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ABSTRACT: A conformational analysis of o-fluoro Z-azobenzene reveals a slight '
preference for aromatic C—F/7z interaction. Density functional theory (DFT) Ts K i
indicates that the conformation with a C—F/z interaction is preferred by Vi

approximately 0.3—0.5 kcal/mol. Ground-state conformations were corroborated

FF _ \_._

with X-ray crystallography. (Z)-Azobenzene (Z-AB) with at least one o-fluoro per
ring displays '’F—'"F through-space (TS) coupling. 2D J-resolved NMR was used to 243
distinguish through-bond from TS coupling (™Jp:). ™Jer decreases as the ¢

temperature is lowered and the multiplets coalesce into broad singlets. We
hypothesize that the coalescence temperature (T.) corresponds to the barrier for A

phenyl rotation. The experimentally determined barrier of 8—10 kcal/mol has been 203
qualitatively verified by DFT where transition states with a bisected geometry were
identified with zero-point energies of 6—9 kcal/mol relative to ground state. These

values are significantly higher that values estimated from previous theoretical studies
but lie within a reasonable range for phenyl rotation in hydrocarbon systems.

B INTRODUCTION

Azobenzene (AB) was first reported in 1834 by Mitscherlich'
and studied by Nobel in 1856,” and its photoisomerization was
reported by Hartley in 1937.> AB is arguably the most studied
organic chromophore in chemistry.” AB exists as two geometric
isomers with the E (trans) conformation 12 kcal/mol more
stable than the Z (cis) isomer. The UV-—vis absorption
spectrum of AB has two absorption bands corresponding to
an intense band for Sy— S;(z—7z*) transition in the UV and a
weaker Sy— S,(n—7*) transition in the visible region. AB
photochromism is principally manifested in changes in ¢ (molar
absorptivity) and modest changes in A,. Excitation wave-
lengths for azobenzenes are dependent on the substituents, but
generally, irradiation with 320—380 nm promotes E- to Z-
isomerization, and the process is reversed with 4 ~ 400—450
nm exposure or thermally by placing the sample in the dark.

The focus of this report is the dynamic structure of Z-AB and
the role of phenyl rotation. The structure of Z-AB has been
determined by X-ray crystallography.” Z-AB adopts a bent
conformation with the phenyl groups twisted ~53° out of the
plane of the azo group (C—N=N-C). There is only one
literature report® on the experimental determination of phenyl
rotation barrier in E-AB and none for Z-AB. We have
previously reported through-space '"F—'"°F coupling for o-
fluorosubstituted Z-AB.” In this study, we combine theory and
variable-temperature NMR to determine the phenyl rotation
barrier in Z-AB systems. We have also observed preferential C—
F/m interactions based on X-ray and DFT.
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B RESULTS

Six compounds are the subject of the present study (Scheme
1). Synthesis and characterization of these compounds has been
previously reported.”

Scheme 1. Structures of 1—6
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'9F NMR. Peaks for E-AB appeared as singlets in the {'"H}"°F
NMR spectrum while coupling was observed in Z1—5 between
0-Fs on adjacent rings (Table 1). Z1—S5 are asymmetric ABs in
which F, and F, are chemically inequivalent. Figure 1 shows the
{'"H}"F spectrum of a mixture of (Z)- and (E)-1-(2,6-difluoro-
4-methoxyphenyl)-2-(2,6-difluorophenyl)diazene (spectra for
1,2, 4, and S provided as Figures S1—4). F peaks for Z1-6
isomers are shifted downfield relative to the E isomer, except
for F, of Z3. The multiplicity of the coupling is consistent with
rapid phenyl rotation so that either triplet or doublet is
observed depending on the number of F’s on the adjacent ring.
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Table 1. "’F NMR Data for 1—6 and Thermodynamics Associated with NMR Coalescence

d, ppm (E) 3, ppm (2) Z
compd AA’ (F) B,B'(F,) AA’ (F) B,B'(F,) 87 (Hz) T.7 (K) AG* (kcal/mol) DFT AG* (kcal/mol)
1 —121.31 —125.30 —118.10 —12226 22 -183 9.7 6.3
2 —121.27 —122.80 —-119.26 —120.82 4.1 —203 10.6 h
3 —~117.63 —122.53 —-117.77 —119.85 48 —203 10.5 7.0, 9.5
4° —121.73 —124.10 —~119.75 —122.89 5.9 <-173 8.8 4.9, 7.1
5 —~117.59 —124.79 —-117.77 —122.69 44 nd’
6 —121.70 -118.16

2§ referenced to internal standard, CFCl; (0.0 ppm). bFor 4, F, = monosubstituted ring.

T8 e: through-space '"F—"°F coupling. 9T, = coalescence

temperature. “AG* determined by k™! = (1/27 ). fVariable-temperature NMR performed in CD,Cl,, unless otherwise noted. $Calculated
difference in zero-point energy for putative transition state relative to ground state; two values indicate the energies for two distinct transition-state
geometries. "Putative transition state did not converge. ‘Not determined.
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Figure 1. 470 MHz {'"H}'’F 1D NMR of E3 and Z3, CDCl;/CH,Cl,/
CCl, (27/60/13), 303 K.

2D J-Resolved Characterization. The main peaks in the
2D J-resolved NMR spectrum (Figure 2) are triplets for Z3 and
singlets for E3. The splittings in the Z isomer are attributed to
TS coupling between F, and F, (Figure 1). Intraring *Jpe
through-bond coupling is not observed because rapid phenyl
ring rotation renders two fluorines on the same ring chemically
equivalent. Replacement of '*C with "*C on one of the CF
carbons shifts the directly attached fluorine upfield by ca. 0.1
ppm, due to an isotope effect,® and removes the chemical shift
equivalence. The resulting doublets in F2, from the F—C—
C—"3C—F isotopomer are shifted upfield and are ca. 1% of the
intensities of the main peaks from the pure '*C isotopomer.
Half of the doublets (in F,) are clearly resolved upfield of each
main peak, but the downfield half of the doublets fall on the

downfield shoulders of the main peaks and are not clearly
resolved. In these satellite signals, extra doublet splittings are
observed, which are attributed to *Jgp intraring through-bond
couplings between the nonequivalent fluorines in F—C—
C—"3C—F spin systems.

