirocyclohexyl (1) and a second with a larger spirofluorenyl group (2, Fig. 1C).

In the present communication, we describe stereochemical investigations of 1
and 2 based on their X-ray crystal structures and molecular mechanics calculations.
These results are compared to bilirubin X-ray crystal determinations [9a, 9b, 14,
15] and molecular dynamics calculations [1, 4, 13].

Results and Discussion

Synthesis and Spectra

Using synthetic methodology developed earlier [17a], the known 9-H dipyrrinone
(3, Fig. 1D) [18a] was reacted smoothly at 0�C in the presence of trifluoroacetic
acid with 1,1-dimethoxycyclohexane [19] to give 1, or 9,9-dimethoxyfluorene [19]
to give 2. The isolated yields of pure compounds were 44 and 49%.

The structures of 1 and 2 follow from the method of synthesis and the starting
materials and were confirmed by 13C NMR spectroscopy by comparison with the
known 2,18-diethylmesobilirubin-XIII� (4) [18a] (Table 1). In addition to the close
match of the carbons of the rubin core, new signals for cyclohexyl carbons in 1 and
fluorenyl carbons in 2 are seen, and the expected deshieldings due to gem-substitu-
tion at C(10) are observed at C(10), which is a singlet in 1 and 2, and at nearby
C(9,11). In addition, C(82,122) of the propionic acid chains of 2 are more shielded
than in 1 or the parent rubin, suggesting a close proximity to the face of the aro-
matic rings of the fluorene.

The structures of 1 and 2, including their 4Z,15Z stereochemistry are supported
by NOE measurements in CDCl3 (Fig. 2), which also shows a weak NOE between
the carboxylic acid and lactam hydrogens. The latter indicate a close proximity be-
tween these functional groups, as might be found in an intramolecularly hydrogen-
bonded conformation, e.g., as in Fig. 1B. Additional support for intramolecular
hydrogen bonding may be found in the carboxylic acid lactam and pyrrole NH
chemical shifts (Table 2). In CDCl3 solvent: (i) the lactam NHs are characteristi-
cally more deshielded than the pyrrole NHs, which typically lie at �9 ppm – or
�1 ppm higher field than found in (CD3)2SO solvent and (ii) the CO2H resonance
is typically more deshielded than in (CD3)2SO [8, 11a, 12a, 20a, 21].
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Fig. 2. NOEs found for 10,10-spirocyclohexyl rubin 1 in CDCl3 are shown by curved, double-

headed arrows; weak NOEs are shown by curved, dashed arrows; the same NOEs are found in the

10,10-spirofluorenyl analog 2, except NOEs are not seen between C(81,121) and the hydrogens of the

fluorene component, and they were too weak to be detected between the lactam NH and propionic

acid COOH hydrogens

Table 1. Comparison of 13C NMR chemical shiftsa and assignments of 10,10-spirocyclohexyl rubin 1,

10,10-spirofluorenyl rubin 2 and their parent, 2,18-diethylmesobilirubin-XIII� (4)

