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The hydrocarbon perylene (CxH32) has been crystallized, and several of its radical anions
and dianion salts have been prepared by reduction with various alkali metal mirrors under
argon and aprotic conditions in different ether solvents. The single-crystal structures
determined at low temperature are discussed in terms of single and double negative charge
perturbation based on geometry-optimized density functional calculations at the B3LYP level
with6-31G*basissets. Allperyleneradical anionsalts [CyoH1][M™son]and [CaoH12**+*CooH12] [M T son]
crystallize as solvent-separated ion pairs, whereas the structures of the perylene dianion
salts [CaoH12%2 " (M sov)2] oF [CooH122 "][MTson]2 strongly depend on the optimum solvation of
the alkali metal countercations. The experimental results allow the rationalization of
essential facets of the network of redox equilibria in solution.

Introduction

Multiple reductions of unsaturated hydrocarbons in
aprotic solution proceed via a multidimensional network
of electron transfer contact ion formation and cation
solvation equilibria.! By comparison of single-crystal
structural data with results from NMR, ESR, or UV/
vis measurements, it often becomes obvious that solid-
state structures of organometallic complexes largely
represent the species in solution.2® Single crystals

* To whom correspondence should be addressed.

T Permanent address: Institute of Organic Chemistry and Biochem-
istry of the Czech Academy of Sciences, Flemingova Nam 2, CS-11610
Prague 6, Czech Republic.

(1) General reviews: (a) Marcus, Y. lon Solvation; Wiley: Chich-
ester, 1985. (b) Swarc, M., Ed. lons and lon Pairs in Organic Reactions;
Wiley-Interscience: New York, 1972 and 1974; Vols. 1 and 2. (c) Inoue,
Y., Gokel, G. W., Eds. Cation Binding by Macrocyles; Marcel Dekker:
New York, 1990. (d) Lubitz, W.; Plato, M.; Mébius, K.; Biehl, T. J.
Chem. Phys. 1979, 83, 3402. (e) Bock, H.; Herrmann, W.-F.; Fenske,
D.; Goesmann, H. Angew. Chem. 1988, 100, 1125; Angew. Chem., Int.
Ed. Engl. 1988, 27, 1067. (f) Bock, H.; Herrmann, H.-F. 3. Am. Chem.
Soc. 1989, 111, 7622. (g) Smid, J.; Hogen-Esch, T. E. 3. Am. Chem.
Soc. 1966, 88, 307.

(2) Reviews on alkali metal organic compounds: (a) Bock, H.;
Ruppert, K.; Nather, C.; Havlas, Z.; Herrmann, H.-F.; Arad, C.; Gdbel,
1.; John, A.; Meuret, J.; Nick, S.; Rauschenbach, A.; Seitz, W.; Vaupel,
T.; Solouki, B. Angew. Chem. 1992, 104, 565; Angew. Chem., Int. Ed.
Engl. 1992, 31, 550. (b) Schade, C.; Schleyer, P. v. R. Adv. Organomet.
Chem. 1987, 27, 169. (c) Setzer, W. N.; Schleyer, P. v. R. Adv.
Organomet. Chem. 1985, 24, 353.

(3) Selected examples on alkali metal cation solvation phenomena:
(a) Nather, C.; Bock, H.; Claridge, R. F. C. Helv. Chim. Acta 1996, 79,
84. (b) Bock, H.; Nather, C.; Ruppert, K.; Havlas, Z. J. Am. Chem. Soc.
1992, 114, 6907. (c) Bock, H.; Nather, C.; Havlas, Z.; John, A.; Arad,
C. Angew. Chem. 1994, 106, 931; Angew. Chem., Int. Ed. Engl. 1994,
33, 875. (d) Bock, H.; Nather, C.; Ruppert, K. J. Chem. Soc., Chem.
Commun. 1992, 765. (e) Bock, H.; Nather, C.; Havlas, Z. 3. Am. Chem.
Soc. 1995, 117, 2869. (f) Bock, H.; John, A.; Kleine, M.; Nather, C.;
Bats, J. W. Z. Naturforsch. B 1994, 33, 529. (g) Bock, H.; John, A.;
Nather, C.; Ruppert, K. Helv. Chim. Acta 1994, 77, 1505. (h) Bock, H.;
John, A.; Nather, C. J. Chem. Soc., Chem. Commun. 1994, 1939. (i)
Bock, H.; John, A.; Nather, C. Helv. Chim. Acta 1994, 77, 41. (j) Bock,
H.; John, A.; Nather, C.; Havlas, Z. Z. Naturforsch. B 1994, 49, 1339.
(k) Bock, H.; Gharagozloo-Hubmann, K.; Nather, C.; Nagel, N.; Havlas,
Z. Angew. Chem. 1996, 108, 720; Angew. Chem., Int. Ed. Engl. 1996,
35, 631.

S0276-7333(97)00610-9 CCC: $15.00

grown from aprotic solutions, therefore, yield not only
anionic intermediates exhibiting distorted molecular
skeletons but also information on cation solvation or
aggregation phenomena and, therefore, provide insight
into ion pairing in solution.?3

For instance, after reduction of pyrene in diethyl ether
solution at a sodium metal mirror, a second polymorphic
modification of the contact ion pair pyrene sodium
diethyl ether can be crystallized at higher temperature
(A, below):3

Compared to the already known structure (B in (1))
crystallized at lower temperature,* the sodium coun-
tercations coordinate to two different positions of the
pyrene ring. The information from temperature-de-
pendent ESR studies of the pyrene radical anion in
diethyl ether alkali metal countercation systems® are
in full accord with the results from the single-crystal
structure analysis.

