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He | Photoelectron Spectra and Gas-Phase Electronic Structures of End-Functionalized [3]-
and [5]-Ladderanes

Tomislav Fris¢i¢, Leo Klasinc,** Branka Kovac,* and Leonard R. MacGillivray* -t

Department of Chemistry, Usrsity of lowa, lowa City, lowa 52242-1294, and Department of Physical
Chemistry, The Rudjer Bhsvi¢ Institute, HR-10002 Zagreb, Croatia

Receied: March 23, 2007; In Final Form: Neember 28, 2007

[3]- and [5]-ladderanes obtained by way of template-controlled syntheses conducted in the organic solid state
have been characterizeth He | photoelectron (PE) spectroscopy. The results provide a first correlation with
X-ray crystallographic structure data and establish the reliability of quantum chemical DFT (B3LYP/6-31G*)
andab initio HF calculations in predicting geometrical and electronic structures of molecular ladder frameworks.

Introduction TABLE 1: Calculated —eppr and —ene (eV) Energies and
. Assignments for 1 and 2
Molecules with covalent frameworks basedroadge-fused 1 5

cyclobutane ringsif., [n]-ladderanes [whera = 3, 4, 5, ...])
are attracting increasing attention in several research ataas. orbital —eprr assign —eur assign —eprr assign —epr  assign

the context of biology, [3]- and [5]-ladderanes have recently h 6.76 m 9.62 7 6.69 ny 9.56 x
been discovered as lipids in intracellular membraneanaim- h-1 68 9.63 & 6.71 ny 9.56 x
moxbacteria, which are largely responsible for the denitrification E'Z 682 m 9.84 7 710 9.82 &
step of the oceanic nitrogen cy@éThese ladderane lipids have hj S:?g nrm 1?)'.82 Z ;Zég ;“ 1?):?) 4 Z
been suggested to be essential for the metabolic cycle of the p-5 728 7 1027 = 752 10.08 7
bacterium by providing extraordinary rigidity to the cellular h-6 732 = 10.27 & 753 n 10.18 #
membranes. In the context of theoretical chemistry, recent h-7 742 = 10.34 & 7.68 & 10.26 =
computational studies suggest that such frameworks exhibit E'g ;?‘21 T 11.23 n Lo 10.94 0iaa
. . . . - . Ja 11.31 ny 7.8 T 10.96 0Ojagd+ NN

novel forms of fluxional behavidt® The introduction of a h10 771 n 11.36 782 x 11.27
structural defect within a ladderane framework is expected to h-1 78 =« 11.39 ny 792 & 113 ny
result in the formation of sigmatropic shiftamers, which are h-1

8.84 0jagd 12.08 0ladd 8.21 0jagg  11.47 m +0Ojadd

- - - h-1
fluxional molecules in which the defect can move throughout 0.03 ores 12065 ors 855 orea 1166 o

the ladderane framework. Ladderanes have also been implicated
as potential rod-shaped building blocks in molecular electronics
applications.”

Whereas the chemistry of ladderanes is gaining increasing
attention, such significance is underscored by a lack of
experimental data that characterizes the ladder frameworks, a
issue expected to become increasingly important as ladderane
continue to be synthesized and discovered. This lack of data is
largely related to a general difficulty of synthesizing such edge-
fused cyclobutane moieti€$. This difficulty is illustrated by
two recent total syntheses of a naturally occurring ladderane,
which were each achieved in approximately 1% overall yield.
The main difficulty encountered in the synthesis was the  Compounds and2 were prepared according to the literature
construction of the ladder portion of the molectfle. report! He | PE spectra of and2 were recorded on a Vacuum

