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ABSTRACT: Owing to their intense near infrared absorption and
emission properties, to the ability to photogenerate singlet oxygen,
or to act as photoacoustic imaging agents within the optical window
of tissue, bacteriochlorins (2,3,12,13-tetrahydroporphyrins) prom-
ise to be of utility in many biomedical and technical applications.
The ability to fine-tune the electronic properties of synthetic
bacteriochlorins is important for these purposes. In this vein, we
report the synthesis, structure determination, optical properties,
and theoretical analysis of the electronic structure of a family of
expanded bacteriochlorin analogues. The stepwise expansion of
both pyrroline moieties in near-planar meso-tetraarylbacteriochlor-
ins to morpholine moieties yields ruffled mono- and bismorpho-
linobacteriochlorins with broadened and up to 90 nm batho-
chromically shifted bacteriochlorin-like optical spectra. Intra-
molecular ring-closure reactions of the morpholine moiety with the flanking meso-aryl groups leads to a sharpened, blue-
shifted wavelength λmax band, bucking the general red-shifting trend expected for such linkages. A conformational origin of the
optical modulations was previously proposed, but discrepancies between the solid state conformations and the corresponding
solution state optical spectra defy simple structure-optical property correlations. Using density functional theory and excited state
methods, we derive the molecular origins of the spectral modulations. About half of the modulation is due to ruffling of the
bacteriochlorin chromophore. Surprisingly, the other half originates in the localized twisting of the Cβ−Cα−Cα−Cβ dihedral
angle within the morpholine moieties. Our calculations suggest a predictable and large spectral shift (2.0 nm/deg twist) for
morpholine deformations within these fairly flexible moieties. This morpholine moiety deformation can take place largely
independently from the overall macrocycle conformation. The morpholinobacteriochlorins are thus excellent models for
localized bacteriochlorin chromophore deformations that are suggested to also be responsible for the optical modulation of
naturally occurring bacteriochlorophylls. We propose the use of morpholinobacteriochlorins as mechanochromic dyes in
engineering and materials science applications.

■ INTRODUCTION

Hydroporphyrins are the key light harvesting pigments in
nature.1 While algae and higher plants utilize chlorophylls, the
green Mg(II) complexes of 2,3-dihydroporphyrins (chlorins),
the photosynthetic pigments of the anoxygenic phototropic
purple bacteria, are Mg(II) complexes of 2,3,12,13-tetrahy-
droporphyrins (bacteriochlorins), such as bacteriochlorophyll a,
1.2 The solid state conformations of the naturally occurring
bacteriochlorins are overall planar with only minor deviations
from the mean plane in each of the pyrroline rings.3 However,
local distortions in select examples were suggested as being
important for spectral tuning.4

While the conformational modulation of the electronic
properties of natural and synthetic porphyrins through steric
crowding of their periphery or through protein interactions is

well-known,5 the corresponding modulation of the more
flexible hydroporphyrins in general,6 and bacteriochlorins in
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particular,4,7 was much less studied. Moreover, the conforma-
tional effects in hydroporphyrin analogues containing six-
membered rings may be subject to unique effects,8 but have not
been the focus of any systematic study,9 even though
computations of the electronic properties of hydroporphyrin
optical spectra are well-described.6c,10

Bacteriochlorins possess characteristic three-band absorption
spectra, including a high-intensity Soret feature (B band) and
two spectrally distinct Q bands, Qx and Qy, whereby the longest
absortion band Qy band (also referred to as the λmax band) lies
well above 700 nm.11 Because bacteriochlorins absorb strongly
within the spectroscopic window of tissue (the range between
∼700 and well above 1000 nm; light of 735 nm possesses the
deepest penetration depth in tissue),12 significant efforts have
been devoted to the synthesis and spectral modulation of
bacteriochlorins for their utilization as photochemotherapeu-
tics,13 imaging agents,14 or optical labels.13e,15 The NIR
absorption properties can also be beneficial for their utility as
chemosensors16 or light-harvesters.17 An understanding of the
conformational modulation of the electronic properties of
bacteriochlorins is therefore of broad interest.
Synthetic bacteriochlorins can be prepared by total

syntheses,18 by semisynthetic approaches using naturally
occurring tetrapyrroles,13b,15a,19 and by conversion of synthetic
porphyrins.14b The latter option remains attractive because of
its simplicity, but this methodology also presents some
limitations.14b Among the potential problems, simple reduc-
tions of Cβ−Cβ double bonds may be reversible under ambient
conditions.20 Irreversible addition reactions to generate chemi-
cally more robust bacteriochlorins are frequently subject to
regio- and stereochemical complications.21 We, and others,22

described the OsO4-mediated dihydroxylation of meso-
arylporphyrin 2Ar to generate the corresponding 2,3-vic-
dihydroxychlorins 3Ar and regioselectively23 the 2,3-vic-12,13-
vic-tetrahydroxybacteriochlorins 3Ar as a mixture of two
separable stereoisomers (Scheme 1).24

In an approach that has no precedent in nature, we explored
a range of functional group conversions of one or two
dihydroxypyrroline moieties into nonpyrrolic heterocycles, thus
generating chlorin and bacteriochlorin analogues carrying a
number of different functional groups and possessing a range of
optical properties; we dubbed our approach the ‘breaking and
mending of porphyrins’.8,9b,c Others developed related hydro-
porphyrinoid analogues either through porphyrin conversion or
total synthesis.9b For instance, the isomeric planar porphodi-
lactones 7-I and 7-II, prepared by Zhang and co-workers,
proved valuable in understanding the electronic modulation of
the chlorophylls.25 The presence of the oxazolinone (or, when
the carbonyl is reduced, oxazoline) moieties also introduced a
number of other unexpected advantages over the parent
porphyrins or hydroporphyrins with respect to biodistribution,
catalytic activity, the ability to photosensitize lanthanides, or the
red-shifts of their spectra.26