Another solvation segment of these equilibria net-
works,?3 from which both the solvent-shared and the
solvent-separated ion multiples crystallize simulta-
neously in a 1:1 stoichiometric ratio, becomes structur-
ally visible on reduction of 1,1,4,4-tetraphenylbutadiene

(4) Jost, W.; Adam, M.; Enkelmann, V.; Millen, K. Angew. Chem.
1992, 104, 883; Angew. Chem., Int. Ed. Engl. 1992, 104, 883.

(5) (a) Claridge, R. F. C.; Kirk, C. M. J. Chem. Soc., Faraday Trans.
11977, 73, 343. (b) Claridge, R. F. C.; Kirk, C. M.; Peake, B. M. Aust.
J. Chem. 1973, 26, 2055.

© 1998 American Chemical Society

Publication on Web 09/15/1998



Downloaded by CARLI CONSORTIUM on June 30, 2009
Published on September 15, 1998 on http://pubs.acs.org | doi: 10.1021/0m970610g

4708 Organometallics, Vol. 17, No. 21, 1998

in aprotic dimethoxyethane solution at a sodium metal
mirror (A, below):3b

)

[Cost22NafCigOk] 2 [INa(CiH1gOB1]" +  [CagHez]
8 © (D)

All components of the aprotic equilibrium network, the
solvent-shared disodium 1,1,4,4-tetraphenylbutadiene
dimethoxyethane (B in (2)) and the tris(dimethoxy-
ethane) sodium (C in (2)) as well as “naked” 1,1,4,4-
tetraphenylbutadiene dianion (D in (2)) are clearly
recognizable in the 1:1 stoichiometric, densly packed
crystal (A in (2)).3b

Cation solvation phenomena can be advantageous in
the crystallization of specific contact ion multiples:3¢

(solv)
(A) Caothz + IMI, === Caoth2™ + [M* ]

——

L/\ 3

(8) ©)
[CooHr3™=*M* ] [CaoHiz™] + [M*,]

One-electron reduction of unsaturated z-hydrocarbons,
for example CxoH12, in aprotic solution (solv) at an alkali
metal mirror [M]x will produce the corresponding z-hy-
drocarbon radical anion (CxHi2*") in a solvent-sepa-
rated ion pair (C in (3)), if an extensive delocalization
of the negative charge prevents contact ion formation
at a preferred, negatively charged center.22 In suitable
and preferentially multidendate ether solvents, opti-
mally ether-solvated metal cations (4) are formed in
salts with several z-hydrocarbon anions:

O]

The solvent-separated, “naked” sz-hydrocarbon radical
anions can be studied without any disturbing influence
of the countercations.® In contrast, with less effective
solvents, such as spatially demanding THF, solvent-
shared contact multiples result, as exemplified by the
contact ion quintuplet of rubrene tetraanion [Cso-
Hag*~(Na'(THF),)4].3¢ These and numerous other re-
sults demonstrate that, in systematic, solvent-depend-
ent studies, conditions can be optimized for the specific
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crystallization of z-hydrocarbon radical anion or dianion
salts, either as solvent-separated or solvent-shared
contact ion multiples.?3

Here we report the structures of several alkali metal
cation salts of the perylene radical anion and dianion,
prepared by reduction of the -hydrocarbon with various
alkali metals in aprotic ether solvents (5):

\(

2, -
M+(SO|V)X M*(SON)),

Solvent  [M*(CooH1o)xMECaoH1a x (5)
DME Li* 3[Na* 2
K* 2
Diglyme Na* 2
Triglyme Na* 2
K* 2
Tetraglyme| Cs* 2 |Nat 2

For comparison, the structure of the z-hydrocarbon
perylene has been redetermined. In addition, the
structures of the different metal perylene anion salts
are discussed, along with the structural changes of
perylene on its reduction based on the results of density
functional calculations.

Experimental Section

Methods and Materials. All operations were performed
under argon using Schlenk techniques. The solvents dimethoxy-
ethane and n-hexane were redistilled from Na/K alloy; dig-
lyme, triglyme, and tetraglyme were of commercial purity. For
sodium or potassium reductions, the metals were carefully
cleaned, and a reactive metal mirror was generated by
distillation in a Schlenk tube at 107® mbar. Lithium was
activated by additional ultrasonication, and cesium metal was
of CHEMETALL purity grade.

Perylene Crystallization. Perylene (500 mg, Aldrich) was
sealed in an evacuated glass tube, heated for 3 d above its
melting point, and cooled slowly. The resulting yellow-orange
crystals exhibited satisfactory diffraction properties.

Perylene Lithium Tris(dimethoxyethane). Perylene
(300 mg), 10 mL of dry dimethoxyethane, and an excess of
lithium were placed into a Schlenk tube. After short ultrasonic
activation, the solution turned blue, and within 1 d blue
crystals formed.

Perylene Potassium Bis(triglyme). A potassium metal
mirror was generated from 300 mg of K in a Schlenk tube. On
addition of 280 mg of perylene and 15 mL of triglyme, a blue
reaction mixture formed. After all potassium metal had been
consumed, the solution was covered with an n-hexane layer,
and within 1 h green-blue crystals formed.

Perylene Cesium Bis(tetraglyme). Cesium metal (300
mg), 260 mg of perylene, and 17 mL of tetraglyme were allowed
to react in a Schlenk tube under argon for several days. After
complete reaction of the cesium metal, the resulting solution
was covered three times with a layer of n-hexane, and within
8 h dark blue crystals formed.

