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Tellurium Analogues of Rosamine and Rhodamine Dyes: Synthesis,
Structure, ?Te NMR, and Heteroatom Contributions to Excitation
Energies
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The first tellurium-containing analogues of the rosamine and rhodamine dyes were prepared by the
addition of Grignard or organolithium reagents to telluroxanthone precursorsdeespectra of both
the dyes and the telluroxanthone precursors are reported. One derivative was characterized by X-ray
crystallography and was found to have a nearly planar telluroxanthylium core with a 9-aryl substituent
held nearly orthogonal to the core. Density functional theory (DFT) and time-dependent DFT (TDDFT)
calculations were performed to analyze the trends for the excitation wavelengths observed experimentally.
The computations indicated that participation of the heteroatom lone pair orbitals is responsible for this
trend.

Introduction biofluid and tissue auto fluorescence. If one could control the
photophysics of the rhodamine and rosamine chromophores to

mophores that are useful as laser dyes, fluorescent labels, an opulate the triplet excited state via increased quantum yields

fluorescence emission standards where their high fIuorescenceC%ru;thresﬁsstee(;nagr?hses'ggr’lstit;ensiloggletrﬁg\:eciuﬁgo(sag’hboeredsectigfee d
guantum vyields and photostability can be exploitethese g sig

chromophores typically have very low triplet yields (under 10%), at longer wavelengths and (b) be detected long after background

which has limited studies of these molecules to their singlet fluorescence had qecayed away. . ) . .
state properties. Furthermore, classic rhodamine and rosamine Several rhodamines and rosamines localize preferentially in
chromophores have absorption maximass of less than 600 selected biological _S|t(_§sVVh_|Ie quorescgnce from the Ioca_lhzed
nm, which limits their utility in biological systems. Biosensing dYyes can be used in imaging applications, the rhodamines and
applications with these chromophores have used PRET rosamines have not shc_>wn phototoxicity toward cancer cells,
electrochemiluminescent® populate the excited singlet state  Pacterial pathogens, or viral pathogens due to poor triplet yields.
via energy transfer as well as by direct excitation. The Brominated rhodaminésand related compountifave been
rhodamines have also been described as sensors for F51,.0t0nsorepared that have increased quantum yields for the generation
and for halide salfsthrough quenching of the singlet excited  Of singlet oxygen $(*0;)] due to the heavy-atom effect from
state. Because the rhodamine and rosamine derivativesthgve the bromine atoms, but these derivatives also absorbAith

< 600 nm, their fluorescence sensitivity in biological systems < 5_500 nm, Whl(}h IS o_utsu_je t_he 66(900 nm window for

is limited because they emit at the same wavelengths as theoptimal penetration of light in biological tissue. Consgquently,
background biological autofluorescence from serum, proteins, these rhodamine analogues can only be used in ex vivo
and other macromolecular molecufésLonger-wavelength- ~ @pplications. If one could control the photophysics of the
absorbing rhodamine and rosamine derivatives would emit at 'hodamine and rosamine chromophores (a) to absorb at longer

longer wavelengths, minimizing background contributions from Wavelengths and (b) to populate the triplet excited state, then

rhodamine and rosamine chromophores could be used as
* To whom correspondence should be addressed. Phone: (716) 645-photosensitizers in biological applicatio¥s.

6800. Fax: (716) 645-6963. E-mail: jochena@nsm.buffalo.edu (J.A.);
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The rhodamine and rosamine dyes are xanthylium chro-
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Chart 1. Tetramethylrosamine (1-O), Its Heavier Chalcogen Analogues, and Related Compounds
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Rhodamine derivatives with longer wavelengths of absorption
have been prepared by making derivatives that prevent rotation
of the amino substituents on the xanthylium c&r&-12How-
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calculations with the chalcogenoxanthylium dye series such as
1-Eand2-E (E= O, S, Se, Te) will be accurate for the heavier
chalcogen analogues bearing Se and Te.

ever, these approaches do not increase triplet yields even though Herein, we describe the synthesis of the first tellurorosamine

values oflmax may be>600 nm. We have described a different

and tellurorhodamine analogues from telluroxanthone precursors.

approach to longer-wavelength-absorbing analogues of tetram-The Te-C bond is stable to the conditions of reaction, and the

ethylrosamine 1-O, Chart 1) via substitution of the heavier
chalcogen atoms S and Se for the O atom of the xanthylium
chromophore 1-S and 1-Se respectively, Chart 1% In this
series, values ofmaxincrease from 550 nm fat-O to 581 nm
for 1-Se quantum yields for fluorescenc®g, decreased 100-
fold from 0.84 for1-O to 0.009 for1l-Se and values for the
triplet yield, @, increased more than 10-fold from 0.08 6O

to 0.97 forl-Se Replacing the 9-phenyl substituent with a 9-(2-
thienyl) group gave2-S and 2-Sewith roughly 20 nm longer
values oflmax than 1-S and 1-Se respectively, withdmax for
2-Se of 601 nm!4 Constraining the rotation of one amino
substituent irB-Sand3-Segave values ofmax roughly 10 nm
longer thanimax for 1-S and 1-Se respectively, withlmax Of
581 nm for3-Sand 588 nm foi3-Se!®

The telluroxanthylium analoguésTe, 2-Te, and3-Te should
absorb at longer wavelengths than the corresponding seleniu
analogues and have photophysics dominated by the triplet.
However, these analogues are absent in earlier work becaus
synthetic studies toward telluroxanthone precursors, using
directed metalation to close the xanthone ring, suggested tha
the Te-C bond might be susceptible to F&i exchange'®
Synthetic routes to the telluroxanthone precursors using Friedel
Crafts-related chemistry have recently become availéble.

It is apparent that the heteroatom contributes significantly to
the observed physical and photophysical properties of the
corresponding chalcogenoxanthylium dyes, and it would be
highly desirable to reconcile the experimental parameters with

those predicted from theory to quantify the contribution of the .

heteroatom to the chromophore. Time-dependent density func-
tional theory (TDDFT) has been utilized to predict the electronic
spectra of a variety of organic dyes and chromoph&tésin
particular, TDDFT has worked well with chromophores contain-
ing the heteroatoms N and&which suggests that similar

(11) Sauer, M.; Han, K.-T.; Muller, R.; Nord, S.; Schulz, A.; Seeger, S.;
Wolfrum, J.; Arden-Jacob, J.; Deltau, G.; Marx, N. J.; Zander, C.; Drexhage,
K. H. J. Fluoresc.1995 5, 247—-261.