Carbonb �, (CD3)2SO �, CDCl3

1 2 4 1 2 4

1, 19 172.1 172.4 171.5 174.7 175.0 174.7

2, 18 128.4 128.7 128.7 127.2 128.2 128.5

21, 181 16.37 16.35 16.20 16.66 16.70 16.69

22, 182 13.90 13.80 13.60 13.92 13.96 13.77

3, 17 146.9 148.5 146.7 147.9 148.1 147.9

31, 171 17.05 17.05 16.85 17.63 17.66 17.71

32, 172 15.74 15.76 15.46 15.90 15.81 15.70

4, 16 129.2 127.8 127.8 129.0 128.8 129.4

5, 15 98.52 97.73 97.80 100.8 100.4 100.6

6, 14 123.2 123.3 122.3 124.2 124.2 123.6

7, 13 122.0 123.2 122.0 125.7 125.1 124.6

71, 131 9.33 9.23 9.00 10.97 10.47 10.03

8, 12 119.0 118.9 119.2 119.0 119.3 119.5

81, 121 19.85 19.54 19.20 20.63 18.05 18.63

82, 122 33.7 33.60 34.35 32.87 31.26 32.72

83, 123 174.0 173.5 173.8 180.5 179.0 179.5

9, 11 137.3 131.7 130.1 139.8 135.4 133.2

10 40.78 56.91 25.00 46.97 59.81 29.70

101 35.46 39.9 – 38.16 139.8 –

102 25.31 129.4 – 26.25 128.0 –

103 22.97 127.7 – 23.66 128.8 –

104 – 125.8 – – 126.9 –

105 – 120.1 – – 119.7 –

106 – 146.8 – – 145.5 –

a � (ppm) downfield from (CH3)4Si; b see Fig. 1C for numbering system used
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Further evidence for intramolecular hydrogen bonding between propionic acid
and dipyrrinone groups in the mesobilirubins can be elicited from an examination
of vicinal coupling constants. In CDCl3 solvent, the well-defined ABCX (ddd)
coupling pattern is characteristic of restricted mobility [11a, 12a, 12d, 21] in the
–CHAHXCHBHC–COOH segment which is constrained to adopt a fixed staggered
geometry (Table 3) due to strong intramolecular hydrogen bonding. Analysis of
the vicinal H–H coupling constants in the propionic acid chains (Table 3) clearly
shows the ABCX pattern of the fixed staggered propionic acid geometry in 1 and 2
(as well as 4), thus providing strong supporting experimental evidence for folded
ridge-tile structures. On the other hand, a less complicated A2B2 pattern is found in
(CD3)2SO solvent, indicating more motional freedom in the propionic acid seg-
ment, whose CO2H groups are thought to be linked to the dipyrrinones via bound
solvent molecules [12a, 12b, 22].

Crystal Structure and Conformation

An examination of the crystal structure drawings of the X-ray structures of 1 and
2 clearly indicates that the molecules are folded into a ridge-tile conformation
(Fig. 3), a conformation consistent with that found in crystals of bilirubin [11a, 11b,
14], mesobilirubin-IX� [11d], bilirubin-IX� bisisopropyl ammonium salt [15], and
10-isopropylglaucorubin [16]. The seam of the ridge-tile lies approximately along
the line connecting C(81), C(10), and C(121) (Fig. 1B) (or C(81)–C(10)–C(121) of 1
or 2 in Fig. 3), where the two planes containing the two dipyrrinones intersect at
an interplanar angle (�) of about 94� in 1 and 84� in 2 (Table 4). Thus, in 1 � is

Table 3. Chemical shifts and assignments for the ABCX multiplets of the –CHAHXCHBHC–COOH

of 10,10-spirocyclohexyl rubin 1, 10,10-spirofluorenyl rubin 2, and their parent, 2,18-diethylmeso-

bilirubin-XIII� (4) in CDCl3

Pigment HA HB HC HX

1a 3.52 2.64 2.80 2.64

2b 3.50 2.93 2.78 2.55

4c 2.99 2.89 2.78 2.54

a JAB¼ 11.90 Hz, JAC¼ 2.2 Hz, JAX¼�13.20 Hz, JBC¼�18.60 Hz, JBX¼ 2.8 Hz, JCX¼ 4.8 Hz;
b JAB¼ 12.60 Hz, JAC¼ 2.50 Hz, JAX¼�14.50 Hz, JBC¼�18.60 Hz, JBX¼ 2.60 Hz, JCX¼ 3.90 Hz;
c JAB¼ 13.80 Hz, JAC¼ 2.60 Hz, JAX¼�15.40 Hz, JBC¼�18.80 Hz, JBX ¼ 3.00 Hz, JCX¼ 4.60 Hz

Table 2. Comparison of NH and COOH chemical shiftsa of 10,10-spirocyclohexyl rubin 1, 10,10-

spirofluorenyl rubin 2, and 2,18-diethylmesobilirubin-XIII� (4) in CDCl3 and DMSO-d6

Pigment �, CDCl3 �, (CD3)2SO

Pyr-NH Lac-NH –COOH Pyr-NH Lac-NH –COOH

1 9.10 11.40 14.31 10.07 9.56 11.86

2 9.50 11.50 13.30 10.47 10.24 11.89

4 9.14 10.59 13.67 10.32 9.78 11.9

a � (ppm) downfield from (CH3)4Si
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Fig. 3. Crystal structure drawings and numbering system of 1 and 2; hydrogen atoms are removed

for clarity of presentation; librational ellipsoids have been drawn with 50% probability