Bis(perylene) Sodium Bis(triglyme). A sodium metal
mirror was generated from 200 mg of Na in a Schlenk tube.
After addition of 300 mg of perylene and 10 mL of triglyme,
the reaction mixture was activated by ultrasonication, and the
solution was covered several times with a layer of n-hexane.
Within 3 d, yellow crystals formed.

Perylene Dipotassium Tetrakis(dimethoxymethane).
A potassium metal mirror was generated in a Schlenk tube
from 300 mg of K. After addition of 300 mg of perylene and
10 mL of dimethoxyethane, the reaction mixture turned first
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Table 1. Crystal Data and Structure Refinement for Perylene and Some of Its lon Pairs

LiCaoH1, KCa2oH12 CsCaoH12 Na(CzoH12)2 K2C20H12
CaoH12 (C4H1002)3 (CgH1804)2 (C10H2205)2 (CgH1804)2 (C4H1002)4
MW (g cm~3) 252.3 545.7 647.8 829.8 884.1 691.0
a(A) 10.270 (1) 17.584 (3) 13.734 (1) 20.600 (2) 12.001 (1) 9.140 (3)
b (A) 10.839 (1) 13.031 (3) 12.237 (6) 30.752 (2) 16.870 (1) 17.047 (6)
c (A 11.278 (1) 14.972 (3) 20.259 (2) 12.729 (1) 23.201 (1) 11.449 (4)
g 100.53 (1) 121.72 (1) 93.19 (4) - - -
V (A 1234.4 2918.1 3399.5 8064.0 4697.4 1783.2
T (K) 293 120 130 130 150 90
Z 4 4 4 8 2 2
Ober 1.353 1.401 1.266 1.367 1.250 1.287
u (mm~t 0.07 0.08 0.21 0.97 0.09 0.31
crystal system monoclinic monoclinic monoclinic orthorhombic orthorhombic monoclinic
space group P2i/c C2/c P2i/c Fdd2 Pcen P2:/n
diffractometer STOE STOE Siemens Siemens STOE STOE
26 range (deg) 3=<260=<55 3 <20 =50 3=<260=<48 3 <20 =58 3 <20 =52 3 <260 =50
measured reflns 4144 3618 5825 7582 8387 4353
int 0.0173 0.0174 0.0318 0.0273 0.0165 0.0231
independent refins 2841 2574 5278 5358 4645 3148
reflns used 2841 2574 5277 5358 4645 3071 > 50
refins | < 4o (1) 1178 1953 3668 4577 2685
parameters 182 232 797 231 297 313
WR; for all data 0.1287 0.1254 0.1052 0.1051 0.1153
R for Fy, < 40 (Fo) 0.0422 0.0439 0.0428 0.0413 0.0403 0.0467 > 50
GOF 0.915 1.065 1.032 1.052 0.980 1.198
res elect dens 0.15/-0.12 0.38/—0.33 0.23/-0.21 0.94/—-0.49 0.25/-0.20 0.31/-0.28

blue and then dark violet. After all potassium metal had
reacted, the solution was covered with a layer of n-hexane,
and within 1 d blue-violet crystals formed.

Crystal Structure Analysis. All crystal structures were
determined using a four-circle diffractometer, STOE AED-II
or Siemens P4, with Ka radiation. Structures were solved
using direct methods (SHELXS-86), and refinement was
acomplished against F? using SHELXL-93, except for perylene
dipotassium tetrakis(dimethoxyethane), for which SHELXTL-
PC was used. All heavy atoms were refined anisotropically.
The hydrogen centers were placed in ideal positions and
refined isotropically using the riding model (Table 1).

For perylene cesium bis(tetraglyme), the absolute structure
cannot be determined: the Flack parameter refined to a value
of 0.52(3). The pseudocentrosymmetric structure can be solved
in the centrosymmetric space group Fddd, but the radical
anion is disordered in two different orientations. In addition,
the extinction conditions for Fddd are not completely fulfillled.

Density Functional Calculations. All calculations were
performed using the program GAUSSIAN 94 at the B3LYP
level with a 6-31 G* basis set on the NEC SX-4 computer of
the high-performance computing center in Stuttgart.

Crystal Structures

Perylene. The fg-form is the thermodynamically
more stable of the known dimorphic modifications at
room temperature.® Its diffraction data, however, have
been recorded only at relatively low resolution. For a
more detailed structural comparison with both its
radical anion and its dianion, therefore, the structure
of the a-form of perylene has been redetermined using
crystals obtained by sublimation.

Bond lengths and angles of perylene (Table 4) are
comparable to those obtained by electron® diffraction.
It exhibits a planar molecular skeleton, with the largest
deviations of the individual centers amounting to +0.39
A. Both naphthalene subunits are only negligibly
twisted by 0.80(5)°, although their C—C distance of 1.48
A corresponds almost to a single bond (Table 4).

Radical Anion Salts. Structures of four perylene
radical anion (CyoHix*") salts listed in (5) will be
presented, all of which are solvent-separated ion pairs
(Figure 1 and Table 2).

(6) (@) Tanaka, J. Bull. Chem. Soc. Jpn. 1963, 36, 1237. (b)
Cameraman, A.; Trotter, J. Proc. R. Soc. London, Ser. A 1964, 279,
129. (c) Kerr, A. K. Acta Crystallogr. 1966, A21, 119.