(12) Haugland, R. PHandbook of Fluorescent Probes and Research
Products 9th ed.; Molecular Probes, Inc.; Eugene, OR, 2002.

(13) Ohulchanskyy, T.; Donnelly, D. J.; Detty, M. R.; Prasad, PJN.
Phys. Chem. 2004 108 8668-8672.

(14) Wagner, S. J.; Skripchenko, A.; Donnelly, D. J.; Ramaswamy, K.
Detty, M. R.Biorg. Med. Chem2005 13, 5927-5935.

(15) Holt, J. J.; Gannon, M. K.; Tombline, G.; McCarty, T. A.; Page, P.
M.; Bright, F. V.; Detty, M. R.Biorg. Med. Chem2006 14, 8635-8643.

(16) Brennan, N. K.; Donnelly, D. J.; Detty, M. R. Org. Chem2003
68, 3344-3347.

(17) (a) Del Valle, D. J.; Donnelly, D. J.; Holt, J. J.; Detty, M. R.
Organometallics2005 24, 3807-3810. (b) Holt, J. J.; Calitree, B. D;
Vincek, J.; Gannon, M. K., II; Detty, M. Rl. Org. Chem2007, 72, 2690~
2693.

(18) (a) Sheikhshoaie, I.; Fabian, W. M. Byes Pigm2005 70, 91—

98. (b) Guillaumont, D.; Nakamura, ®yes Pigm200Q 46, 85-92.
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tellurorosamines and rhodamines are stable, crystalline com-
pounds permitting the structure @fTe to be determined by
X-ray crystallographic analysis. The experimental electronic
absorption spectra for the dye serle and2-E were compared

to those predicted by TDDFT. All of the telluroxanthylium dyes
prepared in this study have valuesigfxnear 600 nm or longer
wavelengths.

Results and Discussion

Synthesis of Tellurorosamine and Tellurorhodamine Dyes.
The telluroxanthond-Tel"2served as a useful precursor to the
tellurorosamine and rhodamine dyes as shown in Scheme 1.
The addition of a THF solution of PhMgBr #-Te followed
by the addition of aqueous 10% HEgave tellurorosaming-Te
in 78% isolated yield. There was no indication of cleavage of
he Te-C bond, and the only byproduct was a 7% recovered

é(ield of telluroxanthonet-Te. Tellurorosaminel-Te had Amax

of 601 nm in CHCI,; and 597 nm in HO or MeOH.

The Te-C bond was also stable to the addition of organo-
ithium reagents to the telluroxanthone carbonyl group (Scheme
1). A solution of 2-lithiothiophene was added to telluroxanthone
4-Te at —78 °C followed by quenching with aqueous HPF
The telluroxanthylium dye2-Te was isolated in 59% yield
following recrystallization from CHCN/ether. The addition of
1-lithionaphthalene, prepared via lithitrhalogen exchange
between 1-bromonaphthalene a®tBuli, to telluroxanthone
4-Te gave 9-(1-naphthyl)telluroxanthylium dy&Te in 59%
isolated yield following quenching with aqueous HPF

Both 2-Te and 5-Te had longer-wavelength values &fax
relative to1-Se For 2-Te, Amax Was 615 nm in ChCl,, 611
nm in HO, and 615 nm in MeOH. Values dfnax for 5-Te
were 602 nm in ChCl, and 604 nm in HO.

The Te-C bond was also stable to more reactive organo-
lithium agents. The addition of 2 equiv dert-BulLi to
5-bromothiophene-2-carboxylic acid in the presence of 0.5 equiv
of TMEDA gave lithium 5-lithiothiophene-5-carboxylaté) (2°
The addition o to telluroxanthoné-Te followed by quenching
with aqueous HP§gave 9-(5-carboxylato-2-thienyl)tellurox-
anthylium dye7-Te in 46% isolated yield (Scheme 1).

Bromine—lithium exchange in 2-bromobenzoic acids has been
utilized to generate lithium 2-lithiobenzoat8) £* While the

(29) (a) Coe, B. J.; Beljonne, D.; Vogel, H.; Garin, J.; Ordund, Phys.
Chem. A2005 109, 10052-10057. (b) Fabian, J.; Diaz, L. A.; Seifert, G.;
Niehaus, T.”THEOCHEM 2002 594, 41-53. (c) Andreu, R.; Garin, J.;
Orduna, JTetrahedron2001, 57, 7883-7892.

(20) Gannon, M. K., II; Detty, M. RJ. Org. Chem2007, 72, 2647
2650.

(21) (a) Parham, W. E.; Sayed, Y. A.Org. Chem1974 39, 2051. (b)
Parham, W. E.; Sayed, Y. Al. Org. Chem1974 39, 2053.
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Scheme 1. Synthesis of Tellurorosamine and Tellurorhodamine Derivatives
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Scheme 2. Preparation of Chalcogenorhodamine
Derivatives 9-E via the Addition of Lithium 2-Lithiobenzoate
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dianion8 is stable at-75 °C or colder, warmer temperatures
result in self-addition reactions to form benzoylbenzoic acid
products?! Treating benzoic acid at90 °C with 2.2 equiv of

a 1:1 mixture ofsecBuLi/TMEDA in tetrahydrofuran (THF)
also generates dianioB, which reacts with a variety of
electrophiles to give 2-substituted benzoic aéfdsnfortunately,
the addition o8 generated via either method to telluroxanthone
4-Te at —78 °C was sluggish and generated very little of the
desired product<5%).