Table 4. Comparison of conformation-determining torsion angles (�) from X-ray crystallography and

molecular dynamics (MD)a calculations for cyclohexyl rubin 1, fluorenyl rubin 2, and bilirubin (BR)

Structure=Method �1(11-10-9-22)c �2(9-10-11-23)c  1(4-5-6-22)d  2(16-15-14-23)c

1 X-ray �60 �64 �4.6 �8.6

MD �60 �60 15 5

2 X-ray �53 �53 �5.7 �0.4

MD 60 60 �8.7 �7.9

BRb X-ray 60 64 18 �2.7

MD 59 58 16 16

Structure=Method (N21-4-5-6)e (14-15-16-24)e �(dipyrrinone)f �(pyrrole)f

1 X-ray þ2.4 �4.5 94 95

MD 1.0 1.0 94 91

2 X-ray �1.3 �1.2 84 84

MD �0.9 �0.8 92 92

BRb X-ray 11 5.8 95 99

MD 1.0 �0.2 88 94

a Using Sybyl ver. 6.9 for the SGI workstation, Ref. [25]; b data taken from X-ray diffraction

coordinates given in Ref. [9a]; c values would be �0� for the prophyrin conformation, �60� for the

ridge-tile conformation, and �180� for the linear conformation; d indicates distortion from a planar

dipyrrinone, where  � 0�; e indicates twist from 0� of C¼C; f interplanar dihedral angle using the

average plane of each dipyrrinone or the dihedral angle of the two pyrroles adjacent to C(10)
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essentially the same as that (�� 95�) found in crystals of bilirubin [9a, 9b], but in 2 it
is smaller – possibly due to the constraints of the 5-membered ring. Apparently the
gem-dialkyl substitution per se does little to open up or close down the pitch of
the ridge-tile. The pyrrole and lactam nitrogens of 1 and 2 lie in close proximity to
the propionic carboxyl oxygens, making hydrogen bonding possible and likely. The
calculated carboxylic acid oxygen to pyrrole=lactam hydrogens have an average
hydrogen bond distance of about 1.9–2.2 Å (Table 5), which is longer than that
found in the X-ray structure of bilirubin (�1.8 Å), in the X-ray structure [9a, 9b].
The lactam oxygen to carboxylic acid hydrogen bond is also longer (1.7–1.8 Å) in 1
and 2 as compared to that of bilirubin (1.5 Å). These data suggest that the propionic
acids of 1 and 2 are less tightly hydrogen bonded to their opposing dipyrrinones than
in bilirubin.

The crystal structure conformation of 1 and 2 correlates qualitatively well with
that predicted from solution NMR studies. The dipyrrinones adopt a (syn-Z) con-
figuration of the C¼C at C(4) and C(15). The observed bond lengths suggest that
delocalization over an individual conjugated system of two pyrrole rings is rather
limited, since C(4)¼C(5) and C(15)¼C(16) double bonds seem to be essentially
full double bonds (average bond length of 1.35 Å). The same bond lengths are
found in the crystal structure of 10-isopropylglaucorubin [16]; however, they are
slightly longer than in bilirubin (average bond length of 1.30 Å). As suggested
earlier for bilirubin [9a, 9b], mesobilirubin [9c], and its isopropyl analog [16],
spiro-rubins 1 and 2 can be regarded as 2,20-dipyrrylmethanes with conjugating
substituents at the � positions.