Table 2. Distances M*:::O (A) in Solvent-
Separated lon Pairs of Perylene Radical Anions

i(1) - O(3) 2.105 (3)

Li(1) -O(3A)  2.105 (3)

i ge  Li(1) - O(1) 2.124 (1)

=0 Lj(1)-O(1A)  2.124 (1)

; Li(1) - O(2) 2.136 (3)

ot Li(1) - O(2A)  2.136 (3)

(1) - O(4) 2699 (2)

(1) -0(8) 2.706 (2)

(1) - O(5) 2719 (2)

(1) -0(1) 2.725 (2)

(1) -0(3) 2.806 (2)

(1) -0@7) 2.813 (2)

(1) -0(2) 2.845 (2)

(1) - 0(6) 2.864 (2)

(©) Cs(1)-O(1A)  3.044 (B)
NN Cs(1)-0(1) 3.044 (6)
P Vo CS(1)-003) 3.058 (2)
Youa X Cs(1)-O(3A)  3.058 (2)
N eat™}, Cs(1)-0() 3.076 (6)
P 4V Cs(1)-0(5A)  3.076 (6)
N 7%, Cs(1)-O(A)  3.257 (5)
Yo ¥* Cs(1)-0O(4) 3.257 (5)
NN Cs(1)-0(2A)  3.268 (5)

; Cs(1)- O(2) 3.268 (5)

© - Na -O(1) 2539 (2)
m,,/ \5"\ Na -O(2) 2746 (2)

.\ Na -0(3) 2603 (1)

o W/ Na -0 2.494 (2)
o ® ‘Q Na -O(1A) 2539 (2)
N Na -0@RA) 2746 (2)

. 40, Na -O(A) 2603 (1)
R / Na -O(4A) 2494 (2)

Special facets of the individual derivatives (Experi-
mental Section) are as follows:

Perylene Lithium Tris(dimethoxyethane). The
air- and moisture-sensitive crystals of the solvent-
separated ion pair crystallize in the monoclinic space
group C2/c with four formula units in the cell. In the
crystal structure, the solvent-wrapped cations are lo-
cated in channels parallel to the c-axis, built up of
radical anions (Figure 1A). Each metal complex is
surrounded by four radical anions and every Li* coun-
tercation within an distorted octahedron by six oxygen
centers of three DME solvent molecules with Li*--O
distances between 2.105(3) and 2.136(3) A (Table 2A).
The structure of the perylene radical anion exhibits
small but significant differences relative to the perylene
molecule: The central C—C bond between the naph-
thalene subunits is shortened by 0.029 A to 1.447(3) A,
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Table 3. M*---O and M*---C Distances (A) in
Contact and Solvent-Separated lon Pairs of
Perylene Dianions

. g i
o K(1) - .
SN R —e K§1; 1C(3y 3338 (2
~ o | /" N\ K1) -CA) 3521 (2)
1 O A \ / K(1) -C(9) 3380 (2)
25, @ks T et K(1) - C(10) 3.090 (2}
NN \ K(1) -0(1) 2714 (2)
= o K(1) -0(2) 2.884 (2)
e e o N K(1) -0(3) 25678 (2)
TEETRE=E AR K(1) -O(4) 2.908 (2)
0(2) - K(1A)  2.956 (2)
Na(1) -C(1) 2.681 (2
® —_ S Na§1§ -cgzg 3.006 533
Lm \ e/ we¥e  Na(1) -C(9) 3.105 (2)
K ECREpr '”\ / Na(1) - C(10) 2.703 (2)
o g ey s Na(1) - O(1) 2.447 (2)
Nat / \ﬂ Na(1) - O(2) 2.343 (2)
oL N i
_— Coty m—ihcy a(1) - .
ST, 4 (1) -O(4) @
\ Na(2) - C(11) 2.705 (2)
~ °“/~>—;"\°" Na(2) - C(12) 2.871 (2)
s 2B\ end 7 2 Na(1) - C(13) 3.079 (3)
=g S~ : / Na(2) - C(19) 3.003 (2)
Onaz cwi—%n  Na(2) - C(20) 2.734 (2)
7/ N\_ Na@)-0(5) 2374 )
&N e Na(@)-O(6) 2426 (2)
S —s—w cer—den  Na(2) - O(7) 2.408 (2)
A= T / Na(2) - O(8) 2.408 (2}
© N ap—&  Na(1) -C(4) 3.087 (1
o/, 8 =l Na) (G 5382 (1)
) \ /7 Na(1)-O(1) 2520 (1)
M@l w o—de Na(1) -O(2) 2382 (1)
& T _/ _ Na(1) - O(3) 2497 (1)
O = + Na(1) -C(4) 2487 (1
SESRTS c}<—€ Na§1g CES; 2.395 213
(D) Na(1) -O(1) 2.353 (4)
\ . Na(1) - O(2) 2.378 (3)
= \or Na(1) - O(3) 2.395 (3)
N Na(1) - O(4) 2.384 (3)
S / O \ Na(1) - O(5) 2.370 (3)
Lo 2 / / Na(1) - O(6) 2.429 (3)
"\ ; § S s \011 Na(2) - O(7) 2.349 (4}
e\ 768 Na(2) - O(8) 2.470 (4
N /T N g NaEz§ -059; 2.460 Esi
Na(2) - O(10) 2.353 (4)
Na(2) - O(11) 2.505 (3)
Na(2) - O(12) 2.353 (3)

and the adjacent bond C1—C10 (5) is elongated by 0.033
A to 1.413(3) A (Table 4). The molecular skeleton
remains planar within experimental error, and the
largest deviation of individual centers from the mean
plane amounts to 0.02 A.

Perylene Potassium Bis(triglyme). In the solvent-
separated perylene radical ion salt, the potassium
countercation is surrounded by two triglyme molecules.
In its crystal structure (monoclinic, P2:/c, Z = 4), the
radical anions as well as the solvent-wrapped K*
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countercations alternate along the b-axis perpendicular
to the radical anion layers (Figure 1B). The 8-fold
O-coordinated K* countercations exhibit K*---O dis-
tances between 2.699(2) and 2.864(2) A (Table 2B). The
perylene radical anion (Table 4) is twisted by an
interplanar angle of about 7° between the naphthalene
subunits.