The addition of 2.1 equi? (not 3.1 equiv, which includes
the customary 2 equiv ofert-BuLi for lithium—bromine
exchange) ofert-BuLi to 2-bromobenzoic acid and 0.25 equiv
of TMEDA (relative to 2-bromobenzoic acid) in anhydrous THF
at —78 °C generated the dianidh A 4-fold excess oB from
this mixture was then added to a solution®bfle in THF at

X
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Scheme 3. Preparation of Chalcogenorosamine Derivatives
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analysis were prepared via recrystallizationleTe from 1:1
CHsCN/ether. ORTEP drawings of the crystal structuré-dfe

at the 50% probability level are shown in Figure 1 viewed (a)
from the top and (b) along the TeC7 axis. The molecule in
the crystalline form is nearly planar with a slight 8wist to

the molecule. Crystal structures biSand1-Seas the bromide
salts have been reportétBoth 1-Sand1-Seare nearly planar,

as well, with approximately 3of twist. Steric interactions
between theperi-hydrogens of the xanthylium ring and the
ortho-hydrogens of the 9-phenyl substituent force the phenyl
substituent to be out of the plane of the xanthylium core. The
dihedral angles for these relationships in the various crystals
are 68.9 for 1-S, 86.9 for 1-Se and 69.0 for 1-Te. The central
ring of 1-Te is distorted by the long (2.07 A) FeC bonds and
the 95.3°C Te—C bond angle. The dimethylamino substituents
at the 2- and 7-positions df-Te are also coplanar with the
xanthylium core with considerable double-bond character to the

ambient temperature. The resulting mixture was then heated atc_N ponds to the ring (1.341.35 A).

reflux for 15 min followed by quenching with G€O,H and
then HPE. Dye 9-Te as the carboxylic acid was isolated in
89% vyield following recrystallization of the crude product.
Similar results were obtained with chalcogenoxanthoh&e
and 4-S where the acid®-Seand 9-S were isolated in 84%
and 75% vyields, respectively, following recrystallization (Scheme
2). Tellurorhodamin®-Te hasAmax of 601 nm in CHCI, and
595 nm in HO, while chalcogenorhodamin8sSeand9-Shave
values ofinax Of 580 and 572 nm, respectively, in@.

The addition of PhMgBr to telluroxanthone derivatit@-
Tel?™ gave telluroxanthylium dy&-Te in 89% isolated yield
following the addition of aqueous 10% HPEo the reaction
mixture (Scheme 3). TellurorosamiBeTe hasimax 0f 605 nm
in CH.Cl, and 604 nm in MeOH.

X-ray Crystal Structure of Tellurotetramethylrosamine
(1-Te). Crystals of1-Te suitable for X-ray crystallographic

(22) Mortier, J.; Moyroud, J.; Bennetau, B.; Cain, P.JAOrg. Chem.
1994 59, 4042.

Crystal structures for both rhodamine 6&6G) and rhodamine
123 (Rh-123 have been describéd.in both molecules, the
xanthylium core is planar and the 9-aryl substituent is nearly
orthogonal to the plane with dihedral angles of 63@ R6G
and 88.0 for Rh-123 Table 1 contains a summary of structural
information forR6G, Rh-123 1-S 1-Se and1-Te.

As the chalcogen atom increases in size, theE®ond length
increases from 1.371.38 A for the G-O bond lengths to 2.07
A for the C—Te bond length. With this change, the central ring
is distorted as the €E—C angle decreases from 120r R6G
andRh-123to0 95.3 for 1-Teand the N--E ---N angle decreases
from 18C for the rhodamine derivatives to 1532for 1-Te.
Interestingly, the changes in<E bond lengths have little impact
on the N--N distances in this series. FRI6G andRh-123 the

(23) Tombline, G.; Donnelly, D. J.; Holt, J. J.; You, Y.; Ye, M.; Gannon,
M. K.; Nygren, C. L.; Detty, M. R.Biochemistry2006 45, 8034-8047.

(24) Adhikesavalu, D. N.; Mastropaolo, D.; Camerman, A.; Camerman,
N. Acta Crystallogr., Sect. @001, 57, 657—659.
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Figure 1. ORTEP plot and label scheme fiTe. Displacement
ellipsoids are drawn at the 50% probability level viewed (a) from
the top and (b) edge on down the FeQ7 axis. Hydrogen atoms
and the PFanion are omitted for clarity.

Table 1. Comparative C-E Bond Lengths, N--E and N---N
Distances, and 9-Aryl-xanthylium Dihedral Angles for R6G,
Rh-123, 1-S, 1-Se, and 1-Te

C—E bond N---E N---N 9-aryl-xanthylium
compd length, A distance, A distance, A  dihedral, deg
R6G? 1.37 5.0 10.0 63.3
Rh-123 1.38 5.0 10.0 88.0
1-9 1.73 5.04 10.007 68.9
1-Se 1.88 5.13 10.155 86.9
1-Te 2.07 5.27 10.292 69.0

aData from ref 242 Data from ref 23.

N-++N distance is roughly 10.0 & The N---N distance increases
only to 10.29 A in1-Te.

The X-ray structural data fdR6G, Rh-123 1-S, 1-Se and
1-Te provide a starting point for geometry optimization in the
theoretical studies described below. In all of these molecules,
the planarity of the xanthylium core has implications for the
effectiveness of overlap of AO’s on the chalcogen atom with
the adjacent carbon-framework.

125Te NMR Spectra of Telluroxanthones and Tellurox-
anthylium Dyes. The positive charge on the rosamine and
rhodamine structures will impact the charge density on the

Organometallics, Vol. 26, No. 25,62607

are consistent witdJ coupling between the Te atom and the
two protons at C1 and C8 fdr-Te, 2-Te, 4-Te, and5-Te and
the single proton at C8 foB-Te and 10-Te This assignment
was made unambiguously following the proton decoupling
illustrated in Figure 2. Here, decoupling of either thg ¢t the

Hg proton had no impact on the multiplicity of the signal.
However, decoupling of Hcollapsed the triplet to a singlet,
confirming the nature of the larg8r._n coupling observed in
the experimental spectra.

The reported chemical shifts for the parent telluroxanthone
11 ared 473.4°% and 6 471.5% Telluroxanthonel 1 can place
positive charge on the Te atom through resonance fq@art
2). Telluroxanthoned-Te and 10-Te can also place positive
charge on the Te atom via resonance fdimbut the amino
substituents at the 2- and 7-positions can also localize the charge
through resonance formH , which diminishes the net charge
at Te. Consequently, bothTe and10-Tehave!?5Te chemical
shifts that are upfield of the shift fdrl ato 442.2 and) 329.9,
respectively. INLO-Te the julolidyl amino group is locked into
conjugation with the carbon-framework, which would place
even more positive charge at the N atom and contribute to the
upfield shift of the?5Te NMR signal for10-Te

The contributions from conformational locking are also
apparent in a comparison of th&Te chemical shifts for the
telluroxanthylium dyed-Te and3-Te, where the shift foB-Te
is 114 ppm upfield of that fot-Te. The upfield shift is identical
in comparing4-Te to 10-Te and 1-Te to 3-Te. The %5Te
chemical shifts for all of the telluroxanthylium dyes &30
ppm downfield from their telluroxanthone precursors, which
reflects the formal positive charge in the telluroxanthylium dyes.
In these systems, the positive charge can be placed on the Te
atom via resonance forms related o (Chart 2) or on the 2,7-
amino substituents via resonance forvhs