One of the conversions of the dihydroxypyrroline moiety in
the chlorin series (3Ar) was the ring-expansion to a morpholine

moiety (5Ar) (Scheme 1).27 This conversion resulted in the
formation of nonplanar chlorin-type chromophores of
persistent chirality with bathochromically shifted optical
spectra. In a preliminary report, we also described the
conversion of one or two dihydroxypyrrolines in the
tetrahydroxybacteriochlorins 4Ar into morpholine moieties.7b

The resulting products were severely nonplanar chromophores
possessing all identical bacteriochlorin-type 18 π-electron
systems, but with significantly bathochromically shifted and
broadened bacteriochlorin-type optical spectra.28

While the interpretation that the optical shifts resulted from
the nonplanarity of the chromophore was highly suggestive,7b a
number of observations were seemingly contradictory: The
most nonplanar molecule was not the most red-shifted
chromophore, and the shifts of the Qx and Qy bands showed
opposite trends in some cases. Though crystal packing effects
could not be excluded to explain some phenomena (all
structural data were attained through single crystal diffraction
analysis), these observations also highlighted how little is
known about the molecular origin of the conformational
modulation of bacteriochlorin-type chromophores.
In this contribution, we present the full details to the

synthesis, optical properties, and single crystal structure
analyses of the mono- and bismorpholinobacteriochlorins.
Using density functional theory (DFT) and excited state
methods, we delineate the origins of the optical shifts as a
combination of two largely independent contributions that arise
through ruffling of the bacteriochlorin C16N4 chromophore
and, described first here, twisting within the morpholine
moiety, while the presence of the ring oxygen(s) or coplanar

Scheme 1. Syntheses of Chlorin Diols 3Ar and
Bacteriochlorin Tetraols 4Ar by OsO4-Mediated
Dihydroxylation of a meso-Tetraarylporphyrin, and Ring-
Expansion of Chlorin 3Ar to Morpholinochlorin 5Ar
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meso-phenyl groups have only minor electronic effects. This
study thus delineates some design principles to tune the
physicochemical properties of meso-arylbacteriochlorins in the
NIR region of the electromagnetic spectrum through “single
point mutations” of the macrocycle. The conclusions derived
may underline the mode of chromophore modulations of
certain bacteriochlorins found in nature. The findings also point
at a class of dyes for mechanochromic applications.

■ RESULTS AND DISCUSSION

Syntheses and Solid State Structures of Morpholino-
bacteriochlorins. Dihydroxylation of known dimethoxychlor-
ins 8Ar, prepared by alkylation of the corresponding
dihydroxychlorins 3Ar, generates regiospecifically the dime-
thoxy-protected tetrahydroxybacteriochlorins 9Ar (Scheme 2).24

We subjected this bacteriochlorin diol to the mild oxidation
conditions (NaIO4, heterogenized on silica gel, CHCl3, alcohol,
ambient temperature) known to cleave the diol functionality to
generate a secochlorin bisaldehyde and to ring-close this
intermediate in situ to form a dialkoxy-substituted morpholine
moiety, leading to a single product in satisfying yields.27b Based
on the diagnostic NMR signals for the morpholino moiety,27b it
could be characterized as morpholinobacteriochlorin 10Ar, an
assignment proven for 10CF3 by X-ray diffractometry.29 We will
discuss the UV−vis spectra of 10Ar and all other bacteriochlorin
analogues prepared in detail below; for their fluorescence
emission spectra, see the Supporting Information (SI).

The variation of the meso-aryl groups (Ph vs p-CF3−Ph) had
no effect on the principal chemistry observed, the optical
properties, or the molecular structure (see the SI), but the
crystallinity of the CF3-substituted materials was frequently
higher than that of the parent phenyl-substituted analogues,
and their 1H NMR spectra were somewhat simplified,
facilitating their analysis. In the following, we will discuss the
meso-aryl derivatives interchangeably. The variation of the
morpholine alkoxy groups likewise had no effect on the optical
spectra of the derivatives, but some effect on the crystallinity of
the products and it induced a profound difference in the
chemical stability of the derivatives. The methoxy derivatives
were generally more robust than the corresponding ethoxy
derivatives.
The parent benchmark bacteriochlorin tetramethoxybacterio-

chlorin 6Ar, such as 6Ph(OMe)3-E shown, possesses only a very
slightly ruffled chromophore (Figure 1).24 The conformation is
not affected irrespective of the relative stereochemistry of the
two pairs of diol groups or whether they are unprotected or
methyl-protected.24 The pyrroline moieties are slightly non-
planar because of the strain that is introduced to avoid an
unfavorable eclipsed conformation of the two vic-methoxy
groups, but this distortion translates only minimally into the
rest of the macrocycle. In contrast, the introduction of a single
oxygen atom into the bacteriochlorin framework has dramatic
structural consequences: The conformation of morpholinobac-
teriochlorin 10CF3 is severely nonplanar.7b It is significantly
more ruffled than the corresponding morpholinochlorins (such

Scheme 2. Synthesis of the Morpholinobacteriochlorins by Ring-Expansion of Dihydroxypyrrolines of Bacteriochlorins along
the “Breaking and Mending” Strategy
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as 5Arb, with Ar = p-tolyl; RMSD value of 0.176 Å).27b,c,30

Evidently, the bacteriochlorin chromophore is more flexible
than the chlorin chromophore and therefore responds much
more strongly to the strain introduced by the insertion of the
oxygen atom between the two sp3-hybridized pyrroline β-
carbons. The increase of the flexibility of porphyrinoid
macrocycles with increasing saturation is well described.6a,31