Perylene Cesium Bis(tetraglyme). In the crystal
structure (orthorhombic, Fdd2, Z = 8), the radical
anions as well as the solvent-wrapped cations are
alternatingly stacked along the b-axis (Figure 1C). The
bis(tetraglyme)-solvated cesium countercation is 10-fold
O-coordinated, with Cs™---O distances between 3.044-
(6) and 3.268(5) A (Table 2C). The interplanar angle of
about 13° between the naphthalene subunits of the
perylene radical anion is significantly increased.

Bis(perylene) Sodium Bis(triglyme). From a tri-
glyme solution of perylene in contact with a sodium
mirror, green crystals formed. These contain one trig-
lyme-solvated Na* countercation and two crystallo-
graphically independent perylene molecules. In the
crystal (orthorhombic, Pccn, Z = 2), stacks of perylene
molecules and triglyme-separated sodium cations al-
ternate along the c-axis (Figure 1D and Table 2D). In
the channels between these stacks, a second perylene
molecule is located. Both perylene molecules are ori-
ented nearly perpendicular to each other with an
intermolecular distance between a C—H hydrogen from
one perylene molecule to the mean plane of the second
perylene molecule of 2.72 A (A in (6)), which bisects one
hydrocarbon (B in (6)) close to the countercation (Figure
1D).

Bond distances and angles in the two crystallographi-
cally independent perylene molecules differ significantly
(Table 4) and, according to the density functional
calculations performed (cf. Experimental Section), ex-
hibit deviating charge distributions. The perylene radi-
cal anions form the stacks, and the neutral perylene

Table 4. Selected Bond Lengths (A) and Angles (deg) for Perylene, Its Radical Anion, and Its Dianion
Salts (All Structural Parameters Averaged Assuming 2/m Symmetry)2

[CaoH127] [CaoH12*"+++CaoH12], [CaoH12?"]
LiCoH12 KCzH12 Cs CaoH12 Na(CzH12)2 NaxCapoHiz  NaxCaHiz  KaCoHiz  KoCooHip
CooHiz  (C4H1002)3  (CeHi1804)2  (C10H220s)2 (CgH1804)2 (CeH1403)s  (C10H2205)2  (CaH1002)s  (CgH1504)2
1-2 1.394 1.381 1.383 1.387 1.400, 1.387 1.376, 1.376 1.363 1.374 1.381
2—-3 1.355 1.378 1.370 1.370 1.363, 1.378 1.394, 1.396 1.390 1.397 1.394
3—4 1.410 1.413 1.409 1.408 1.417,1.412 1.418, 1.419 1.401 1.419 1.417
bond length 4-5 1.426 1.443 1.439 1.445 1.430, 1.449 1.454, 1.452 1.465 1.457 1.456
(A) 5-6 1.429 1.431 1.426 1.422 1.431, 1.430 1.436, 1.438 1.430 1.436 1.436
1-6 1.380 1.413 1.407 1.419 1.386, 1.415 1.442, 1.440 1.447 1.439 1.435
6—7 1.476 1.447 1.445 1.439 1.478, 1.448 1.432, 1.430 1.413 1.432 1.430
esd 0.003 0.003 0.004 0.009 0.003, 0.002 0.003, 0.003 0.008 0.002 0.002
angle (deg) 1-2—-3 120.6 121.1 121.0 121.4 120.6, 121.0 121.6, 121.5 121.7 121.9 121.4
2—-3—4 120.7 120.7 120.8 120.9 120.7,121.1 120.8, 120.7 121.3 120.5 120.9
3—4-5 119.1 119.0 119.0 118.7 119.1, 118.8 118.7,118.8 118.6 118.6 118.6
4-5—-6 119.3 119.4 119.3 119.6 119.3, 119.2 119.7, 119.7 119.2 119.7 119.5
5-6—-1 1185 118.4 118.7 118.7 118.7, 118.9 118.4,118.4 118.5 118.5 118.6
5-6—7 119.3 119.4 119.9 117.9 119.1, 119.3 119.7, 119.7 119.2 119.7 119.5
esd 0.2 0.2 0.2 0.5 0.2,0.2 0.2,0.2 0.5 0.1 0.2

a For atom numbering, cf. Scheme 5.
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(B) [K"(Triglyme)z] [C2oHi3 ]:

Sz,

(D) [Na*(Triglyme)z] [C2oHi3-+-C2oH1a]:
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Figure 1. Crystal structures of perylene radical anion
salts: (A) perylene lithium tris (dimethoxyethane), (B)
perylene potassium bis(triglyme), (C) perylene cesium bis-
(tetraglyme), and (D) bis(perylene) sodium bis(triglyme) (cf.
text).

molecules are located between them. In the triglyme-
solvated countercations, distances Na':--O between
2.494(2) and 2.746(2) A (Table 2D) are found.

Perylene Dianion Salts. Four perylene dianion
salts have been crystallized and structurally character-
ized ((5) and Experimental Section); all represent solvent-
shared contact ion triplets (Figure 2 and Table 3).
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(A) [(DME)K" - [C20Hiz ]--K* (DME).]..
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(C) [(Tetraglyme)Na™--[C20Hiz]--Na*(Tetraglyme)]

(D) [(Diglyme).Na"--[C20H7z]-"Na"(Diglyme).]
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Figure 2. Crystal structures of perylene dianions: (A)
perylene dipotassium tetrakis (dimethoxyethane), (B)
perylene disodium tetrakis(dimethoxyethane), (C) perylene
disodium bis(tetraglyme) and (D) perylene disodium tet-
rakis(diglyme).