Table 5. Comparison of hydrogen bond distances (d) and angles (�) from X-ray crystallography and

molecular dynamics (MD) calculationsa for lactam (L) NH, pyrrole (P) NH, and acid (OH) for 10,10-

spirocyclohexyl rubin 1, 10,10-spirofluorenyl rubin 2, and bilirubin (BR)

Method Hydrogen bond distances Hydrogen bond angles

LN–H � � �O PN–H � � �O O–H � � �O LN–H � � �O PN–H � � �O O–H � � �O

1 X-ray 1.98 2.20 1.67 154 162 175

1.88 2.06 1.87 167 172 169

MD 1.50 1.73 1.53 156 161 172

1.50 1.80 1.53 166 167 172

2 X-ray 1.87 2.11 1.80 159 166 173

1.90 2.14 1.77 157 166 173

MD 1.51 1.70 1.54 162 170 171

1.51 1.70 1.54 163 171 171

BRb X-ray 1.8 1.8 1.5 160 157 180

162 157 186

MD 1.6 1.6 1.5 153 164 169

152 165 169

a Using Sybyl vers. 6.9 for the SGI workstation, Ref. [25]; b data taken from X-ray diffraction

coordinates given in Ref. [9a]
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It has been demonstrated that when the possibility of lactam=lactim tautomer-
ism exists, the lactam form predominates [23] by about 4–10 orders of magnitude
over the lactim form for bile pigments in solution [9c] and in all known rubin X-ray
structures [9, 14–17, 23]. Consistent with this, spiro-rubins 1 and 2 are found to
prefer the bis-lactam tautomeric form, as confirmed by lactam C¼O bond lengths
that are comparable to C¼O distances in ordinary lactams. The C(1)¼O(1) and
C(19)¼O(19) bond lengths of 1 are 1.26, 1.25 Å, which compare favorably with
those of 10-isopropylglaucorubin (1.25, 1.26 Å) [16], a 10-thiarubin (1.25 Å) [17],
and bilirubin [9a, 9b, 14] where the corresponding bond lengths are 1.25 and
1.28 Å. Furthermore, the lactam C–N bond distances in 1 and 2 are consistent with
a carbon nitrogen single bond, C(1)–N(21)� 1.35 Å, C(19)–N(24)� 1.35–1.36 Å –
identical to those of 10-isopropylglaucorubin [16] and very similar to those found
in bilirubin [9a, 9b, 9c] (1.41 and 1.35 Å). In contrast, for the lactim (methyl ether)
structure, as in 5-ethoxy-50-ethoxycarbonyl-30,40-dihydro-3,4-dimethyl-2,20-pyrro-
methane [24], the C¼N and C–O(Et) bond distances are 1.28 and 1.33 Å. For
bilirubin, the lactam tautomer was proven independently by 15N NMR: �N(21)¼
�249.8, �N(24)¼�249.2, �N(22)¼�231.3, �N(23)¼�231.6 vs. �N¼�140 ppm for
a lactim N [1].

Comparison of Conformation from Molecular Dynamics Calculations
and X-Ray Analysis

Insight into the preferred conformation of bilirubin and its 10,10-spiro analogs may
also be obtained from molecular dynamics computations using the Tripos Sybyl
force field [25]. Torsion angles (C–C) about the carbon-carbon bonds linking the
four rings are largely responsible for determining the pigment’s conformation and
helicity. Such torsion angles and helical pitch can be extracted from atomic coor-
dinates of the minimum energy conformation determined by molecular dynamics
calculations [1, 4] and compared to those determined by X-ray crystallography
[1, 9]. Comparison of the relevant torsion angles obtained from both techniques
for 1, 2, and bilirubin is shown in Table 4.

Significantly, molecular dynamics calculations [25], which do not take into
account crystal packing forces, reproduce the experimental data rather well, pre-
dicting nearly the same torsion angles (�1 and �2) about C(9)–C(10) and C(10)–
C(11) for 1 and for bilirubin and slightly smaller dihedral angles (�) between the
two dipyrrinone average planes (Table 4). However, the computed �1, �2, and �
angles of 2 are noticeably larger than those from the crystal structure, by 7–8�.
Nonetheless, it can be seen from these parameters that the global minimum energy
conformations of 1, 2, and bilirubin are very similar, with the ridge-tile of 2 being
somewhat more closed (steeper pitch) than that in 1 or bilirubin. A ridge-tile
adapted to a roof of much steeper pitch was also found in the crystal of 2,18-
diethyl-10-thiamesobilirubin-XIII� (�¼ 86�) [17], which we attribute to the small
C–S–C bond angle. In 2, the small dihedral angle (�¼ 84�) is probably related to
the presence of the spiro 5-ring. Within the dipyrrinones there is less distortion
from planarity in 1 and 2 than in bilirubin (cf.  1 and  2 of Table 5). In the
dipyrrinone component of 1 and 2 the slight distortion from planarity appears to
come mainly from twisting of the C(5)–C(6) and C(14)–C(15) single bonds, as
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there is very little distortion or twist in the C(4)¼C(5) and C(15)¼C(16) double
bonds. In bilirubin, there is more twist in both of the corresponding single and
double bonds and presumably slightly less effective �-conjugation within a given
dipyrrinone unit. Somewhat greater �-delocalization or conjugation in 1 and 2