In this context, we have recently described a method to Generators UV-G3 instrumétwith spectral resolution of 30
synthesize altransladderanes regiospecifically and in quantita- meV when measured at the full width at half-maximum (fwhm)
tive yield!* The method employs molecules, in the form of of the Art 2P, calibration line. Sample inlet temperatures of
linear templates, that assemble and preorganize conjugated10 and 180°C were necessary fdt and 2, respectively, to
polyenes,via hydrogen bonds, in the organic solid state for achieve sufficient vapor pressure in the ionization region. The
stepwise [2-2] photodimerizations. We have used this method energy scale of the spectra was calibrated using small amounts
to generate gram quantities of end-functionalized [3]- and of Xe gas added to the sample flow. Stabilitylo&nd?2 in the
[5]-ladderanes, namely, 1,2,7,8-tetrakis(4-pyridyl)-[3]-ladderane vapor phase was checked by mass spectrometry following PES
land 1,2,11,12-tetrakis(4-pyridyl)-[5]-ladderahéScheme 1}? measurements. Electronic structure calculations were performed

using the GAUSSIAN 03 program packatfeincluding full

* Corresponding authors. L.R.M.: tel, (319)-335-3504; fax, (319)-335-

- ) 0 ) 4 4 922, geometry optimization of the neutral molecule using the density
1270; e-mail, len- Il .edu. L.K.: e-mail, ki b.hr. . . .
1 Un?v’;‘,";'ity %rf] ,23‘;9' ray@ulowa.edu e-mall, Klasine@irb-N". £ ctional method (DFT) with the B3LYP functiort&t!” and

*The Rudjer Bokovit Institute. 6-31g* basis set as the first step. The combination of this
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Having achieved the synthesis bfand 2, we now wish to
report the He | photoelectron spectra of these ladder frameworks.
By combining the PE spectra df and 2 and the knowledge
ngained from our X-ray structure data, we have been able to
assess the ability of computational chemistry to predict the
ionization bands and electronic structures of the ladderanes. Our
studies have allowed us to discuss the only previously reported
electronic structure of a ladderane molecule.

Experimental and Computational Details
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TABLE 2: Computed —eper, —€nr, —€rovgr and Experimental E; Values (eV) of Orbital Energies for [3]-Ladderane,
[3]-Ladderene, and [3]-Ladderdiene

[3]-ladderane Czn) [3]-ladderene Cs) [3]-ladderdiene Czn)
orbital —€DFT —€HF —€rovgf E? —€DFT —€HF —€rovgf E? —€DFT —€HF —€rovgf E2b
homo 7.18 10.23 9.74 9.23 6.84 9.25 9.26 9.25 6.58 8.88 8.93 a8.96
T T 8.90
homo-1 7.38 10.49 9.9 9.66 7.15 10.57 10.02 9.66 7.54 10.04 10.01 a 993
at 9.99
homo-2 8.09 11.28 10.73 10.47 7.89 10.98 10.32 10.1 7.76 10.84 10.33 210.13
10.27
homo-3 8.31 11.79 11.05 - 8.60 12.10 11.31 10.95 8.22 11.57 10.73 a10.57
10.56

aReference 29 Reference 28.

functional, which takes into account the electron exchange spectrum, which are expected to be very close or degenerate in
correlation effects, and the polarized basis set offers a goodenergy. Thus, to analyze the PE spectrum and deduce the
compromise between the size of the calculations and the electronic structures df and2, we made use of the composite
accuracy of the theoretical predictions. KS orbital energies are molecule method of Rabala#®21as well as quantum chemical
known to be lower than the experimental vertical ionization densityfunctionaltheory (DFT) artbinitio HF calculationg5-1722
energies, but their ordering provides correct sequence of ionic As composite molecules, we considered and used the PE spectra
states for spectral assignment. This notion is confirmed in Table of pyridine 18.204-methylpyridine?? 4,4-bipyridyl 24 4,4 -dipy-

1 where KS energies are in only a fair agreement with ridylethene?s cyclobutane? bicyclo[2.2.0Jhexar® (BCH), and

experimental values. Harmonic frequency calculations were nre 3-|adderar?é2829(i.e., anti-tricyclo[4.2.0.G-9octane) for
performed for all the optimized structures to confirm that the agsignment.