Perylene Dipotassium Tetrakis(dimethoxyeth-
ane). In the crystal structure (Figure 2A), the potas-
sium cations of the contact ion pairs are solvated by
three different dimethoxyethane molecules and form a
one-dimensional solvate structure in the direction of the
c-axis. Each K* countercation (7) is connected to one
perylene dianion molecule and to five oxygen centers of
three DME molecules (Table 3A): one of them coordi-
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Table 5. Measured and Calculated Bond Lengths
(A) for Perylene, Its Radical Anion, and Its
Dianion (Experimental Values Averaged for All
Structures Determined)

CaoHi2 [CaoH12"] [CaoH1227]
exp calc exp calc exp calc
139 140 138 139 137 138

1-2
2-3 136 137 137 139 137 138
3—4 141 142 141 142 141 142
4-5 143 143 144 145 146 146
5-6
1-6
6—7

143 143 143 143 144 144
1.38 139 141 142 144 144
148 148 144 145 143 144

nates to only one K*, whereas the two other DME
ligands bridge two symmetry-equivalent countercations
with distances K*++-O between 2.678(2) and 2.956(2) A.

5 T
. /7% (y i 04?""“
Z“’/U S L mi&gm ~o3A

kP
K@~ — QKA

a_i ',\;%:‘ »d 5
“Sioa X D

0

The 5%-coordinated K™ countercations are located un-
symmetrically about 2.83 A above the ring center with
contact distances K*---C varying between 2.994(2) and
3.521(2) A (Table 3A).

Perylene Disodium Tetrakis(dimethoxyethane).
The crystal contains two crystallographically indepen-
dent sodium complexes in the asymmetric unit (Figure
2B), which differ significantly in their oxygen coordina-
tion spheres: the Na*---O distances are between 2.343(2)
and 2.447(2) A for Na1, which is only #*-coordinated to
one phenyl ring, and between 2.374(2) and 2.426(2) A
for Na2 (Table 3B), which exhibits five Na*---C contacts
to the perylene dianion. Both six-membered rings are
unsymmetrically coordinated with Nal---C distances
between 2.681(2) and 3.105(2) A and Na2--C between
2.705(2) and 3.079(3) A (Table 3B). The structural
parameters for the two crystallographically independent
perylene dianions are identical within experimental
error (Table 4). Expectedly, the perylene dianion struc-
ture deviates significantly from that of the neutral
perylene molecule: the central C—C bond between the
naphthalene subunits is shortened by 0.046(3) to 1.432(3)
A and the adjacent bond C1—C6 elongated by 0.060(3)
to 1.440(3) A (Table 3B and Table 4). The perylene
dianion is planar within experimental error, and the
largest deviation of a center from the molecular mean
plane amounts to about 0.08 A.

Perylene Disodium Bis(tetraglyme). In the pres-
ence of the pentadentate oxygen ligand tetraglyme, the
perylene disodium salt crystallizes as a contact ion triple

Nather et al.

(Figure 2C). The Na' countercations are coordinated
to all five oxygen centers of each solvent molecule with
Nat:--O distances between 2.382(1) and 2.520(1) A
(Table 3C) and, therefore, shifted to the peripheral
centers of the perylene dianion, exhibiting two different
Nat:+-C contacts of 2.793(1) and 3.087(1) A.

Perylene Disodium Tetrakis(diglyme). The crys-
tal structure (Figure 3D) shows two independent Na*
countercations in the asymmetric unit, each surrounded
by three oxygen centers of two diglyme molecules with
Nat1---O distances between 2.353(4) and 2.429(3) A and
Nat2---O between 2.349(4) and 2.505(3) A (Table 3D).

Discussion

Charge Perturbation in Perylene Radical Anion
and Dianion. Comparison of the nine structures
determined at low temperature (Experimental Section,
Table 1), which includes the improved one of the neutral
perylene molecule, reveals significant changes of the
geometry from the neutral molecule on going from the
radical anion to the dianion. The charge perturbation
affects especially the bond lengths, whereas the bond
angles remain largely constant: the C—C bond between
the naphthalene subunits is shortened from 1.48 A in
perylene to 1.45 A in the radical anion and to 1.43 A in
the dianion (Table 4). The outside ring bonds, such as
2—3to 1—6, are elongated by up to 0.03 A in the radical
anion and by up to 0.06 A in the dianion (Table 4).
Expectedly, the overall changes are relatively small on
one-electron reduction but, in general, are substantial
on two-electron insertion.

Density Functional Calculations. Additional in-
formation on the structural perturbation due to radical
anion and dianion formation as well as on the density
distribution of individual perylene salts, especially
concerning the solvate [(triglyme),Nat][CaoH12"+**Ca0H12],
is provided by DFT calculations at the B3LYP level
starting from the single-crystal structural data (Experi-
mental Section). In general, the geometry changes
observed on electron insertion into the perylene z-hy-
drocarbon are reproduced. The experimentally deter-
mined and the calculated bond lengths agree within 0.01
A (Table 5). The gas- phase electron affinities CxoH12
+ e~ = CyoH1'™ + e~ CyH12™ are approximated by
DFT total energy differences for additionally geometry-
optimized structures CyoHjz, CaoH12*~, and CyoH122~ to
about —51 and —243 kJ mol~1. For increasing electron
insertion, however, only small changes in the DFT
charge populations are predicted (Table 6), which, on
the other hand, parallel to the small structural distor-
tions observed (Table 5) between perylene, its radical
anion, and its dianion. Unexpectedly small differences
are also calculated for the tremendous changes in cation
solvation, as shown by the structures determined for
the individual contact ion pairs with sodium counter-