Treatment of morpholinobacteriochlorin 10Ar with acid leads
to the establishment of an intramolecular β-to-o-phenyl linkage.
This intramolecular Friedel−Crafts-type reaction is equivalent
to that observed in the morpholinochlorin series,27c,33 except
that two diastereomers are formed, 11a and 14 (each as a pair
of enantiomers), that vary in the relative position of the new
linkage with respect to the dihydroxy functionality on the
opposite pyrroline; they could be on opposite sides of the plane
defined by the macrocycle (E-arrangement), or the same side
(Z-arrangement). A single crystal structure of the majority
compound 11 confirms the anti-arrangement of the link to the
phenyl group and the alkoxy group on the morpholine ring, the
relative E-arrangement of the link and the dihydroxy

functionality on the opposite pyrroline, the near-co-planar
arrangement of the linked meso-phenyl group with the
porphyrinoid chromophore, and the introduction of nonruffled
out-of-plane conformational modes (some mild doming and
saddling can be made out) (Figure 1).5b

The methodology to expand a dihydroxypyrroline to a
dialkoxymorpholino moiety can also be applied twice on the
same molecule, as the conversion of the tetrahydroxybacterio-
chlorins 4Ar to bismorpholinobacteriochlorins 12Ar demon-
strates. The NMR spectra of 12Ar are much simplified,
indicative of their high symmetry. The crystal structure of 12
highlights how the twists within each six-membered morpho-
line subunit translate into a ruffling of the chromophore,
whereby the handedness of the twists of the morpholine
moieties are complementary to each other. The helical
chromophore conformation determines through steric and
stereoelectronic effects the absolute stereochemistry of both
alkoxy substituents on each morpholine unit.27c Thus, only one
racemic pair of 12 is formed, irrespective of the presence of five

Figure 1. Capped stick models of the molecular structures of bacteriochlorin 6Ph(OMe)3-E (CCDC 756651),32 morpholinobacteriochlorins 10CF3

(CCDC 855681),7b monofused morpholinobacteriochlorins 11a (CCDC 855679),7b and bismorpholinobacteriochlorin 12 (CCDC 855680).7b

Disorder and solvent molecules, all meso-aryl groups and sp2-CH omitted for clarity. Left column: Oblique views, chosen such that the distant pyrrole
moiety is viewed from a similar perspective. Middle column: Front views of the macrocycles; views in all compounds approximately along the N−N
axis indicated by the arrows in the left column. Right column: Out-of-plane displacement plots of the bacteriochlorin macrocycles. The RMSD values
listed are of the C16N4 bacteriochlorin chromophore.30 The white asterisk in the plot for 11a indicates the morpholine carbon linked to the
neighboring meso-phenyl group.
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chiral elementsfour chiral centers and a chiral axis. The
structure of 12CF3 is near-identical to that of 12 (see the SI).
Treatment of bismorpholinobacteriochlorins 12Ar with traces

of TFA vapors generated new compounds with a composition
that indicated that a loss of two MeOH groups had taken place,
suggestive of the formation of two β-to-o-phenyl-linkages. The
NMR spectra of products 13Ar showed the formation of 2-fold
symmetric molecules. The absence of detectable diastereomers
and an extension of the general tight stereochemical coupling
between the macrocycle helicity and the stereochemistry of the
substituents allowed us to predict that 13Ar is the result of two
unidirectional β-to-o-phenyl-fusion reactions with the relative
stereochemistry shown, but a solid state structure conformation
remained elusive. Precedence in similarly bis-modified bacterio-
chlorins,34 and, as we will demonstrate below, the successful
computational modeling of the optical spectrum of 13 further
supports its regio- and stereochemistry as shown.
Optical Properties of the Morpholinobacteriochlorins.

Bacteriochlorins of the type 4Ar (or their alkylated versions 6Ar

or 9Ar in either E or Z configurations) possess regular
bacteriochlorin UV−vis spectra (Figure 2A). We have assigned

the Soret, Qx and Qy (λmax) bands according to the standard
Gouterman model.11 Expansion of one pyrroline moiety to a
morpholine in 10 causes a substantial bathochromic shift (42
nm of the Qy transition), and overall broadening of its UV−vis
spectrum that retains bacteriochlorin character. The red-shift is
more significant than the corresponding shift observed in the
chlorin 3Ar-to-morpholinochlorin 5Ar conversion,27b likely the
result of the larger degree of nonplanarity that this modification
introduces into the bacteriochlorin chromophore.35 The
spectral broadening suggests a significant conformational
flexibility of the chromophore.
The establishment of the β-to-o-phenyl-fusion in 11a leads to

a blue-shift of the Qy band compared to the spectrum of its
parent compound 10, but curiously to a red-shift of the Soret
and the Qx bands. On account of the extended π-conjugation of

the porphyrinic chromophore, the optical spectra of most
porphyrinoids that incorporate such motifs are red-shifted
compared to the parent chromophore.36 That this is not
observed here suggests that conformational effects may have
overridden the extended π-conjugation effects. Calculations
presented below support this view. The β-to-o-phenyl-link
presumably also increases the conformational rigidity of the
chromophore, rationalizing the overall sharpening of the optical
spectrum.
The trends described for the monomorpholinobacteriochlor-

ins also hold for the bismorpholinobacteriochlorin series
(Figure 2B): The conversion of two pyrrolines to generate
12Ar results in a pronounced red-shift of all bands (85 nm for
the Qy) and a broadening of the spectrum. Correspondingly,
the conformation of 12 is also severely nonplanar. A double β-
to-o-phenyl-fusion in 13 blue-shifts λmax and red-shifts the Soret
and Qx bands. Even though the solid state structure of this
compound is not known, it can be predicted to be more planar
than 12; calculations presented below will confirm this.