Excitation Energies from ab Initio Computational Meth-
ods. To analyze the heteroatom contributions to the trend seen
in the excitation energies of the chalcogenorhodamine and
rosamine dyes, the dye series€€ and2-E (E= 0, S, Se, Te)
were examined with the help of density functional theory (DFT)
and time-dependent DFT (TDDF¥¥8 calculations using the
methods described in the computational section of the Experi-
mental Section. Table 3 lists the computed vertical excitation
energies for the excited singlet state for all eight compounds
using the BHLYP/TZVP level of theo?} and compares them
to the wavelengths of the absorption maxima. The energies are
the ones for the lowest energy excited states, characterized in
the TDDFT computations as HOM&@.UMO n—z* transitions.
(Orbital visualizations of the HOMO and LUMO are found in

chalcogen atom both through delocalization with the adjacent Figyres 1S and 2S, Supporting Information.) It can be seen that
carbgzrm-framework as well as through pre'X'”dUCt'Ve effects. there is a consistent overestimation of the excitation energies
The **Te NMR spectra of the telluroxanthylium dyes should (gjative to the experimental values. Without considering solvent

density at the tellurium atont?Te NMR data are compiled in
Table 2 for the telluroxanthylium dyes of this study as well as
for the telluroxanthoneg-Te and 10-Te and for the parent
telluroxanthonel 1.25:26

The 125Te NMR spectra forl-Te, 2-Te, 4-Te, and 5-Te
(Supporting Information) are triplets with strong coupling {29
31 Hz) to two protons. ThéTe NMR spectra fo3-Te and
10-Te (Supporting Information) are doublets with coupling

constants of 34 and 33 Hz, respectively. These observations,,

(25) Levy, A.; Biedermann, R. U.; Cohen, S.; AgranatPhosphorus,
Sulfur Silicon Relat. Elenil998 136-138 139-142.

(26) Nakanishi, W.; Yamamoto, Y.; Hayashi, S.; Tukada, H.; lwamura,
H. J. Phys. Org. Cheni99Q 3, 369-374.

0.75 to 0.82 eV, which corresponds to an underestimation in
wavelength from 148 to 168 nm. The addition of solvent, polar
or nonpolar, has little effect, with reduced ranges of 6:639
eV and corresponding wavelength underestimation of-112&1
nm. The systematic overestimation of the calculated excitation
energies is consistent with previously reported findings for

(27) Casida, M. E. Time-dependent density functional response theory
molecules. InRecent adances in density functional methodshong,
D. P., Ed.; World Scientific: Singapore, 1995; Vol. 1, pp 1392.

(28) Bauernschmitt, R.; Ahlrichs, Rhem. Phys. LetfLl996 256, 454—
464.

(29) Ahlrichs, R.; Bar, M.; Haser, M.; Horn, H.; Kolmel, Chem. Phys.
Lett. 1989 162, 165.
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Figure 2. 125Te NMR spectra of telluroxanthoreTe with selective proton decoupling. Top spectrum, withdecoupledd 6.70). Middle
spectrum, with K decoupled ¢ 6.76). Bottom spectrum, with Hdecoupled ¢ 8.53).

Table 2. 125Te NMR Chemical Shifts and 3Jre—y Coupling Constants for Telluroxanthylium Dyes 1-Te, 2-Te, 3-Te, and 5-Te
and Telluroxanthones 4-Te, 10-Te, and 11
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aRelative tod 125TeMe, = 0.0.° Reference 25¢ Reference 26.
molecules with similar chromophoréAt present, it is unclear The dyes were also examined using the B3LYP (Figure 3S,
what is the exact origin of this systematic deviation, but it is Supporting Information) and the BLYP functionals (Figure 4S,
safe to assume that the approximations in the density functionalSupporting Information), which both contain less of an exact
and the exchange-correlation kernel play a role. On the positive exchange contribution than BHLYP. Both the B3LYP (20%
side, and more importantly, the computations reproduce the exact exchange) and the BLYP (no exact exchange) functionals
experimental trend of decreasing excitation energy along the yielded excitation energies that were closer to the experimental
series E= O, S, Se, Te quite well. When the computed data yajues. However, both functionals led to a poorer correlation
are compared to experimental energies, there is a linear trencheyeen theoretical and experimental excitation energi@s (
with a correlation reasonably close toR?(> 0.98, Figure 3). < 0.92 for B3LYP andR? < 0.86 for BLYP) and afforded an
_Hoyvev_er, Itis seen Fhat the slope is greater than 1.0, Wh'_Ch IS even more positive slope than the BHLYP functional. It appears
indicative that there is also an overestimation of the magnitude that unlike for some other classes of molecules. the exact
of this trend in addition to the overestimation of the excitation exci,1ange contribution in the functional cannot simpiy be tuned
energies themselves. to reduce the systematic overestimation of the calculated

(30) Champagne, B.; Guillaume, M.; Zutterman,Ghem. Phys. Lett. excitation energies and improve the slope and overall quality
2006 425, 105. of the correlation between theory and experiment simulta-
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Chart 2. Resonance Structures for Telluroxanthones and Telluroxanthylium Dyes

(] €] €]
O o) (e}
A - X -~ =
@ @ ®
MeoN Te NMe, Me,N Te NMe, MeoN Te NMe,
Oe I A [11]:]