Table 6. Charge Distribution in Perylene, Its Radical Anion, and Its Dianion Bond

Qu c1 c2 c3 ca cs5 c6 H
H
=1 i CaoH12 —0.23 -0.13 ~0.20 +0.13 +0.02 +0.09 +0.13
C3l c H
on CaoH122 —0.23 ~0.13 —0.24 +0.15 0 +0.05 +0.08
CaoH12? —0.24 ~0.13 -0.28 -0.17 -0.2 +0.02 +0.02
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cations (Figure 2 and Table 3B, C, and D):% the Na*
contact to the perylene dianion surface is reduced from
7% in the 4-fold O-coordinated [---"(DME),] (A in (8)), to
n? in the O-pentacoordinated [--*Na™(tetraglyme)] (B in
(8)), to zero in the solvent-separated ion pair with the
countercation [Na*(triglyme);] (C in (8)).

(8)

For both solvent-shared contact ion triples of different
Na*™ — C, hapticity, almost identical perylene dianion
charges of —1.34 and —1.40 (A and B in (8), O) are
calculated; a considerable increase to —1.64 results only
on dianion/cation separation (C in (8)). The Na* charges
remain constant between 0.31 and 0.33, whereas the
ether ligand charges increase from 2 x (+0.17) for DME
solvation via +0.38 for tetraglyme to 2 x (+0.25) for
diglyme (O in (8)). Summarizing, there is only a fine-
tailored difference between [Na™(C»n® + 4 0)] and [Na'-
(Cn? + 5 0)] coordination, in contrast to the larger one
on solvent ion separation (C in (8)). To gain further
insight, interaction energies AE; and AE, have been
approximated for the stepwise dissociation of the dif-
ferently solvated perylene dianion M?~ contact ion
triples by combining the DFT enthalpies of formation
calculated for them and for their fragments (9).

[Cookt” (Na*Ly)] ; \ RO~ R
= T‘ AE‘Z (Na*L <‘a’g)g /Nf“ 05\’\’ /Na*g\o\
v R / \ Ro-%/ \ R

CaHiMNa*L)+MNa*L) | (9
AEy +407 +361 +310

“ AE,
N (kJ mol™) |

AE, + 1059 +905 + 836

[CaoHiry |+ 2 NaL,]

Accordingly, the formation of perylene dianion contact
dianion triples is a cooperative process, with the at-
tachment of a second cationic fragment being energeti-
cally more favorable ((9), AE, > AE;). The Na’
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solvation effects by the multidenate polyether ligands
are again in the sequence 2 DME (— 75) > 1 tetraglyme
(— n?) > 2 diglyme (— 7°), as already indicated both by
the experimental structural results (Figure 2 and Table
3) and by the calculated charge densities (8).

Perylene Solvate of Perylene Radical Anion in
Sodium Bis(triglyme). [P*~-+-P][Na*(RO(CH>CH,0),-
R2]. In addition to the experimental structure already
presented (Figure 1 and (6); Table 2D), the results of
density functional calculations for this rather unusual
and rare w-hydrocarbon dimer radical anion (10,11) will
be discussed in detail. To continue with an approximate
interaction energy (10), the dissociation of the bis-
(triglyme)-solvated Na* countercation should require
about +230 kJ mol™%, a surprisingly high energy
although less than needed for the contact triples of
perylene dianion (9).

AE,
—_—

AChoH12+Cz0H12
AEay /7C'20H1§*C20H12

e (10)

ChoH1z

The remaining fictive hydrocarbon dimer radical anion
CooHi2°+-:C'o0H12 is calculated to split preferentially
into CyoH1>*~ + C'yoH12 ((10), AE>, = 25 kJ moI*l),
whereas, according to the DFT fragment energies, the
second pathway into CyHi, + C'oHi2~ under ad-
ditional spin transfer (11) can only be enforced at higher
energy ((10), AEz; = 45 kJ mol™1). This quantum
chemical result, which suggests some spin delocalization
over the dimer radical contact ion pair, can be specified
by the charge ((11), O, O)and spin densities (11, 1).

(1)

©
+.85

CoH7; {

With 0.65 of the spin in one perylene molecule, CooH12*~
can be assigned to be the dominant radical anion, with
a negative charge of —0.52 calculated versus C'yoHiy,
with a spin population of 0.34 and a negative charge of
—0.31. For the 2-fold triglyme-solvated countercation,
the compensating positive charge of +0.83 is correctly
calculated from the experimental structural data ((11),
ligands +0.30 and +0.29, Na* +0.24).

Cation Solvation in Solvent-Separated Perylene
Radical Anion Salts. Independent of their counter-
cation as well as of their ether solvent ligand, all
structurally characterized perylene radical anion salts
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crystallize as solvent-separated ion pairs, because the
extensive charge delocalization in large w-hydrocarbon
radical anions such as the one of perylene prevents
preferred centers for contact ion formation.3 The
perylene radical anion salt dissociation also in different
solvents is confirmed by ESR studies.” Solvent-sepa-
rated ion multiples, however, can only be generated in
weakly solvating reagents such as diethyl ether or
methyltetrahydrofuran and especially at lower temper-
atures. In contrast, aprotic ether solutions3® can contain
sodium salts of smaller hydrocarbon radical anions, such
as those of naphthalene or the biphenyl as solvent-
shared contact ion pairs, even at room temperature.®

