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Abstract: A new Bi—Li porphyrin sandwich compound,
LiBi(TPP), has been synthesized and characterized (TPP =
tetraphenylporphyrin). The unique molecular structure of
LiBi(TPP), is such that the Bi sits between the porphyrins
and is directed towards the Li. This complex was shown to
remain intact in solution by temperature-dependent 2D NMR
spectroscopy. In order to investigate the potential interaction
between these two metals, DFT calculations were used and
showed a Bi 6s orbital polarized towards Li which could be
indicative of a Bi—Li dative bond. This bond is remarkably
short, 2.87 A, and is among the shortest Bi—Li distances seen in
a small molecule.

Ring-opening polymerization of lactides (L, rac and meso)
by coordination complexes is a topic of considerable current
interest with regard to stereocontrol by the metal center with
its attending set of ligands.'™*! A limitation of the majority of
these catalyst systems lies in their mortality because of side
reactions with minor impurities such as water, oxygen, and
carbon dioxide and ligand scrambling.[**! In this regard the
commercial employment of tin(II) octanoate as a catalyst is
superior though it offers no stereoselectivity.[* In looking for
an alternative, we found that bismuth(III) in the form of
bismuth subsalicylate was comparable and that salen bismuth
alkoxides were more active though not immortal being
subject to ligand scrambling.” This prompted us to inves-
tigate the reactions of porphyrin bismuth alkoxides thinking
that the porphyrin ligand would be more chemically inert
compared to the Schiff base salen ligands. These findings will
be reported elsewhere, but during the course of these studies
we discovered the interesting green crystalline complex that
can be formed in high yield according to the reaction shown in
Equation (1). We report here on the molecular structure and

BiCl; 4+ 2 TPPH, + 4 LiN(SiMe; ), 2 RT. 20,
BiLi(TPP), + 3 LiCl + 4 HN(SiMe;),
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bonding in this complex, LiBi(TPP),, where TPP is tetraphe-
nylporphyrin (Figure 1).

Figure 1. Tetraphenylporphyrin (TPP).

The optimized synthesis of the titled compound, LiBi(TPP),
(1), involves the stochiometric reaction given in Equation (1).
The reaction must be carried out in a dry and oxygen-free
N, or Ar atmosphere with similarly purified solvents because
of the reactive nature of the reagents. The green crystals are
soluble in CHCl;, CH,Cl,, and tetrahydrofuran (THF) but not
appreciably soluble in hydrocarbons. Crystals suitable for
single-crystal X-ray studies were grown from CH,Cl, in
a refrigerator at —25°C. MALDI-TOF mass spectrometry
operating in the positive and negative ion modes gave the
Bi(TPP)* and Li(TPP)~ ions as parent ions, respectively. In
addition the molecular ion LiBi(TPP),"~ was observed.

NMR and UV/Vis spectral data are given in the Support-
ing Information. Elemental analyses were not performed
because partial loss of solvent molecules of crystallization
visibly occurs in a dynamic vacuum.

The solid-state structure of compound 1 crystallized in the
space group C2/c; there is one unique LiBi(TPP), ion pair and
CH,CI, disordered molecules of solvent within the unit cell. A
view of the molecular structure looking down the Li—Bi axis,
and a view of the central portion of the molecule (lacking
phenyl substituents for clarity) looking perpendicular to the
Li—Bi axis can be seen in Figure 2a and b, respectively.

The former view of the molecule emphasizes the stag-
gered nature of the porphyrin LiBi-Ng core which minimizes
steric hindrance of the eight phenyl groups. Figure 2b more
clearly demonstrates the close porphyrin-porphyrin ring
separation of about 3.5 A. This is not surprising given the
formal nature of the molecule as an ion pair involving
[Li(TPP)]™ and [Bi(TPP)]*. The Bi atom lies significantly out
of the N, plane of its porphyrin by 1.12 A. Given the ionic
radius of Bi*' this is hardly surprising and is commonly seen
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Figure 2. ORTEP representation of 1 viewed a) parallel and b) perpen-
dicular to the Li—Bi bond. Figure drawn at 50% probability. (gray=car-
bon, dark blue =nitrogen, light blue=lithium, orange =bismuth)
phenyl groups, hydrogen atoms, and solvent excluded for clarity.