A
Ar Ar Ar
Te X - N - z
| @ @ @
MeoN Te NMe; MeoN Te NMe, MeoN Te NMe,
v VA VB

Table 3. Theoretical TDDFT and Experimental Excitation Chart 3. Anthracene-like (VIA and VIB) and Cyanine-like
Energies (VIIA and VIIB) Resonance Forms in Chalcogenorhodamine
theory (BHYLP) experimental dyes
compound vacuo chloroform  methanol AE,eV 4, nn? Ar Ar
1-0 3.07 3.05 3.04 2.25 552 A - Z
1-S 2.96 2.93 2.92 2.17 571 @ &)
1-Se 2.91 2.88 2.87 2.13 582 MeN E NMe MezN E NMe
1-Te 2.86 2.84 2.83 2.08 597 VIA viB
2-0 2.98 2.96 2.96 2.18 568
2-S 2.88 2.86 2.85 2.10 590 Ar ar
2-Se 2.83 2.80 2.79 2.06 601 N Y
2-Te 2.77 2.76 2.75 2.02 615 O O ® ® ‘ O
aln MeOH. Me,N E NMe, MeyN E NMe,
VIIA ViiB

neously. We have also investigated the influence of solvent
effects in the computations. The results are shown in Figure 3.as typified byVIl . On the basis of which heteroatom is present
Although the calculated excitation energies are lowered when in the compound, we consider a model where the “percentage”
applying a solvent model for the ground state, the quality of contribution from each resonance form and the amount of
the fit slightly deteriorates. In any case, the lowering of the coupling between the different excitations vary. Each of the
excitation energies is not dramatic, and therefore ground-stateheteroatoms, O through Te, has the ability to donate charge from
solvation may be ruled out as one of the major sources of error their lone pair orbitals into ther-system. As we shall show
in the computations. We decided to proceed with the analysis below, the amount of this charge donation correlates with the
using the gas-phase BHLYP data. In summary, the overall trends seen for the wavelengths of absorption.
reasonable correlation between theoretical and experimental data In @ C—C double bond, the p orbitals are identical and of the
is sufficient for the purpose of this work to determine the origin same size. If one of those C atoms were replaced with a larger
of the trend for the excitation wavelengths along the B, S, atom such as S, the-jp orbital overlap would be diminished
Se, Te series. due to the increased size of the sulfur 3p orbital relative to the
To rationalize the change in excitation energies when we carbon 2p orbital and the resultingbond would be weaker.
substitute S, Se, or Te for O, we examined the natural bond Therefore, the ability or likelihood that S would donate or share
order (NBO) analysis for the dye serie<E and2-E. As shown its p electrons in a SC double bond would be less than that of
in Chart 3, two different types of resonance systems exist within the C-C double bond. In the xanthylium dye series, as the
each chromophore that may contribute to the overall wavelength heteroatom increases in size, the heteroatoarbonsz-bond
of absorption. One is the anthracene-like resonance formsbecomes weaker, therefore making the heteroatom donation of

typified by VI, and the other is cyanine dye-like resonance forms P electrons into ther-system less likely. Evidence for this may
be obtained in an ab initio computation from an NBO (natural

3.075 {  AE(BHLYPNVac) = 1.2570°AE(Exp) + 0.2365 bond orbital) analysis by considering the occupation of the lone
oL ir 7-el f the heteroatom (Table 4
s0z5 |  AEIBHLYPICHCI)= 1.2504aE(Exp) +0.2308 pair 7r-electrons of the heteroatom (Table 4). .
: R =0.0908 From Table 4, lone pair 1 on O has a quite different
2075 | AEIBHLYPMeOH)= 12402 0E(Exp) +0.2242 hybridization (essentially Zprelative to S (sp9), Se (s_,ﬁ:“), or
Te (sP?) in the seriesl-E and 2-E where the hybridization
S 2825 1 between s and p orbitals is much less important, as evident from
3 2875 - the computations. The increased s-character for the heavier
’g chalcogen atoms in lone pair 1 reflects the increasipg p
g 2.825 - character in ther bonds formed between the heavier chalcogen
atoms S, Se, and Te and the two adjacent carbon atoms. While
2778 1 occupancy numbers are similar within the two series (a range
2725 . . . . : of 1.673-1.701), the occupancy of lone pair 1 increases slightly
2.000 2.050 2.100 2160 2.200 2.250 as the chalcogen atom increases in size and the occupancy of

Experimental (sV) lone pair 2 increases from S to Se to Te. However, the

Figure 3. Theoretical versus experimental excitation energies. occupancy of lone pair 2 in both xanthylium analogues is greater
Solvent effects for the ground state treated with the COSMO than either the corresponding S- or Se-containing analogues.
continuum solvent model. Excitation energies calculated with the The second-order perturbation theory analysis carried out by
BHLYP functional and the TZVP basis set. the NBO code shows that the stabilization energy received
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Table 4. Heteroatom Lone Pair Occupancy and Hybridization along with the Stabilization Energy Associated with Delocalizing
These Electrons into thez-System of the Compound, According to the NBO Analysis

LP1 energy, LP 2 energy,
compd atom occupancy hybridization kcal mol? occupancy hybridization kcal mol?
1-0 ) 1.956 sp? 15.06 1.690 p 70.21
1-S S 1.979 sps 6.26 1.675 p 46.85
1-Se Se 1.985 sp? 461 1.682 p 37.86
1-Te Te 1.990 sps® 3.08 1.701 p 27.95
2-0 0] 1.955 sp? 15.19 1.692 p 70.21
2-S S 1.979 sps 6.33 1.673 p 46.93
2-Se Se 1.985 sp* 4.62 1.678 p 37.80
2-Te Te 1.990 sps 3.12 1.696 p 27.91

Table 5. TDDTF Excitation Energy and Ground-State NBO Analysis for the Optimized 1-Te and 2-Te Scaffolds with
Heteroatom Replacement To Yield 1-Se(Te), 1-S(Te), 2-Se(Te), and 2-S(Te) (See Text for Details)

AE, A, LP1 energy, LP 2 energy,

compd eV nm atom occupancy hybrid kcal mol?® occupancy hybrid kcal mol?®
1-Te(S) 2.78 446 S 1.992 83 1.55 1.853 p 15.05
1-Te(Se) 2.81 441 Se 1.992 8g 2.00 1.795 p 9.84
1-Te 2.86 434 Te 1.990 85 3.08 1.701 p 27.95
2-Te(S) 2.70 459 S 1.992 8B 157 1.852 p 14.80
2-Te(Se) 2.73 454 Se 1.992 83 2.03 1.792 p 19.89
2-Te 2.77 448 Te 1.990 85 3.12 1.696 p 27.91

through the delocalization of the lone pair of electrons is geometry forl-Te (Figure 4) and2-Te and replacing the Te
consistent in that O will have the greatest effect when donating atom with Se and S to give hybrid structurésSe(Te)and
its electrons for resonance stabilization. These results arel-S(Te) respectively, with the geometry @fTe and2-Te and
therefore consistent with chemical intuition. rerunning the excitation-energy calculations (Table 5). Because