Fig. 4. Molecular packing of spiro-rubins 1 (upper) and 2 (lower) in projections showing their ridge-

tile conformation
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relative to bilirubin may be assumed from the slightly longer C(4)¼C(5) and
C(15)¼C(16) bond lengths found in the X-ray structure, averaging �1.35 Å, com-
pared to bilirubin where the corresponding average bond length is (�1.30 Å),
indicating more delocalization in the former relative to the latter.

A comparison of hydrogen bond distances and hydrogen bond angles in 1 and
bilirubin from their crystal structures and their global minimum energy structures
determined by molecular dynamics calculations is given in Table 5. The hydrogen
bond distances are appreciably longer in crystalline 1 and 2 than in the computed
energy-minimized structures, much smaller differences were observed in bilirubin.
Apparently not caused by significant distortions of the ridge-tile in the crystal, the
N–H � � �O¼C hydrogen bonds are extended by �20%, and the O–H � � �O¼C hydro-
gen bond to lengthen by �30% – all relative to the computed energy-minimum struc-
ture. Yet, all computed and ‘‘observed’’ (X-ray) hydrogen bond angles of 1 and 2 lie
within a few percent of each other and with 25� of the optimum angle of 180�.

Crystal Packing

The stacking pattern in 1 and 2 (Fig. 4) is very similar to that found in bilirubin and
mesobilirubin [9]. The ridge-tiles are stacked with their dipyrrinone systems par-
allel to one another (at the van der Waals distance), thereby giving rise to channels
in the crystal lattice in which disordered CH2Cl2 or CHCl3 solvent molecules
reside. Stacks of ridge-tile shaped molecules of 1 and 2 interleave with similar
but inverted stacks. There is little evidence of intermolecular association as the
hydrogen bond pattern is almost exclusively intramolecular. The stacking pattern
described here is very characteristic of intramolecularly hydrogen-bonded ridge-
tile conformers of bilirubins [10, 15] but it is very different than the stacking
pattern of those bilirubins which cannot or do not attain ridge-tile conformations
in the solid state [14, 24].

Experimental

NMR spectra were obtained in CDCl3 solvent on a GE QE-300 spectrometer operating at 300 MHz

(unless otherwise indicated), or on a Varian Unity Plus 500 MHz spectrometer. HMQC, HMBC, and

NOE NMR were obtained on a 500 MHz spectrometer. Chemical shifts are reported in � (ppm)

referenced to the residual CHCl3
1H signal at 7.26 ppm and 13C at 77.23 ppm. Infrared spectra were

recorded on a Perkin-Elmer model 1610-FT IR instrument. Ultraviolet-visible spectra were recorded

on a Perkin-Elmer �-12 spectrophotometer, GC-MS analyses were carried out on a Hewlett-Packard

GC-MS Model 5890A ion selective detector equipped with a DB-1 (100% dimethylpolysiloxane)

column. Melting points were taken on a Mel-Temp capillary apparatus. Combustion analyses were

carried out by Desert Analytics, Tucson, AZ and gave agreement within �0.3% of theoretical.

Analytical thin layer chromatography (TLC) was carried out on J.T. Baker silica gel IB-F plates

(125mm layers). Flash column chromatography was carried out using silica gel, 60–200 mesh

(M. Woelm). Radial chromatography was carried out on Merck preparative layer grade silica gel PF254

with CaSO4 binder using a Chromatotron (Harrison Research, Inc., Palo Alto, CA) with 1, 2, or 4 mm

thick rotors. Commercial reagents were used as received from Aldrich or Acros; HPLC grade CH3OH

was from Fisher. Spectroscopic data were obtained in spectral grade solvents from Fisher and Acros.