for the heavier elements of the d block and the lanthanides. It
is also immediately obvious from Figure 2b that the Li atom is
also slightly out of the N, plane of its porphyrin by 0.58 A.
Bond distances around the Bi—Li core can be seen in Figure 3
and full details of the crystallographic data are given in the
Supporting Information with a summary of details in the
Experimental Section.
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Figure 3. Bond distances in A surrounding the Bi—Li core.
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One point of immediate interest is the Bi—Li distance of
2.874(8) A. Given that both Li and Bi are cations with formal
charges of +1 and + 3, respectively, one has to question
whether or not this distance is imposed by the ionic nature of
the ions Li(TPP)~ and Bi(TPP)" or is there a dative Bi—Li
bond involving the nonbonding Bi 6s orbital. To gain insight
into this matter we undertook electronic structure calcula-
tions employing the commercial programs provided by
Guassian.’!

DFT calculations were carried out on the model com-
pound involving the porphyrin-lacking phenyl substituents to
save on computational time and resources. The highest energy
occupied orbitals are associated with the Li(porphyrin)~ ion
not surprisingly given its negative charge and below these lie
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the frontier Bi(porphyrin)* orbitals. These sets of orbitals
arise from the filled m systems of the porphyrins (see the
Supporting Information). The HOMO-7, which is shown in
Figure 4, contains a polarized Bi 6s filled orbital with some 6p
mixing and is clearly directed at the Li* ion.

Figure 4. The filled frontier orbital HOMO-7 of model compound 1
from a side-on (left) and top-down (right) view.

This can be viewed as the dative Bi—Li bond which is
primarily a Li* polarized Bi lone pair. The calculated Bi—Li
distance of 2.81 A is close to that seen in the crystal structure
especially given the phenyl groups on the porphyrin were
omitted in the calculation. The calculated structure still
indicates that the Li* ion is out of the N, plane of the
porphyrin and one may ask why if there is a Bi—Li bond. The
answer lies in the fact that the porphyrin—porphyrin attraction
is more than can be sustained for a Bi—Li dative bond. The
repulsive energy curve of a bond rises much more steeply
upon compression because of core—core repulsion than the
attractive potential-energy curve rises with extension of the
bond length. This is why the WW quadruple bond is nearly
0.1 A longer than the MoMo quadruple bond in otherwise
identical molecules!'” even though the atomic radii of Mo and
W atoms are essentially identical because of the lanthanide
contraction. So the Li" ion is pushed slightly out of the plane
of its porphyrin by the repulsive core force of the Bi*" ion.
This notwithstanding the Bi—Li distance is remarkably short.
We know of no other immediately relevant comparison that is
available from crystallographic data banks. We do, however,
recognize that there are lithium bismuthide complexes of
formula LiBiR, where R is a bulky organic ligand. Here
bismuth is formally Bi** and it is quite reasonable to envisage
the bonding between Bi*" and the Li" ion involves the use of
a lone pair from bismuth in an sp® orbital with the BiR, group
being related to its lighter congeners NR,, PR,, and AsR, that
are well-known to form bonds to lithium. The Li-Bi distances
in these complexes range from 2.90 to 3.19 A.'"2I Certainly,
we would consider these as bonding distances and so in the
case of the complex LiBi(TPP), with a comparable distance it
seems fair to invoke the presence of a Bi—Li bond though
this may well not be the driving force for the formation of the
complex.

The proton NMR spectrum of compound 1 in CDCl; is
shown in Figure 5. The low-temperature spectrum is consis-
tent with two different porphyrins and restricted rotation
about the phenyl porphyrin carbon bonds as might be
expected because of steric factors. DOSY spectra are also
consistent with the LiTPP~ and BiTPP* ions being associated
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Figure 5. Variable-temperature "H NMR spectroscopy of 1in CDCl,.

in solution as a dinuclear species. 'Li NMR spectroscopy
reveals a sharp signal at 0 —14.3 ppm. This signal is
significantly shifted upfield, because of the ring current of
TPP. This shift is typical in Li porphyrin complexes.!"!