Heteroatom lone pair occupancy and resonance stability areof the longer heteroatosrcarbon bond lengths, both the
major determinants of the energetics of excitation because inselenoxanthylium analogues and the thioxanthylium analogue
our model these factors dictate the “percentages” of anthracene-exhibited a less effective delocalization of their lone pair
and cyanine-like resonance forms that contribute to the overall electrons as compared to the optimized structurds®Seand
excitation energies of each compound. We therefore propose2-S/Se This increased lone pair orbital occupancy goes along
the following rationale for the trend seen in the experiment for with a lower calculated energy for excitation and, therefore,
the absorption vavelength @fE and2-E: When there is more  longer wavelengths of absorbance, as expected (see Table 5).
“cyanine-type” resonance, it will result in a chromophore with These calculations were initially carried out in an attempt to
a larger linear extension and, therefore, longer wavelengths ofisolate the structural from electronic effects. The fact that a
absorption. (This length-dependent trend can be explained, forchange of the heteroatom in the fixed geometry of the chro-
example, by using a simple particle in a box mééahd is in mophore has an effect of a magnitude similar to that of the
agreement with the large body of experimental data for experimental trends for E O, S, Se, Te strongly suggests that
cyanines.) As the heteroatom donates/delocalizes its lone pairthe influence of the heteroatom is predominantly a direct
orbital, it disrupts the longer cyanine chromophore resulting in electronic effect (via participation in the system) and not
am-system with a chromophore of shorter linear extension and, simply a trend caused by the somewhat different geometries of
thus, shorter wavelengths of absorption. In consequence, onghe chromophores due to the size of the heteroatom.
would expect the highest excitation energies/shortest excitation
wavelengths for systems where the heteroatom participates most Summary and Conclusions
strongly in ther system (O, S), which is in agreement with the
experimental data.

Another example of isolating the heteroatom contributions
to resonance came as a consequence of taking the optimize

We have described the syntheses of the first telluroxanthylium
analogues of the rosamines and rhodamines. These materials
re stable, crystalline solids with strong absorbance at wave-

engths =600 nm. X-ray crystallographic analysis of the
structure ofl-Te shows a nearly planar telluroxanthylium core
with about B of twist. The 9-phenyl substituent is bent out of
the plane of the telluroxanthylium core due to the interactions
of the ortho-hydrogens of the phenyl group. Two interesting
structural features among the rosamine/rhodamine dyes are that
the Nb--N distances vary little as the chalcogen atom increases

Se, Te) decreases from I'80r the parent xanthylium structure
to 153 in the telluroxanthylium dyé&-Te. This is a consequence
of the increased €Te bond length (2.07 A) and decreased
C—Te—C bond angle (953. In the optimized geometry for
computational studies, the phemyklluroxanthylium dihedral

angle is 90.
The telluroxanthylium analogues of the rosamines and
1-Te rhodamines absorb at longer wavelengths than their lighter

Figure 4. Optimized geometry for telluroxanthylium dyeTe. (31) Kuhn, H.J. Chem. Phys1949 17, 1198-1212.
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chalcogen analogue¥Te NMR studies suggest that cyanine- the resulting mixture was stirdel h atambient temperature and
like resonance is important in the delocalization of positive was then heated at reflux for 0.5 h. The reaction mixture was treated
charge in these molecules, while computational studies indicatewith glacial acetic acid (0.5 mL) and poured into a 10% by wt
that anthracene-like resonance decreases as the chalcogen atosglution of HPE (100 mL). After the mixture was stirred for 1.0
increases in size, due to poorer overlap of the heteroatomh. the precipitate was collected and copiously washed wid H
p-orbital with the carbor-framework, and contributions from and ether. The crude product was recrystallized from equal volumes
the longer cyanine-like resonance increase leading to longerf CHsCN/ether (X) to give 91 mg (59%) oR-Te as dark green
wavelengths of absorbance and lower excitation energies. UsingSrystals, mp>260 °C. *H NMR (500 MHz, CDOD) 4 8.08 (d,
TDDFT/BHLYP/TZVP computations of the electronic spectra 2H:J = 2.7 Hz), 7.73 (d, 2HJ = 9.7 Hz), 7.65 (dx d, 1H,J =
along with DFT-based analyses of the ground-state electronic 1> 5:1 H2), 7.25 (& d x d, 1H,J =15, 3.6, 5.1 Hz), 7.15 (d
structure, good correlation is observed between theoretical and’¢ d, 2HZ£]3C= 1.5, 3.6 Hz), 6.77 (dk dé 2H,J=2.7,9.7 Hz), 3.23
experimental excitation energies, which can be rationalized on (133’,ng)1’30 g’\qFZQB(ZJS '\1/|2|_éz7c%1c;Dg 1%[5218211(?2(? égigxl(clﬁ%
the basis of the heteroatom’s capability to participate insthe . - - ) . o ! z

- S . Cly) 615 nm € 9.3 x 10* M~ cm™1); HRMS (ESI)m/z 463.0488
system. We are currently investigating the photophysical proper- (calcd for GiHaiN,S3Te": 463.0482). Anal. Calcd for GHaiNo-

ties Qf tr_le teIIuroxanthyhum_dyes as well as various biological STePR;: C, 41.62; H, 3.49: N, 4.62. Found: C, 41.51; H, 3.50:
applications of these materials. N. 4.72.