Calculated Structures of the Morpholinobacterio-
chlorins. To investigate the native conformations of the
tetramethoxybacteriochlorin and mono- and bis-morpholino-
bacteriochlorin macrocycles unaffected by, for example, crystal
packing effects, we minimized their geometries using a well
benchmarked DFT method for hydroporphyrinoids (B3LYP/6-
31g(d)), with and without solvent (CH2Cl2) (Table 1). A
number of observations are noteworthy. The fully minimized
structures of 6-Z and 10 deviated only minimally from their
solid state structures (deviations of the RMSD values of the
calculated and experimental structures <0.05 Å).24 Thus, the
gauche-conformation of the two alkoxy groups in the crystal
and computed structures of 6-Z were virtually identical (28.5°
versus 28.9°, respectively). A major difference with the
experimental conformation is observed for bismorpholinobac-
teriochlorin 12. The computed structure is significantly more
ruffled than the experimental structure,7b with a computed
RMSD value of nearly 0.2 Å higher than the experimental value.
We will demonstrate that the computed structure more likely
represents the solution state conformation. The discrepancy of
the solid and solution state conformations suggests a low-
energy conformational barrier for this molecule, as also
demonstrated computationally below.
The energy minimizations of the monofused morpholino-

bacteriochlorin 11a provided qualitatively similar conforma-
tions as observed in the crystal structure, with only a minimal
(∼0.04−0.05 Å) overall larger out-of-plane distortion. This
structure, together with the computed structure of bis-linked
morpholinobacteriochlorin 13, will be discussed in detail below.

Calculated Optical Spectra of the Morpholinobacter-
iochlorins. All five bacteriochlorins 4, 10, 11, 12, and 13
contain identical 18 π-electron C16N4 chromophores, sub-
stituted by meso-phenyl groups and sp3-carbon atoms, but of
varying conformations. The two morpholinobacteriochlorins 11
and 13 containing β-to-o-phenyl-fusions represent chromo-
phores in which a mix of major electronic influences (π-
extension) and conformational effects determine their optical
properties. We therefore will discuss the computed electronic
structures of the two groups of compounds separately from
each other, beginning with the nonfused systems; the
discussion of the fused systems is reserved for the end of this
report.
We computed the optical spectra of the three bacterio-

chlorins 4, 10, and 12 in their solid-state conformations7b,24 (in

Figure 2. UV−vis spectra (CH2Cl2) of the compounds indicated.
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the absence of all solvents and, where present, having replaced
all meso-aryl groups with meso-phenyl groups) and in their DFT
minimized conformations using TD-DFT (wB97XD/6-
31+g(d)) (Table 1, Figure 3).37 Details of the minimization
procedures used here and throughout the paper are given in the

SI. Calculations were done in vacuum and with implicit solvent
(CH2Cl2) using the conductor-like polarizable model
(CPCM)38 as implemented in Gaussian 09.39 TD-DFT has
been used to successfully describe the optical properties of a
variety of porphyrinic systems, including recently also for 12.10d

Computed trends were given a heavier weight than absolute
numbers.
Overall, the validity of our TD-DFT computed spectra is

underscored by the faithful reproduction of the experimental
spectral trends for the principal molecules of this study (Figure
3). The origin and orbital composition of the Qx and Qy
transitions are presented in the SI.
Experimentally, with each conversion of a pyrroline to a

morpholine subunit, the Qx and Qy transitions are observed to
shift bathochromically by 18−20 nm and 38−42 nm,
respectively. Spectral shifts consistent with these trends (Qx:
28−33 nm, Qy: 49−64 nm) were only obtained for the fully
minimized (vacuum or implicit solvent) geometries. Notably,
the spectrum of the computed structure of bismorpholino-
bacteriochlorin 12 is in much better agreement with the
experimentally observed optical data than the spectrum based
on the solid state structure. This confirms the supposition that
the unusually little ruffled conformation of 12 seen in the
crystal structure does not reflect its equilibrium geometry in
solution.7b While the inclusion of implicit solvation resulted in
quantitatively different absorption wavelengths, it consistently
reproduced the trends obtained in the vacuum calculations (see
the SI). Thus, for the remainder of this discussion, we rely
exclusively on calculated vacuum spectra.

Structure-Optical Properties Correlations. The correct
reproduction of the spectra allowed us to interrogate the
morpholinobacteriochlorin chromophores with respect to the
structural origins of the observed large spectral-shifts. We
followed a series of steps to untangle the contributions to the

Table 1. Comparison of Macrocycle Nonplanarity and Q-Band Wavelengths for the Computed and Experimental Solution State
Spectra of the Compounds Indicated

calcd absorption wavelengths (nm)a exptl absorption wavelengths (nm)

structure RMSD (Å)b Qx Qy Qx Qy

4 (in crystal conformation of 4(OMe)3-Z)c 0.141 541 648
4 (DFT, vacuum) 0.092 540 671
4 (DFT, CH2Cl2) 0.098 562 737
4 (CH2Cl2) 524 707
10 (in crystal conformation of 10CF3) 0.364 556 707
10 (DFT, vacuum) 0.332 570 726
10 (DFT, CH2Cl2) 0.340 595 801
10 (CH2Cl2) 542 742
12 (in crystal conformation of 12) 0.293 556 718
12 (DFT, vacuum) 0.464 598 775
12 (DFT, CH2Cl2) 0.466 625 855
12 (CH2Cl2) 562 790
11 (in crystal conformation of 11a) 0.277 572 672
11 (DFT, vacuum) 0.315 583 686
11 (DFT, CH2Cl2) 0.325 618 746
11 (CH2Cl2) 563 715
13 (DFT, vacuum) 0.421 619 698
13 (DFT, CH2Cl2) 0.429 663 755
13 (CH2Cl2) 598 735

aCalculated using TD-wB97XD/6-31+g(d) on, using B3LYP/6-31g(d), fully minimized structures. bRoot mean square deviation of the C16N4
macrocycle that excludes all pyrroline and morpholine β- and O-atoms. cCCDC 756649. The solid-state structure has hydroxyl, instead of methoxy
substituents, and 3,4,5-trimethoxyphenyl groups, instead of phenyl groups, but it is known that none of these differences have an appreciable effect
on the absorption properties.24