In the MALDI mass spectrum the parent LiBi(TPP), ion
is seen in both the positive and negative ion modes along with
BiTPP* and LiTPP~ in the positive and negative ion modes,
respectively. The latter constitute the most intense ions.

The electronic absorption spectrum is shown in the
Supporting Information where it is compared with that of
the free porphyrin. Electronic structure calculations on the
model compound 1 indicate an expected absorption due to
LiTPP~ to BiTPP* charge transfer. There is some solvent
dependence of the lower energy absorption at about 450 nm
which red shifts and decreases in intensity upon dilution in
CH,C)L. This may reflect dissociation of the ion pair. See the
spectra in the Supporting Information.

The complex LiBi(TPP), which may be considered as
a tight ion pair [Bi(TPP)]*[Li(TPP)] is present both in the
solid state and in solution. The solid-state structure has
a staggered porphyrin structure with virtual C, symmetry
which affords the favorable packing of the phenyl groups. The
variable temperature '"H NMR spectra indicate a dynamic
process at room temperature which is frozen out on the NMR
time scale below 0°C in CDCl;. The short Li—Bi distance of
2.874(8) A can be considered as a dative bond from the
Bi*' 6s? lone pair to the Li* ion. Whether this is a result of the
TPP-TPP ion pair formation or contributes significantly to
the assembly of the structure as observed is a matter of
conjecture at this time. However, attempts to prepare
a related complex NaBi(TPP), based on a reaction involving
NaN(SiMe;), in place of LiN(SiMe;), failed to yield a related
complex. The Na™ ion is roughly 0.2 A larger than the Li* ion
and notably less electrophilic and polarizing as is well seen in
their respective coordination chemistry with alkyl groups.
Thus a Bi—Na bond would be expected not only to be longer
but also weaker. We have not pursued the possible nature of
the species that might be formed in the reaction mixture
involving NaN(SiMe;), BiCl;, and TPPH, but quite possibly
a species of the form Na*(solvent) Bi(TPP),” could be
present. We have, however, obtained a similar structure to
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that of 1 for the compound LiBi(salen), which is prepared in
a related manner to 1" This also has a similarly short Bi—Li
distance and this result would seem to discount the view that
the short Bi—Li distance in 1 is due to the favorable m—x
stacking of the porphyrin ligands.

Experimental Section

In 30.0 mL of tetrahydrofuran 0.500 g (1.59 mmol) of BiCl;, 1.06 g
(6.34 mmol) LiN(SiMes),, and 1.95 g (3.17 mmol) of tetraphenylpor-
phyrin (TPPH,) were dissolved and the solution was stirred at room
temperature for 12 h. All the volatile components were removed in
vacuum and the crude product was dissolved in benzene. The
supernatant liquid was transferred to another Schlenk flask by
cannula and the solvent was removed in vacuum. The resultant crude
product was dissolved in a minimum amount of CH,Cl, and placed in
a freezer at —25°C. Green crystals were obtained in 70% yield.
Crystals suitable for single-crystal X-ray crystallography were
obtained by placing a concentrated CH,Cl, solution in a freezer at
—25°C for one month.

"H NMR (CDCl,, 500 MHz, room temperature): 6 =7.01 (bs, 4 H,
ArH),7.33 (d,4H, ArH), 7.42 (bs, 4H, ArH), 7.46 (t,4H, ArH), 7.70
(t, 4H, ArH), 7.77 (t, 4H, ArH), 7.88 (t, 4H, ArH), 7.96 (bs4H,
ArH), 8.40 (s, 8H, pyrroleH), 8.57 (s, 8H, pyrroleH), 7.78 (d, 4H,
ArH), 9.05ppm (bs, 4H, ArH). 'Li NMR (CDCl,;, ppm): 6=
—14.3 ppm.