resulting geometry was a true minimum (no imaginary frequen-
cies). The deficiency of such Koopmans-type approximation can -
be circumvented by performing psingle p(?int Eglculation with spectrum Of. py_rldl_ne has been shown to correspond_ to two
outer valence Green’s functigh(rovgf) method. The method overlapping ionization events, one at .9'6 eV from ‘h@m't‘?"
obviates the need for Koopmans approximation and provides &1d the other at 9.8 eV from tize; orbital (of & symmetry in
vertical ionization energies with typical deviation of 6:2.4 Cz,). Higher in energy at 10.5 eV is the ionization from the
eV from the experimental valu€.However, owing to the size  772(b1) orbital, followed by ao-ionization at 12.44 eV and the

of our molecules, we could not perform this calculation for ~ lowest zi-ionization at 13.2 eV. In 4-methylpyridine, the
and 2. We have, instead, performed rovgf calculations for inductive effect shifts they 2, andsr; assigned bands to 9.41,
[3]-ladderane, [3]-ladderene, and [3]-ladderdiene (Table 2). Full 10.06, and 12.86 eV, respectively, with theband at 9.61 eV
geometry optimization was performed using the DFT method nearly unchanged in energy, but below theionization. In the

at B3LYP/6-311g* level followed by single point outer valence PE spectrum of 4,4dipyridyl, a strong deviation from simple
Green’s functio?® (rovgf) calculation at 6-311g** level. The  additivity shows the splitting of the twa,(l1) orbitals into one
MO energies were also estimated by single-point calculations bonding and one antibonding combination at 11.13 and 9.43
at the HF/6-311g* level for comparison. The quality of the eV, respectively. The twonlevels are slightly split at 9.6 and
calculated molecular geometry parameters was successfully9.8 eV and the twaors(a) orbitals assigned to the band at 9.70
checked by comparing the results of X-ray crystal structure eV are practically degenerate owing to the rotational freedom
analysis with DFT/B3LYP calculation resultga a least-squares  around the & C bond that connects the aromatic moieties. Such

In particular, the lowest energy band system in the PE

method approach. behavior is also evident in the PE spectrum of’-4iby-
) ) ridylethene where ther-electrons from two orbitals that
Results and Discussion correspond to linear combinations af(a) orbitals of the

The He | PE spectra df and2 are shown in Figure 1. The pyridine moiety do not interact with the central double bond.
spectra consist of strongly overlapping band systems. The Consequently, their positions at 9.50 and 9.75 eV remain similar
assignment of the bands to a nitrogen lone pai),(aromatic ~ to 4,4-dipyridyl. On the other hand, the combinationszof
(), or skeleton ) electron ejection within Koopmans’ theorem  (bz) orbitals will interact with the double bona-electrons (in
is a difficult issue. In particular, the difficulty arises in the four ethylene at 10.51 e¥ in an antibonding, nonbonding, or
pendant 4-pyridyl substituents with expected contribution of 12 bonding manner, as indicated by observed ionization band
(8 ¥ + 4 ny) ionization events to the low-energy region of the systems at 8.83, 10.56, and 11.56 eV, respectively.
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Figure 1. He | photoelectron spectra of (&)and (b)2.

In the case ofl and?2, 4-pyridyl groups are attached to each SCHEME 2

end of the aliphatic ladderane ring system. Thus, we expect the
pyridines to produce multiple, overlapping bands as in the case EEE RN EEN
of 4-methylpyridine. Specifically, the bands are expected to [3]-Hadderane [3]adderene [3]-Hadderdiene

appear in the region from 8.5 to 10.5 eV, corresponding to 4
w3 + 4 ny and 4u,(b,) orbitals, respectively. This behavior is
observed, as demonstrated by the bands at 9.6 and 10.1 eV fo
1, and 9.4 and 10.45 eV f&, respectively, with onsets below
9 eV for both ladderane molecules (Figure 1).