Figure 3. Illustration of the faithful reproduction provided by TD-
DFT of the experimental Qx and Qy wavelength trends for all
expanded bacteriochlorins studied.
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spectral shifts: (1) The direct electronic role of the ring
oxygen(s) was investigated by stepwise replacement with sp3-
hybridized carbon atoms. (2) The effect of ruffling was
investigated by mutating the morpholinobacteriochlorins to
the parent tetrahydroxybacteriochlorins, leaving the distortions
of the chromophore intact. (3) The effects of localized
morpholine distortions were finally resolved and analyzed.
With the principal effect identified, we then explored (4) the

conformational landscape of a morpholinobacteriochlorin in
regard to the thermally accessible Cβ−Cα−Cα−Cβ dihedral
angles, and (5) detailed the metrics of the localized
perturbation of the macrocycle upon the insertion of one or
two oxygen atoms. Lastly, we investigated the electronic and
conformational influence of the β-to-o-phenyl linkages. In all
cases, we calculated the electronic consequences of the
perturbations, and compared the results to each other and
the experimental findings. This strategy of analyzing con-
formation-induced spectral modulations by optimizing and
examining perturbed structures is broadly accepted.5f,7c,40

Role of the Morpholine Oxygen. Dihydroxylation of the
pyrroline β-positions of a bacteriochlorin is known to cause a
16−18 nm hypsochromic shift of the λmax (Qy) band.24

Conceivably, therefore, further oxidation of the β-position(s)
could induce an additional blue shift, perhaps even mitigating
the bathochromic shifts originating from conformational
distortions. To test this hypothesis, the morpholine ring O
atom in the minimized morpholinobacteriochlorin 10 was
substituted by a methylene (CH2) moiety (10 → 10C). Only
this replacement moiety in the fictive molecule was minimized,
the spectrum computed, and the results were compared to the
corresponding spectra of the parent compound (Table 2). This

procedure was also applied twice in a stepwise fashion to
bismorpholinobacteriochlorin 12 (12 → 12C → 122C). Overall,
the electronic effects of this substitution were minimal,
producing only ∼1−4 nm batho- or hypsochromic shifts of
the Qx and Qy bands.
We thus conclude that the introduction of the ring-O atom

exerts only a minimal electronic effect on absorption properties
of the morpholinobacteriochlorins. Therefore, the spectral

modulation observed upon pyrroline expansion of a bacterio-
chlorin appears to be primarily of conformational origin.

Role of the Ruffled Conformation. Past studies of
tetrapyrrolic chromophores indicated that macrocycle non-
planarity is a key structural factor impacting their electronic
properties.5h,7a,41 To quantify the effects of out-of-plane
distortions of the bacteriochlorin C16N4 chromophore, we
computed regular bacteriochlorin 4 in the locked conforma-
tions of its morpholinobacteriochlorin analogues 10 (referred
to as conformer 4morph) and 12 (conformer 4bismorph). The
UV−vis spectra were then computed for all compounds (Table
3).

For the ruffled bacteriochlorin conformers 4morph and
4bismorph, a substantially smaller bathochromic shift was
predicted than computed or observed for 10 and 12,
respectively (Table 1). For instance, a 55 nm shift for the Qy
transition was predicted to be associated with the trans-
formation 4 → 10, and an additional 48 nm shift of the Qy for
the transformation 10 → 12. However, for the transformations
4 → 4morph and 4 → 4bismorph, only 20 and 13 nm shifts were
computed, respectively. Comparable findings apply to the Qx
transitions.
Thus, macrocycle nonplanarity accounts for a significant

fraction of the observed bathochromic shifts of the Qy and Qx
transitions, but is not responsible for all of the shifts observed.
We therefore conclude that other structural factors than
chromophore nonplanarity must be at play to rationalize the
large red-shifts of the morpholinobacteriochlorins. This finding
parallels the study of nonplanar porphyrins,41 but as we will
demonstrate, the other contributing factor is unique to the
morpholinobacteriochlorins.
One ancillary feature of the conformer series 4 → 4morph →

4bismorph is that the energetics of the macrocycle conformational
distortion are directly comparable. The distortion of near-
planar 4 to ruffled 4morph is associated with an ∼7.5 kcal/mol
energetic cost; further distortion to the conformation of
4bismorph indicates an additional energetic penalty of ∼9.3
kcal/mol (Figure 4 and SI). The energetic costs of deforming
the aromatic systems from planarity are therefore, as expected,
nonlinear, and increase faster as the distortion becomes larger.

Effects of Morpholine Torsional Distortion. Since the
bacteriochlorin macrocycle nonplanarity induced by the
insertion of an oxygen into the pyrrolines accounts for only a
fraction of the experimentally observed bathochromic shift of
the morpholinobacteriochlorin spectra, and the oxygen
substitution itself has only a minimal effect, we explored
other mechanisms that might have contributed to the observed

Table 2. Electronic Influence of the Morpholine Oxygen on
the Q-Band Wavelengths Delineated through CH2
Substitution

structure exptl calcdab exptl calcdab

10 524 570 745 726
10C 567 724
12 540 598 790 775
12C 595 772
122C 593 771

aOnly the methylene fragments of these structures were optimized;
the rest of the structure was fixed in the optimized geometry prior to
the modification. bCalculated using the TD-wB97XD/6-31+g(d)
model.