MS(MALDI-TOF): Positive ion mode; m/z [TPPBIi]" calculated
821.21; found 821.41 and [BiLiTPP,]* calculated 1440.46; found
1440.43, Negative ion mode; m/z [TPPLi]~ calculated 619.25; found
621.88 and [BiLiTPP,]~ calculated 1440.46; found 1439.83.

Received: October 5, 2013
Published online: December 27, 2013

Keywords: coordination chemistry -
density functional calculations - structure elucidation -
X-ray diffraction

[1] P.J. Dijkstra, H. Du, J. Feijen, Polym. Chem. 2011, 2, 520—527.

[2] J. Wu, T.-L. Yu, C.-T. Chen, C.-C. Lin, Coord. Chem. Rev. 2006,
250, 602 -626.

[3] D.J. Darensbourg, O. Karroonnirun, Macromolecules 2010, 43,
8880 - 8886.

[4] M. H. Chisholm, K. Choojun, J. C. Gallucci, P. M. Wambua,
Chem. Sci. 2012, 3, 3445-3457.

[5] V. Balasanthiran, M. H. Chisholm, C.B. Durr, J. C. Gallucci,
Dalton Trans. 2013, 42, 11234 -11241.

[6] K. M. Stridsberg, M. Ryner, A.-C. Albertsson, Degradable
Aliphatic Polyesters, Springer, Berlin, 2002, pp. 41 -65.

[7] M. C. Tanzi, P. Verderio, M. G. Lampugnani, M. Resnati, E.
Dejana, E. Sturani, J. Mater. Sci. Mater. Med. 1994, 5, 393 -396.

[8] R. Mazarro, I. Gracia, J. F. Rodriguez, G. Storti, M. Morbidelli,
Polym. Int. 2012, 61, 265-273.

[9] Gaussian09, RevisionA.1, M.J. Frisch, G. W. Trucks, H. B.
Schlegel, G.E. Scuseria, M. A. Robb, J.R. Cheeseman, G.
Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakat-
suji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J.
Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y.
Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr.,
J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers,
K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K.
Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi,
M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B.

Angew. Chem. Int. Ed. 2014, 53, 15941597


http://dx.doi.org/10.1039/c0py00204f
http://dx.doi.org/10.1016/j.ccr.2005.07.010
http://dx.doi.org/10.1016/j.ccr.2005.07.010
http://dx.doi.org/10.1021/ma101784y
http://dx.doi.org/10.1021/ma101784y
http://dx.doi.org/10.1039/c2sc21017g
http://dx.doi.org/10.1039/c3dt50629k
http://dx.doi.org/10.1007/BF00058971
http://dx.doi.org/10.1002/pi.3182
http://www.angewandte.org

Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A.
Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox,
Gaussian, Inc., 2009.

[10] F. A. Cotton, C.F. Murillo, R. A. Walton, Multiple Bonds
Between Metal Atoms, Springer, Berlin, 2005.

Angewandte
imemationalediion . CEIMIE

[11] G. Linti, W. Kostler, H. Pritzkow, Eur. J. Inorg. Chem. 2002,
2643 -2647.

[12] O. Mundt, G. Becker, M. Rossler, C. Witthauer, Z. Anorg. Allg.
Chem. 1983, 506, 42—-58.

[13] H. Brand, J. A. Capriotti, J. Arnold, Inorg. Chem. 1994, 33,
4334 -4337.

[14] V. Balasanthiran, M. H. Chisholm, C.B. Durr, unpublished
results.

Angew. Chem. Int. Ed. 2014, 53, 15941597 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 1597


http://dx.doi.org/10.1002/1099-0682(200210)2002:10%3C2643::AID-EJIC2643%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1099-0682(200210)2002:10%3C2643::AID-EJIC2643%3E3.0.CO;2-2
http://dx.doi.org/10.1002/zaac.19835061106
http://dx.doi.org/10.1002/zaac.19835061106
http://dx.doi.org/10.1021/ic00097a021
http://dx.doi.org/10.1021/ic00097a021
http://www.angewandte.org