CDCl3 and DMSO-d6 were from Cambridge Isotope Laboratories. Dipyrrinone 3 was available from

previous work [18a].
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10,10-Spiro[cyclohexyl]-2,18-bishomomesobilirubin-XIII� (1, C40H52N4O6)

To cold (0�C) TFA (2.2 cm3) was added 2,18-diethylneoxanthobilirubic acid (3, 200 mg, 0.66 mmol)

soaked with 1,1-dimethoxycyclohexane (97 mm3, 0.64 mmol, 0.97 equiv) under vigorous stirring. After

5 min, 50 cm3 of ice-cold H2O were added to the reaction mixture. The dirty green precipitate was

collected by filtration, washed with water, and dried in vacuo. The collected precipitate was washed

with liberal amounts of dichloromethane, and the yellow-green solutions of CH2Cl2 were combined

and saved. The residue that did not dissolve was mainly starting material, and was treated with 1,1-

dimethoxy propane (47 mm3) and cold (0�) TFA (1.1 mm3) for 5 min, followed by the same treatment

as above. The procedure was repeated once more, and the combined dichloromethane washings were

concentrated on a rotovap. The yellow-green solid material thus obtained was radially chromato-

graphed (CHCl3:EtOH¼ 95:5 by vol) yielding 1 as a pure yellow-orange product. Yield 100 mg

(44% after 3 cycles); mp 248�C (dec); IR (deposition from CH2Cl2): ���¼ 3440, 2965, 1705, 1690,

1675, 1610, 1590 cm�1; 1H NMR (CDCl3, 500 MHz): �¼ 1.08 (t, J¼ 7.5 Hz, 6H), 1.15 (t, J¼ 7.5 Hz,

6H), 1.33–1.73 (m, 10H), 2.15 (s, 6H), 2.31 (q, J¼ 7.3 Hz, 4H), 2.50 (q, J¼ 7.3 Hz, 4H), 2.63–3.52 (m,

ABCX, 4H), 6.06 (s, 2H), 9.11 (brs, 2H, NH), 11.40 (brs, 2H, NH), 14.31 (brs, 2H, COOH) ppm; 13C

NMR in Table 1.

10,10-Spiro[fluorenyl]-2,18-bishomomesobilirubin-XIII� (2, C47H50N4O6)

This compound was prepared by the acid catalyzed condensation reaction of 2,18-diethyl-neoxantho-

bilirubic acid (3, 200 mg, 0.66 mmol) and 9,9-dimethoxyfluorene (145 mg, 0.64 mmol, 0.97 equiv)

following the same procedure as above. Purification was achieved using radial chromatography, which

gave 2 as a yellow solid. Yield 125 mg (49% after 2 cycles); mp 250�C (dec); 1H NMR (CDCl3,

500 MHz): �¼ 1.12 (t, J¼ 7.5 Hz, 6H), 1.20 (t, J¼ 7.5 Hz, 6H), 2.03 (s, 6H), 2.40 (q, J¼ 7.6 Hz, 4H),

2.54 (q, J¼ 7.6 Hz, 4H), 6.07 (s, 2H), 7.26 (t, J¼ 3.8 Hz, 2H), 7.37 (t, J¼ 3.8 Hz, 2H), 7.74 (d,

J¼ 3.88 Hz, 2H), 8.24 (d, J¼ 3.88 Hz, 2H), 9.50 (brs, 2H, NH), 11.50 (brs, 2H, NH), 13.30 (brs,

2H, COOH) ppm; 13C NMR in Table 1.

X-Ray Structure and Solution

Crystals of spirocyclohexyl rubin 1 were grown by slow diffusion of n-hexane into a solution of

CHCl3. A crystal (approximate dimensions 0.53� 0.61� 0.116 mm3) was placed onto the tip of a

0.1 mm diameter glass capillary and mounted on a Bruker SMART Apex system for data collection at

100(2) K. Similarly, a crystal of 2, grown from CH2Cl2=n-hexane and of approximate dimensions