Table 3. UV−Vis Spectral Influence of Macrocycle
Nonplanarity

calcd absorption wavelengths (nm)a

structure Qx Qy

4 540 671
4morph 557 691
4bismorph 572 704
10 570 726
12 598 775

aCalculated using the TD-wB97XD/6-31+g(d) model chemistry. Only
structures 4, 10, and 12 were fully minimized. Structures 4morph and
4bismorph were derived from 10 and 12, respectively, as described in the
text and SI.
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spectral modulations. Two peripheral perturbation mechanisms
were explored (Figure 5). First, the pyrroline of the minimized

tetramethoxybacteriochlorin 4 was expanded by oxygen
insertion and the saturated portion of the morpholine moiety
was relaxed, while the conformation of the rest of the structure
was retained (4 → 10conf‑A). Second, we adjusted the Cβ−Cα−
Cα−Cβ dihedral of the fully minimized structure of
morpholinobacteriochlorin 10 to the value observed in
10conf‑A, and minimized the Cβ−O−Cβ portion of the
morpholine while holding the rest of the molecule fixed (10
→ 10conf‑B). This procedure provides two conformers of 10
(10conf‑A and 10conf‑B) with identical morpholine Cβ−Cα−Cα−
Cβ dihedral angles (20.4°), but that differ in the degree of
nonplanarity of the remainder of the macrocycle. The Qx and
Qy transition wavelengths of all conformers were computed.
The structural changes are associated with characteristic

shifts of the computed absorption bands: The Qx and Qy bands
of 10conf‑A are only marginally (7/6 nm) red-shifted when
compared to those of 4, thus the structural changes to
accommodate the oxygen had little effect. Larger (15/27 nm)

shifts for the Qx and Qy bands, respectively, are associated with
the increase of nonplanarity of the chromophore; they are in
the same order of magnitude as observed for the adjustment of
the chromophore in the absence of the morpholine moiety,
detailed above. The real surprise is the additional 8/23 nm
shifts for the Qx and Qy bands, respectively, upon adjustment of
the morpholine Cβ−Cα−Cα−Cβ dihedral angle (from 20.4° for
10conf‑B to 43.3° for 10).
In fact, a linear relationship between dihedral angle and Qy

optical transition shift can be derived, while the Qx band shifts
are somewhat less linear and follow a different proportionality
(Figure 6). For the Qy band, a bathochromic shift of ∼2 nm/°
twist is predicted in the range of the Cβ−Cα−Cα−Cβ dihedral
angle between 25 and 50°. The effects of two successive ring-
expansions are additive (see the SI). Importantly, the sum of
the shifts derived from the macrocycle deformation and the
increase of the morpholine Cβ−Cα−Cα−Cβ dihedral angles add
up to the computed shift from 4 to 10 (or 10 to 12), and which
are only marginally more than the overall shift observed
experimentally. Each component is responsible for ∼50% of the
computed shift. We will show below that this relationship can
also predict the optical shifts observed for the meso-linked
morpholinobacteriochlorins of type 11 and 13.
The modulation of the torsional distortion of a nonpyrrolic

subunit within a porphyrinic chromophore is a hitherto
unidentified mechanism for the spectral tuning of bacterio-
chlorin chromophores. This mechanism likely has more general
implications for other ring-expanded hydroporphyrinoids in
which the Cβ−Cα−Cα−Cβ dihedral angle can be adjusted.42

Potential Energy Surface (PES) Profile of the Morpholine
Torsional Distortion. To further illuminate the spectral effect
of the twisting of the Cβ−Cα−Cα−Cβ torsion angle within the
morpholine subunit (10conf‑B → 10), a relaxed potential energy
surface (PES) scan over the Cβ−Cα−Cα−Cβ morpholine
torsion angle in 10 within the readily thermally accessible
range of ±1 kcal/mol around the minimum was performed.
Excited state properties were calculated at each point of the
scan (Figure 6C). The PES profile of morpholinobacterio-
chlorin 10 is asymmetric, with a greater number of conformers
within 1 kcal/mol of the minimum possessing smaller
morpholine Cβ−Cα−Cα−Cβ torsional angles than larger angles.
The thermally accessible distribution of conformers qualita-
tively agrees with the experimental asymmetry of the
absorption bands of 10 and 12 (Figure 2). The degree of the
distortion is directly correlated to the extent of the optical shift
(Figure 6A). Relative to the fully optimized structure (with a
43.3° angle), the Qy band of the less twisted conformers
exhibits a hypsochromic shift, while the more twisted structures
exhibit a bathochromic shift. The modulation of the morpho-
line Cβ−Cα−Cα−Cβ dihedral angle imposes, however, only
minor effects on the remainder of the macrocycle (Figure 6B).
The maximum increase in the macrocycle RMSD among the
conformers shown is 0.024 Å. This small change indicates that
substantial twisting of this portion of the macrocycle can take
place essentially independently from the remainder of the
chromophore, a conclusion further supported by more detailed
metric analyses.

Metric Analysis of the Structural Effects of the Pyrroline
Ring Expansion. We further analyzed the structural effects of
the pyrroline ring expansion on the remainder of the
macrocycle to identify the atoms within the π-aromatic
chromophore that are most affected by this perturbation.
Conversion of a pyrroline to a morpholine (4 → 10 or 10 →

Figure 4. Relative conformational energetics of the ruffling of the
bacteriochlorin chromophore 4.

Figure 5. Hypothetical stepwise pyrroline-to-morpholine conversion
that dissects the various structural contributions to the spectral
modulation of morpholinobacteriochlorins. Only 4 and 10 were fully
minimized; 10conf‑A and 10conf‑B were derived as described in the text
and SI from these minimized structures.
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12) results in a 6° enlargement of the Cα−N−Cα angle of the
expanded subunit (from 109° to 116°). However, the
corresponding angle in free 1,2-dehydromorpholine is ∼122°
(Figure 4). Hence, the Cα−N−Cα bonds in the morpholino-
bacteriochlorins are strained. Likewise, isolated 1,2-dehydro-
morpholine has a Cβ−Cα−Cα−Cβ dihedral angle that is ∼30°
smaller than that found in the morpholine moieties within 10
(or 12). Our modeling studies found that, in morpholino-
bacteriochlorin 10, the compression of the morpholine Cα−N−
Cα angle is directly countered by a Cβ−Cα−Cα−Cβ dihedral
increase (Figure 7).