In most of the structures presented here (Figures 1
and 2), optimally solvated countercations result, which
are energetically favored.® In perylene lithium (Figure
1A), the countercation is surrounded by three DME
molecules, acting as bidentate solvation ligands and
helping to exceed the preferential Li* coordination
number of four. Therefore, the average Li™---O dis-
tances of 2.12 A are 0.16 A longer than those in four-
coordinated Lit complexes with monodentate ligands
such as THF® (12). In the sodium complexes (Figures
1D and 2D), each Na* countercation is coordinated by
two diglyme or two triglyme ligands. With Na™* cations
often favoring the coordination number 6, in 8-fold
coordinated ones, the average Na---O distance is about
0.2 A longer than that in the 6-fold coordinated complex
(12). For the K* countercation in perylene bis(triglyme)
potassium (Figure 1B), the optimum solvent triglyme
provides 8-fold coordination. The largest alkali metal
cation, Cs™, is well coordinated by two tetraglyme
ligands (Figure 1C). For all these perylene radical anion
salts with solvated countercations of preferred coordina-
tion number, an approximately linear correlation be-
tween the radius ry™ and the average distance dy™---O
results (12):

A
d(Na*--0) .
320 Cs’(tetraglyme),
300 ’
280
Na*(triglyme), < K*(triglyme),
2607 T (12)
240 e
. _“Na*(THF),
2207 LI"OME); " Ng(DME),
Y Na*(digl
2004 a*(diglyme),
’ Li*(THF),
180 T T T T T T T
60 80 100 120 140 160 180 r(Me*) [pm]

For solvate complexes with higher than ususal coordi-
nation number of the metal countercation, such as in
6-fold O-coordinated lithium tris(dimethoxyethane) or
in 8-fold O-coordinated sodium bis(triglyme), deviation
from linear behavior is observed.

Cation Solvation in Solvent-Shared Perylene
Dianion Salts. The effects of both countercation and

(7) Claridge, R. F. C.; Kirk, C. M. J. Chem. Soc., Faraday Trans. 1
1977, 73, 1354.

(8) Chang, P.; Slates, R. V.; Szwarc, M. J. Phys. Chem. 1966, 70,
3180.

(9) (@) Fronczek, F. R.; Halstead, G. W.; Raymond, K. N. J. Am.
Chem. Soc. 1977, 99, 1769. (b) Kruger, C.; Sekutowski, J. C.; Tsay,
Y.-H. Z. Krist. 1979, 149, 109. (c) Edwards, P. G.; Gellert, R. W.; Marks,
M. W.; Bau, R. 3. Am. Chem. Soc. 1982, 104, 2072.
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solvent ligand are clearly visible in the structures of the
different perylene dianion salts presented (Figure 2A—
D). The potassium and sodium countercations are
located each close above or below the centroid of two
diagonally opposite rings. The larger potassium cation
exhibits contacts to six perylene x centers (Figure 2A),
whereas the smaller sodium cation coordinates only 7°
or n* to the perylene dianion and, in addition, to two
DME ligands (Figure 2B). For the same reason, the K*
cation, which would not be effectively solvated by only
four oxygens of two dimethoxyethane molecules, adds
to one O center of an additional DME molecule, forming
a polymeric structure (Figure 2A). Crystallization of the
disodium salt from diglyme results in a solvent-
separated ion pair, in which the sodium countercation
is coordinated to six oxygen centers of two diglyme
ethers. The Na* solvation by two tetraglyme molecules
is prevented by steric overcrowding, and, because the
five oxygen centers of one tetraglyme (Figure 2C) cannot
sufficiently solvate one Na‘t cation, its coordination
sphere is completed by withdrawal to the perylene
dianion periphery, providing two additional Na+---C
contacts.

In the perylene dianion salts which crystallize as
contact ion pairs (Figure 2A—C), the cation is connected
to the C-centers of highest negative charge. The
calculated charge distribution shows the highest charges
at the outer C-centers 1, 2, and 3, which is confirmed
by NMR measurements (13).1°

(13)

The charges correlate with the structural parameters
(Table 3): in both the perylene dipotassium and the
disodium (bis(dimethoxyethane) salts, the shortest dis-
tances observed are M+---C1 and, in perylene disodium
bis(tetraglyme), Na*---C3. Nevertheless, the potential
energy hypersurface above such a hydrocarbon dianion
is supposedly rather flat; therefore, several different
countercation locations should be feasible.

Conclusions

Summarizing, the structural and quantum chemical
investigations of perylene radical anion and dianion
salts demonstrate an exemplary case of varying coun-
tercation solvation. In addition, they illustrate how the
network of equilibria in aprotic solution between dif-
ferent ion pairs?2 can be influenced by changing either
the countercation or the ether solvent and how solvent-
separated or solvent-shared contact ion multiples of a
given salt can be crystallized selectively. The knowledge
gathered helps to navigate the reactivity of such com-
pounds in solution by effective solvation of their coun-
tercations to the crystallization of salts containing
“naked anions”, in which radical anions or dianions can
be studied without the disturbing influence of a given
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countercation. In addition, changes of the countercation
or the solvent influence the disproportionation equilib-
rium of radical anions to the dianion and the neutral
molecule!! and, therefore, help to selectively prepare
and crystallize radical anion or dianion salts. The
network of equilibria involved is rather complex, and
continuing investigations of cation solvation phenom-
ena?3 are needed to improve the understanding of them.

(10) Lawler, R. G.; Ristagno, C. V. J. Am. Chem. Soc. 1969, 91, 1534.
(11) Jachimowicz, F.; Wang, H. C.; Levin, G.; Swarc, M. J. Chem.
Phys. 1978, 82, 1371.
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