The assignment of the pyridine ring bands allows furthe

molecular orbitals also support HF results foralthough here
fhe 4 ny orbitals are predicted to be somewhat higher in energy
than the 8z orbitals. For2, HF calculations predict two of the
ladderane orbitals to appear between they4and 8. levels

¢ (Table 1). Both the DFT and HF computational approaches
: : : ; predict the ionization energies for the [3]-ladderane framework
interpretation of the bands in the PE spectra corresponding toFO be higher than originally measured for this hydrocarkon.

the ladderane skeletons. Because of the gap in the spectra fo he ¢  th onal and ) ld
ionization energies between 10.5 and 11.5 eV, the lowest energy! "€ €l0S€ agreement of the computational and experimental data

bands of the ladderane frameworks must either coincide with foF 1 and2led us to conclu%%g;.hat the PE spectrum originally
the 471, (by)-ionizations, or appear at the onset of the 12 and ascribed to the [3]-ladderaffemight have been missassigned.

12.5 eV features of the PE spectra bnd 2. To assist the We, therefore, decided to conduct DFT, HF, and rovgf calcula-
interpretation of the spectra afand2, we anticipated a useful ~ 1ons of the [3]-ladderane, [3]-ladderene, and [3]-ladderdiene
reference would be the PE spectra of cyclobuéreyclohex- hydrocarbons (Scheme 2) and compare these results to the

ane, [2.2.0]bicyclohexaf(a [2]-ladderane, BCH) and [3]-lad-  °ridinal PE data.

derane?® The respective lowest-ionization energies for these As Table 2 shows, rovgf calculations for [3]-ladderane,
molecules were found to be 10.7, 10.3, 9.6, and 9.23 eV. The [3]-ladderene, and [3]-ladderdiene yield HOMO values of 9.74,

spectra indicate that both BCH and [3]-ladderane ionization 9-26: and 8.93 eV, respectively, for the lowest jonizations. The
energies do not fall in the range for compounds with normal lowest ionization energies for the un_saturated [3]-ladderene and
carbon-carbon (G-C) bonds é.g, cyclobutane and cyclohex- [3]-ladderdiene are excellently predictedl € 0.1 eV), but that

ane). We recognized that, as a consequence, mixing of lowest°! the parent [3]-ladderane differs by 0.5 eV. Furthermore, the
energy orbitals of the ladderane-C bond framework with calculations indicate a significant decrease of 0.5 eV in

the lowest energy orbitals of pyridine may yield an alternative onization energy on introducing the first double bond to the
assignment of the PE spectra bfand 2. In that assignment ladderane system. That this decrease is not observed in the

the ladderane framework ionizations would be contributing to previou§ly reported experimental data further supports the
the 10.1-10.5 eV bands in each PE spectrum. Nevertheless, suggestion that the PES data reported for the [3]-ladderane

our original assignment is supported by the presence offour ydrocarbon was missassigned and likely belongs to the
atoms per molecule, which are expected to increase the energyNsaturated [3]-laddererié.
needed to release electrons from the orbitals of the IadderaneConclusion
C—C bond framework. The PE spectrumzZéddditionally favors
the original assignment, demonstrating only a slight shift to ~ He | photoelectron spectra of readily available end-function-
lower ionization energies as a result of the increase in the lengthalized [3]- and [5]-ladderanes obtained from template-controlled
of the ladderane framework. solid-state reactions have been reported. The molecular geom-
The two possible assignments for the PE spectraafid2 etries and electronic structures obtained using DFT, as well as
urged us to analyze the order of orbitals and electron distribu- ab initio HF calculations, are in good agreement with the results
tions (.e., within the ionic states in Koopmans’ model) in obtained from X-ray structure analyses. Although it can be
and2 via DFT and HF computational methods. The accuracy difficult to compare solid-state molecular geometries with those
of the result calculated using DFT is supported by a more than calculated for isolated molecules, the agreement is pleasing and
satisfactory agreement between calculated and observed motlikely facilitated by the rigid structures. The ordering of
lecular geometries because the standard deviations for all bondsnolecular orbitals, obtained using DFT calculations, enabled
in 1 and2 amount 2.01 and 2.21 pm, respectively. Our DFT us to interpret the PES data with the aid of Koopmans’ theorem.
calculations support the first assignment by predicting ladderaneFurther investigation of ladderane and cyclobutane structures
skeleton orbital energies to be higher than those of attachedis currently underway, using the experimental and computational
pyridine moieties described as 4 A 8 ;. Such ordering of approaches described in this contribution.
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