Another interesting feature is the relatively localized nature
of the distortions within the C16N4 chromophore observed
upon insertion of the oxygen atom(s) into a regular
bacteriochlorin (i.e., the conversions 4 → 10 → 12) (Table
4). The metric changes observed in the bond angles and
dihedrals closest to the oxygen insertion site are twice or even
four times larger in almost every instance than the changes on
the distal side.
In general, distortions that affect π-orbital overlap will

modulate the spectral properties. For instance, distortions of
the Cα-Cmeso angles from the (presumably ideal) angles found in
regular porphyrins have been shown to induce bathochromic
shifts in these nonplanar porphyrins.5f,43 The largest localized
distortions involving the Cα, Cβ, or Cmeso atoms are therefore
suggested to be primarily responsible for the spectral
modulation observed upon the formation of mono- and
bismorpholinobacteriochlorins.

Evaluation of the Phenyl-Fused Morpholinobacterio-
chlorins. To computationally assess the spectral effect of the β-
to-o-phenyl linkage, we broke the linkage in the minimized
structure of 11, saturated the open valences with hydrogen
atoms, and arranged the affected meso-phenyl group perpen-
dicular to the mean plane of the chromophore (Figure 8, 11 →
15). The resulting optical spectra were computed and
compared. Relative to the hypothetically unlinked structure
15, the spectrum of 11 indicated that the Qx band had red-
shifted by a surprising 30 nm, while the Qy band red-shifted
only 9 nm. A repetition of the calculations with bis-linked
structure 13 showed an additive shift of these amounts per
linkage (see the SI). These shifts thus represent the value for
the increased π-conjugation of the bacteriochlorin chromo-
phore with a near-co-planar phenyl group. Even though
porphyrinoids with β-to-o-phenyl linkages are well-known,36

including the finding that they are generally characterized by
red-shifted optical spectra, we are not aware of a report in
which the value of the expanded π-conjugation was determined

Figure 6. (A) Modulation of the Qx and Qy wavelengths as a function of the Cβ−Cα−Cα−Cβ dihedral in the conformers of
morpholinobacteriochlorin 10 shown. The trend-line for the Qy bands is indicated in black and fits the following equation: TD-DFT Qy
wavelength = 640(±5) nm +2.0(±0.1)/deg torsion angle. The regression analysis has a R2 of 0.98, whereas the gray line for the Qx band relationship
simply connects the points. The colors of the spots represent the conformations of 10 shown in (B). (B) Superposition of conformers of
morpholinobacteriochlorin 10 within ±1 kcal/mol of the minimum. The methoxy substituents on the morpholine moiety were included in the
computations but were omitted here for clarity. (C) Relaxed PES scan of morpholinobacteriochlorin 10 over the dihedral angles indicated and the
associated Qy wavelength shifts (hypsochromic, blue; bathochromic, red) relative to the wavelength for the fully relaxed geometry.

Figure 7. Depiction of the conformational link between the ruffling of
a morpholino moiety, as expressed as the Cβ−Cα−Cα−Cβ dihedral,
and the compression/expansion of its Cα−N−Cα angle. meso-Phenyl
groups were included in the computations, but are omitted here for
clarity. Colored symbols refer to the dihedral values found in the fully
minimized structures indicated.
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for compounds of otherwise identical chromophore conforma-
tion.
Notwithstanding the bathochromic effect of π-extension, a β-

to-o-phenyl linkage is computed to cause a 40 nm blue-shift (27
nm found experimentally) for the Qy transition. The origin of
the overall blue-shift observed upon realization of the β-to-o-
phenyl linkage(s) in 11 (or 13) is complicated by the absence
of an alkoxy group per linkage. As β-alkoxy substituents are
known to have a significant inductive hypsochromic effect on
the Qy transition,

24,27c their replacement with an aryl linkage is
expected to cause a red-shift. Consistent with this expectation,
we find that structure 15 (corresponding to 16 lacking the
OMe group), has a computed Qy transition that is 8 nm red-
shifted relative to structure 16; the Qx transition is not
significantly affected. Thus, the resonance-induced red-shift for
the Qy transition upon β-to-o-phenyl linkage described above
was underestimated by ∼8 nm. Since the combined electronic
effects of replacing a β-alkoxy group with a β-to-o-phenyl
linkage on the Qy transition is computed to be an ∼17 nm (9 +
8 nm) red-shift, we submit that conformational effects override
the substituent-induced electronic effects to result in the
significant blue-shift computed (40 nm) and observed (28 nm)
for Qy upon establishment of the β-to-o-phenyl linkage (Figure
8). The linkage planarizes the macrocycle and particularly the

morpholine moiety (cf. Figure 1). Both changes were above
shown to cause a blue-shift. We observe from Table 1 that the
fully minimized crystal structure of monofused 11 is only ∼0.02
Å more planar than fully minimized morpholinobacteriochlorin
10. Macrocycle planarization, therefore, is expected to have
only a minor effect. However, the Cβ−Cα−Cα−Cβ dihedral
angle is reduced from 43.3° in regular morpholinobacterio-
chlorin 10 to 13.9° in monofused 11. From the torsion angle-
Qy wavelength relationship derived (Figure 6), we can predict
that a morpholinobacteriochlorin with an ∼14° Cβ−Cα−Cα−
Cβ dihedral angle would correspond to a Qy wavelength
between 668 and 673 nm. The TD-DFT computed Qy
wavelength for fully minimized monofused 11 is 686 nm.
Thus, subtracting the ∼17 nm red-shift from electronic
substituents effects, we obtain a predicted Qy wavelength for
monofused 11 of 669 nm, in excellent agreement with the
prediction from the analysis of the effects of the morpholine
Cβ−Cα−Cα−Cβ dihedral angle.
We therefore conclude that the planarization of the

morpholine moiety by 29° is the main cause for the remarkable
58 nm blue-shift of the Qy transition, mitigated by a 17 nm red-
shift due to the summed-up electronic effects of β-to-o-phenyl
linkage. More generally, this underscores again that the
morpholine Cβ−Cα−Cα−Cβ dihedral angle is a major