0.48� 0.30� 0.14 mm3 was mounted and analyzed. A preliminary set of cell constants was calculated

from reflections harvested from 3 sets of 20 frames. These initial sets of frames were oriented such that

orthogonal wedges of reciprocal space were surveyed (final orientation matrices determined from

global least-squares refinement of 6379 reflections for 1 and 7071 reflections for 2). The data collection

was carried out using MoK� radiation (0.71073 Å graphite monochromator) with a frame time of

10 sec and a detector distance of 4.94 cm. A randomly oriented region of reciprocal space was surveyed

to the extent of 2 hemispheres and to a resolution of 0.68 Å. Four major sections of frames were

collected with 0.3� steps in ! at 600 different � settings and a detector position of 36� in 2�. The

intensity data were corrected for absorption and decay (SADABS) [26]. Final cell constants were

calculated from the xyz centroids of strong reflections from the actual data collection after integra-

tion (SAINT 6.01, 1999) [27]. Crystal data and refinement information for 1 and 2 may be found in

Table 6.

The structure was solved using SHELXS-93 [27] and refined using SHELXL-97 [28]. The triclinic

space group PTwas determined based on systematic absences and intensity statistics. A direct-methods

solution was calculated which provided most non-hydrogen atoms from the E-map. Full-matrix least

squares=difference Fourier cycles were performed which located the remaining non-hydrogen
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atoms. All non-hydrogen atoms were refined with anisotropic displacement parameters unless stated

otherwise. The data were corrected for absorption using an empirical model derived from psi scans.

Hydrogen atom positions were placed in ideal positions and refined as riding atoms with relative

isotropic displacement parameters (a C–H distance fixed at 0.96 Å and a thermal parameter 1.2 times

the host carbon atom). Tables of atomic coordinates, bond lengths and angles, anisotropic displace-

ment parameters, hydrogen coordinates, and isotropic displacement parameters have been deposited

at the Cambridge Crystallographic Data Centre, CCDC No. 227589 for 1 and CCDC No. 227590

for 2.
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Table 6. Crystal data and structure refinement for 10,10-spirocyclohexyl rubin 1 and 10,10-spirofluorenyl rubin 2

1 � CHCl3 2 � 0.75 CH2Cl2

Formula weight 648.88 766.94

Crystallized from CHCl3=n-hexane CH2Cl2=n-hexane

Temperature=K 123(2) 100(2)

Formula C41H53Cl3N4O6 C47.75H50Cl1.5N4O6

Crystal size=mm3 0.53� 0.161� 0.116 0.48� 0.30� 0.14

Crystal system Triclinic Triclinic

Space group P-1 P-1

Z 2 2

Unit cell dimensions a¼ 11.9410(8) Å �¼ 72.115(3)� a¼ 11.9122(14) Å �¼ 68.893(2)�

b¼ 12.6516(8) Å �¼ 68.157(4)� b¼ 15.0395(18) Å �¼ 78.728(2)�

c¼ 15.1467(12) Å 	¼ 84.927(4)� c¼ 15.6109(19) Å 	¼ 70.343(2)�

Volume=Å3 2020.5(2) 2448.3(5)

Density (calculated)=Mg m�3 1.322 1.125

Absorption coefficient=mm�1 0.278 0.153

F(000) 852 876

Crystal habit and color Plate, Yellow Plate, Yellow

Theta range for data collection=� 1.52 to 30.00 1.4 to 25.00

Index ranges �16�h�16, �17�k�17, �21� l�20 �14�h�14, �17�k�17, �18� l�18

Reflections collected 26032 18810

Independent reflections 11297 [R(int)¼ 0.0197] 8486 [R(int)¼ 0.0427]

Observed reflections 9564 5917

Completeness to theta=% 95.6 98.5

Absorption correction SADABS SADABS

Max. and min. transmission 1.00 and 0.759 0.979 and 0.931

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data=restraints=parameters 11297=0=699 848=15=587

Goodness-of-fit on F2 1.083 1.061

Final R indices [I>2
(I)] R1¼ 0.0513, wR2¼ 0.1428 R1¼ 0.0879, wR2¼ 0.2608

R indices (all data) R1¼ 0.0593, wR2¼ 0.1490 R1¼ 0.1137, wR2¼ 0.2801

Largest diff. peak and hole=eÅ�3 1.175 and �1.132 1.518 and �0.467
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