One potential concern in biological applications of the

teIIuroxan.thyllum dyes is the toxicity assoglat(_ad with .the Te orophosphate (5-Te).secButyllithium (1.4 M in cyclohexanes,
atom. While we have no_t as yet conducted In vVivo stu_dle_s with 400 uL, 0.51 mmol) was added dropwise to a stirred solution of
these dyes, earlier studies with telluropyrylium dyes indicated 1\,epa (80 uL, 0.51 mmol) and 1-bromonaphthalene (105 mg
that no toxicity was observed in three telluropyrylium analogues ( 5og mmol) inl7 mL of anhydrous THF cooled 678 °C. The '
at doses between 5 and 11 mg/kg-[®«M/kg).>* Therapeutic  reaction mixture was then transferred via cannula into a solution
doses of chalcogenopyrylium dyes and other cationic dyes haveot telluroxanthoned-Te (100 mg, 0.254 mmol) dissolved in 4.0
been on the order of 510 umol/kg3® One would expect — mL of anhydrous THF and slowly warmed to ambient temperature.
efficacy and toxicity similar to those of the telluropyrylium dyes.  The reaction mixture was treated with glacial acetic acid (0.5 mL)
and poured into a 10% by wt solution of HPEO00 mL). After the
Experimental Section mixture was stirred for 1.0 h, the precipitate was collected and
. ) copiously washed with M0 and ether. The crude product was
2,7-Bis(dimethylamino)-9-phenyltelluroxanthyl Hexafluoro- recrystallized from equal volumes of GEN/ether () to give
phosphate (1-Te).Phenylmagnesium bromide (1.0 M solution in  gq mg (59%) of5-Te as dark green crystals, mp 19596 °C. 1H
THF, 1.0 mL, 1.0 mmol) was added to a stirred solution of 2,7- NMR (400 MHz, CDCl,) 6 8.14 (d, 1H,J = 8.4 Hz), 8.06 (d, 1H,
bis(dimethylamino)telluroxanthen-9-ong Te, 0.125 g, 0.32 mmol) J= 8.4 Hz), 7.70 (m, 3H), 7.54 (t, 1H, = 7.6 Hz), 7.43 (d, 2H
in anhydrous THF (5 mL). The resulting solution was heated at j _ ¢ g Hz)l 7.37 (t ,2H,]l= 8.4 68 Hz), 7.45 (éj 2H) — 10
reflux for 1 h. The reaction mixture was then cooled to ambient Hz), 6.67 (d,x do2HJ=24 98 Hz) 313 (s 12I,-|)‘3C NMR
temperature and added slowly to 50 mL of 5% (by weight) 5IPF 75111, cp,cl) 6 164.1, 153.2, 141.2, 138.6, 137.8, 137.4, 133.0,

The resulting mixture was cooled t610 °C precipitating the dye 130.0. 129.5. 128.3 128.2 127.7. 126.6. 126.3. 122.8. 116.8. 116.1
1-Te. The dye was collected by filtration, and the solid was washed ;4 5.7 ax(HZ’O) 604 nm .é 5w 100 M1 cm.’li)' 1 .x(,Cszzy) o
.0, Am . » Ama

with water (2x 5 mL) and diethyl ether (% 5 mL). The crude 602 nm € 1.3 x 10° M~1 cm-1); HRMS (El) m/z 507.1085 (calcd
product was purified via column chromatography on basic alumina, for CorHoeNo130Te: 507 1080)’ Anal. Calcd for GHoN,Te-PRy:
and eluted with dichloromethane to remove the impurities, then c 4927892'5H2 3 88'. N 4'31 Fé)und' .C 50.23: H :;5852)' N. 4 '37

eluted with methanol. The resulting blue solution was concentrated o . .
and dissolved in 2 mL of hot CIEN, and then 2 mL of ether was . 2/-Bis(dimethylamino)-9-(5-carboxy-2-thienyl)telluroxanthy-
added and the solution was allowed to cool to ambient temperature.l'um Hexafluorophosphate (7-Te).tert-Butyllithium (1.7 M in
The resulting solid was collected by filtration, washed with diethyl Pentane, 3.76 mL, 6.40 mmol) was added dropwise to a stirred
ether (2x 5 mL), and dried to give 0.15 g (78%) &fTe as a dark solution of 5-bromoth|ophene-2-carboxyllc acid (631 mg, 3.05
green solid: mp>260°C. H NMR (300 MHz, CDOD) & 7.87 mmol) and TMEDA (117xL, 0.762 mmol) in 30 mL of anhydrous

(d, 2H,J =3 Hz), 7.60 (t, 3HJ = 3 Hz), 7.50 ((;I 2HJ = 10 Hz) THF cooled to—78 °C. The reaction mixture was then transferred
730-727 (m 2,'_|) 6.89,(d< d 2H J=3 10 Hé) 3.21 (s 12H,)' via cannula to a solution of telluroxanthodeTe (300 mg, 0.762

13C NMR (125 MHz, CROD) ¢ 165.1, 153.1, 141.5, 140.6, 139.3 mmol) dissolved in 9.0 mL of anhydrous THF. The resulting
1299 129.6 129é 122.4. 116.9 :‘I.158 ’4Qr§3x(C’3H2C|2)’601 " mixture was heated at 4T for 0.25 h and then cooled to ambient

nM (€ 8.1 x 10* ML cm1): Ama(H20) 597 nm € 7.4 x 104 M1 temperature. Glacial acetic acid (0.5 mL) was added, and the

2,7-Bis(dimethylamino)-9-(1-naphthyl)telluroxanthylium Hexaflu-

cml): HRMS (ESI) miz 457.0918 (calcd for ©HaNoTet: resulting mixture was poured into a 10% by wt solution of HPF

457.0918). Anal. Calcd for GH,N,Te-PFs: C, 46.04; H, 3.86; (100 mL). The precipitate was collected and washed wi® End

N. 4.87. Found: C. 46.02: H. 3.85: N. 4.90. ether after 1.0 h of stirring. The crude product was recrystallized
2,7-Bis(dimethylamino)-9-(2-thienyl)telluroxanthylium Hexaflu- from equal volumes of CkCN/ether (X) to give 229 mg (46%)

orophosphate (2-Te)n-Butyllithium (1.6 M in hexanes, 1.7 mL, ~ Of 6-Te as dark green crystals, mp 26871 °C. *H NMR (400

2.8 mmol) was added dropwise to a stirred solution of thiophene MHz, CD;CN) 6 9.76 (br s, 1H), 7.89 (d, 1H] = 3.6 Hz), 7.69

(0.21 mL, 2.8 mmol) and TMEDA (0.41 mL, 2.8 mmol)in 12 mL  (d, 2H,J=2.4 Hz), 7.65 (d, 2H) = 9.6 Hz), 7.20 (d, 1H) = 3.6

of anhydrous THF cooled te78 °C. This mixture was stirred for ~ H2), 6.87 (dx d, 2H,J = 2.4, 9.6 Hz), 3.17 (s, 12H}*C NMR

1 h. A solution of telluroxanthond-Te (100 mg, 0.254 mmol) (125 MHz, CDCN) 6 162.6, 155.2, 153.0, 147.2, 140.6, 138.2,

dissolved in 4.0 mL of anhydrous THF was added dropwise, and 136.5, 134.6, 131.9, 122.6, 116.9, 116.2, 42,%(H-0) 613 nm

(€ 5.1 x 10* M~t cm™Y); Ama(CH:Cly) 620 nm € 1.2 x 10°P M1
(32) Leonard, K. A.; Nelen, M. I.; Simard, T. P.; Davies, S. R.; Golinick, ¢mM%); HRMS (El) m/z507.0391 (calcd for &H2iN,0,S'Te:

S. O.; Oseroff, A. R.; Gibson, S. L.; Hilf, R.; Chen, L. B.; Detty, M. R. 507.0386). Anal. Calcd for £H21N,0,STePR;: C, 40.65; H, 3.26;

Med. Chem1999 42, 3953-3964. _ _ N, 4.31. Found: C, 40.81; H, 3.32; N, 4.21.
(33) Leonard, K. A.; Hall, J. P.; Nelen, M. I.; Davies, S. R.; Gollnick, . . .
S. O.; Oseroff, A. R.; Gibson, S. L.; Hilf, R.; Chen, L. B.; Detty, M. R. 2,7-Bis(dimethylamino)-9-(2-carboxyphenyl)telluroxanthyli-

Med. Chem200Q 43, 4488-4498. um Hexafluorophosphate (9-Te).tert-Butyllithium (1.6 M in
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pentane, 2.67 mL, 4.28 mmol) was added dropwise to a stirred Crystallographic data are compiled in Table 1S in the Supporting
solution of 2-bromobenzoic acid (409 mg, 2.03 mmol) and TMEDA Information. Atomic coordinates, anisotropic displacement param-
(84.4 uL, 0.56 mmol) in 20 mL of anhydrous THF cooled to eters, bond lengths, and angles are given in Tables4%S
—78°C. The reaction mixture was then transferred via cannula to respectively, in the Supporting Information.

a solution of telluroxanthoné-Te (200 mg, 0.51 mmol) dissolved Acquisition of 125Te NMR Spectra. The NMR samples were

in 6.0 mL of anhydrous THF, and the resulting mixture was heated prepared in CDGlin 5-mm NMR tubes. Thé2Te NMR spectra

at 40°C for 15 min and then cooled to ambient temperature. Glacial yere recorded on a Varian Inova-400 NMR spectrometer at 126.289
acetic acid (0.5 mL) was added, and the resulting mixture was iz and 55°C. The spectral width for acquisition was set to 320
poured into a 10% by wt solution of HBEL00 mL). After 1 h of kHz with an acquisition time of 0.82 s. The data were collected
stirring, the precipitate was collected by filtration and washed ¢, 16K transients, with a pulse width of @& and a relaxation
copiously with HO and ether. The crude prod_uct was recrystallized delay of 3-4 s. The FIDs were transformed with an exponential
from equal volumes of CkCN/ether () to give 1292 mg (89%) jine proadening function of 1615 Hz. Samples were referenced
of 9-Te as bright green crystals, mp 29292 °C. "H NMR (400 relative to 2,6-diphenyltelluropyran-4-one as an external standard
MHz, CDsCN) 0 9.49 (s, broad, 1H), 8.26 (d d, 1H,J=1.2, 7.6 with a chemical shift ofy 553 relative to MgTe (0 0.0)36

Hz), 7.79 (tx d, 1H,J=1.2, 1.6, 7.6 Hz), 7.73 (k d, 1H,J = : . )
1.2, 1.6, 7.6 Hz), 7.66 (d, 2H, = 2.8 Hz), 7.28 (m, 3H), 6.76 (d Theoretical Methods. Most of the density functional theory

x d, 2H,J = 2.8, 10 Hz), 3.14 (s, 12H}3C NMR (75 MHz, CDs- (DFT) and time-dependent DFT (TDDFT) computations were

CN) 6 166.6, 153.1, 142.3, 140.4, 138.2, 133.9, 132.4, 131.3, 130.5 performed with TurbomoRé quantum chemical software, version

130.3, 122.4, 116.7, 115.9, 40 Bja(H-0) 595 nm € 7.1 x 10¢ 5.7.1. Molecular geometries were fully optimized at the DFT level
M-1 c}n—l)' ln‘]ax(CHZ&HZ) 596 nm €8.1x 10 M~ cmY); HRMS using the B3LYP hybrid functionl38 and the default Ahlrichs

(El) m'z 501.0835 (calcd for GH»aN,0,13Te: 501.0816). Anal. SVP Gaussian-type basis set from the Turbomole basis set library.

Calcd for GaH.aN,O,TePFRs: C, 44.76; H, 3.60; N, 4.35. Found: ~ Response calculations were carried out with the hybrid functionals
C, 44.42: H, 3.67: N, 4.24. B3LYP, BHLYP (50% exact exchange) and the non-hybrid (“pure”)

Julolidyl Telluroxanthylium Dye 3-Te. Telluroxanthones (75 functional BLYP using the default Ahlrichs TZV¥Phasis. Because
mg, 0.17 mmol) was dissolved in dry THF (10 mL). Phenylmag- the lowest-energy excitations in the compounds studied here are
nesium bromide (1 M in THF, 1.7 mL, 1.7 mmol, 10 equiv) was valence excitationsa( to z*), the use of a diffuse basis did not
added slowly, and the resulting mixture was heated at reflux for 1 Yield any improvements over the results obtained with the polarized
h. The reaction mixture was cooled to ambient temperature and valence tripleg TZVP basis.

10% aqueous HRRwvas added slowly, and the resulting mixture All optimizations and response calculations were performed with
was then poured into 400 mL of ice water. The resulting purple the conductor-like screening model (COSMQ)f solvation applied

precipitate was collected by filtration, washed with etherx(25 to the ground state. Solvent model parameters were configured using
mL), and recrystallized from C¥CN/ether to give 98 mg (89%)  the cosmoprep program of the Turbomole package. For optimiza-
of 3-Te as a purple solid, 218221 °C. 'H NMR (500 MHz, CD- tions, the dielectric constant of the solvent was set to 4.8; the

Clp) 6 7.59-7.56 (m, 3H), 7.49 (d, 1H) = 2.5 Hz), 7.41 (d, 2H, dielectric constants for response calculations were set to 1 (vacuo),
J=9.5Hz), 7.26-7.24 (m, 2H), 7.19 (s, 1H), 6.71 (d d, 1H,J 4.8 (chloroform), or 33.1 (methanol); all other solvent parameters
= 2.5,9.5 Hz), 3.50 (t, 2H) = 6.0 Hz), 3.47 (t, 2HJ = 6.0 Hz), were left at program default values. Default optimized COSMO
3.18 (s, 6H), 2.652.60 (m, 4H), 2.21 (q, 2H) = 6.0 Hz), 1.95 atomic radii were used. Orbital visualizations were done using
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