Table 4. Computed Torsional Angles in 4, 10, and 12, and Angle Changes Induced by the Pyrroline-to-Morpholine Conversions

aFor better overview, the bonds involved are grouped and color-coded. Because of the idealized 2-fold symmetry of the ruffled molecules, only half
of the possible dihedral angles associated with the morpholine moieties are listed.

Figure 8. Hypothetical stepwise transformation of β-to-o-phenyl linked morpholinobacteriochlorin into a conformer of the unlinked analogue. The
green portion of each structure is unchanged in each step. Structures 15 and 16 were derived from fully minimized 11 as detailed in the main text
and SI. Wavelengths listed correspond to TD-DFT-calculated values for the species indicated.
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determinant in the optical properties of the morpholinobacter-
iochlorin chromophores. Furthermore, when other substituent
effects are also considered, this angle provides a reliable
estimation of the Q-band absorption wavelength.

■ CONCLUSIONS
The elucidation of the components of the structural origins of
the large red-shifts of the Q-bands observed upon pyrroline-to-
morpholine conversions in bacteriochlorins is found to be a
function of two major factors: molecular planarity and the Cβ−
Cα−Cα−Cβ dihedral of the morpholine moiety. Each variable
contributes about half of the observed shifts. The influence of
the degree of nonplanarity on the C16N4 chromophore was
expected but the observation that the Cβ−Cα−Cα−Cβ dihedral
of the morpholine moiety is an additional important factor was
not. However, clear relationships between this dihedral angle
and the resulting shifts of the Qx and particularly the Qy bands
(2 ± 0.1 nm/° twist) can be derived. Both factors are also
largely independent from each other as the modulation of the
morpholine moiety dihedral angle has only a relatively local
effect on the conformation of the macrocycle.
Other types of local torsional distortions were also surmised

to be operative in the optical modulation of the c- versus d-type
bacteriochlorins (that, despite their naming, belong to the
chlorins), photosynthetic accessory pigments found in the
Chlorobiaceae and Chlorof lexaceae. The c-series vary from the d-
series by the presence of a meso-methyl group. X-ray
diffractometry studies of the model [131-deoxophytoporphyri-
nato]nickel(II) complexes 17 and 18 found structural evidence
for this.4 Also, the origin of the red-shift observed in ruffled
meso-substituted porphyrins, such as 19M, has been attributed
to localization of the nonplanar distortion in dihedrals centered
around Cα−Cmeso bonds.

5f,43

An in-depth understanding of the structural origins of the
physicochemical modulation of bacteriochlorin analogues is
essential for the rational and application-oriented design. We
are adding herewith a previously unrecognized mechanism to
the canon of structural tools for the modulation of
porphyrinoid chromophores that allow a modulation of the
Cβ−Cα−Cα−Cβ dihedral angle. Moreover, the morpholine Cβ−
Cα−Cα−Cβ dihedral angle can also serve as an excellent
predictive tool to estimate the conformationally induced shifts
of the optical spectra of bacteriochlorins and bacteriochlorin
analogues. However, unlike many pyrrole-modified porphyrins
incorporating either larger than 5-membered (partially
saturated) heterocycles or cleaved β−β′-bonds, it should be
noted that porphyrins and regular hydroporphyrins are likely
resistant to this optical modulation. This work also highlights
the large conformational flexibility of the morpholinobacterio-
chlorins.
The strong conformational influence of the optical properties

of the morpholinobacteriochlorin chromophores (and, by

extension, also the related morpholinochlorins, thiamorpholi-
nochlorins, and other hydroporphyrin analogues with flexible
nonpyrrolic building blocks),8,9b combined with their signifi-
cant conformational flexibility, suggests these dyes for
mechanochromic applications.44 Experiments toward this goal
are currently ongoing in our laboratories.

■ EXPERIMENTAL SECTION
Materials. The preparations of all compounds are described in

detail in the SI, including a reproduction of all NMR and UV−vis
spectra.

Computations. All partial and full ground state geometry
optimizations were performed with the Becke, three-parameter,
Lee−Yang−Parr (B3LYP) hybrid functional,45 a 6-31g(d) basis set,
and an ultrafine grid for integration, as implemented in Gaussian 09
revision D.01.39 This model has been recommended for hydro-
porphyrins.6c,10c Vertical excitations were calculated with time-
dependent DFT (TD-DFT) at the wB97XD/6-31+g(d) level of
theory. Mazzone et al. recently showed that the combination of these
two levels of theory can quantitatively reproduce the vertical transition
wavelengths for 4, 10, and 11−13.10d

X-ray Single Crystal Diffractometry. Details of the data
collection and structural parameters for the structure elucidation of
12CF3, including CIF files, descriptions of disorder and hydrogen atom
treatment, and software packages used, can be found in the SI. The
crystallographic data, in CIF format, have been deposited with the
Cambridge Crystallographic Data Centre under number CCDC
1510280. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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A. M.; Röder, B.; Brückner, C. Angew. Chem., Int. Ed. 2012, 51, 5757−
5760. (c) MacGowan, S. A.; Senge, M. O. Biochim. Biophys. Acta,
Bioenerg. 2016, 1857, 427−442.
(8) Brückner, C. Acc. Chem. Res. 2016, 49, 1080−1092.
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