Figure 2 shows the 2D J-resolved spectrum of Z3 where
multiplicity of the "C satellites indicates two coupling
constants evidenced by doublet of triplets for Z3. From this
spectrum, we have determined that the TS coupling constant is
4.8 Hz and the through-bond coupling is 2.5 Hz. The E isomer
only displays through-bond coupling. The magnitude of ™Jyp
(2.2—5.9 Hz) for Z1—5 was relatively low compared to many
literature values of "] which were reported for nonfluxional
systems with large intramolecular F—F distances (dgy).”

Variable-Temperature NMR. Compounds 1—4 were
studied by low-temperature '’F NMR. The "F peaks for the
Z isomer are shifted to lower field (*°F peaks for the E isomer
shifted to higher field) and the multiplets collapsed into a
singlet as the temperature was decreased. The coalescence was
reversible over repeated cycles. No significant changes in the
spectrum were observed above room temperature. We note
that both multiplets collapse simultaneously, arguing that the
dynamic process underlying the loss of coupling involves both
phenyl groups. Figure 3 displays the variable temperature
spectra for a mixture of Z3 and E3. Variable-temperature
spectra for Z1, -2, and -4 are provided in the Supporting
Information; compounds Z1—4 displayed qualitatively similar
behavior with T, = 173—203 K. We argue that loss of coupling
is not due to line broadening based on line-shape analysis of the
E isomer with decreasing temperature. We attribute the loss of
coupling to a dynamic process. Table 1 contains the
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Figure 2. Variable-temperature 470 MHz {'H}'°F 2D J-resolved NMR of 3, CDCl;/CH,Cl,/CCl, (27/60/13), 303 K.
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Figure 3. Variable-temperature 470 MHz {'H}"F 1D NMR of 3,
CDCl,/CH,Cl,/CCl, (27/60/13).

coalescence temperature (T,) for Z1—4 and the calculated AG*
for a dynamic process. T, for Z4 is an upper limit due to
limitations in solvent viscosity and the accessible temperature
range with the spectrometer prohibited sufficiently low
temperatures to observe complete coalescence. The estimated
error in calculated AG¥ is +0.3 kcal based on +5° uncertainty
in T. Individual AG* values correspond to the energy
difference at T..

DFT and X-ray Analysis. There are four possible
conformations for Z-AB that interchange by phenyl rotation
(rotation about dihedrals a and 3, Scheme 1). In the parent AB
system, these four conformations are equivalent. For Z1—6, the
number of possible conformations depends on the substitution
pattern. Z1 has four ground-state conformations (Supporting
Information), and Z2—6 can be characterized by two
conformations (Supporting Information). Density functional
theory (DFT) (B3YLP/cc-pVTZ) was used to determine the
most stable conformation (Figure 4). Also provided in Figure 4

z4 (-0.3)

75(-0.2) Z6 (- 0.2)

Figure 4. Most stable ground-state conformations of Z1,2,4—6 based
on DFT (AZPE, kcal/mol, relative to less stable conformation).

are the zero-point energies relative to the least stable
conformation. In all cases, the conformations placing a fluorine
over the ad]acent aromatic ring were more stable by 0.2—0.4
keal/mol."” Corroboration of this preferred conformation was
obtained by X-ray crystallography of Z2 reported previously’
and Z6 (Supporting Information).

The transition states for interconversion of conformations
were determined using the Berny algorithim."' Correct
assignment of transition states was confirmed by frequency

analysis; animation of the imaginary frequency revealed a
phenyl twisting deformation consistent with the anticipated
reaction pathway of phenyl rotation. We identified transition
states for Z1, -3, and -4 (Figure 5); putative transition-state
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Figure S. Transition-state structures based on computations using
B3YLP/cc-pVTZ. The number is parentheses corresponds to the
difference in zero-point energy (sum of electronic and thermal free
energies) relative to ground state (in kcal/mol). Computations
correspond to 298 K with no solvent model.

structures for Z2, -5, and -6 either did not converge or
imaginary frequencies did not correspond to vibrations
expected for phenyl rotation. The common feature of the
identified transition state structures is a bisected geometry in
which the plane of the phenyl rings are perpendicular.

B DISCUSSION

We report two phenomena in the conformational behavior of
Z-AB. While the primary focus of this report is the temperature
dependence of ™Jg, we also report an example of preferential
of C—F/x interaction. Z-AB is a molecular system with a rich
array of possible nonbonded, intramolecular interactions. To
fully understand the origin of the observed ]y, we performed
DEFT studies of preferred conformations that was augmented by
X-ray analysis of those Z-AB compounds that could be
crystallized. We report that a preferential interaction exists
between the aromatic C—F and the adjacent 7 system.

This effect has been previously documented in the literature,
most recently by Ams and co-workers'> where they observed
modest conformational preference (0.1—0.4 kcal/mol) for
placing an aliphatic C—F over an aromatic ring. Lectka and co-
workers'® studied the interaction of a bridge-head F with
adjacent C=C in a tricyclic norbornane. The X-ray structure of
this rigid system shows a nonbonded distance between aliphatic
C—F and an adjacent alkene of 268 pm, substantially less than
the sum of van der Waals radii (317 pm). This nonbonded
interaction also was revealed by through-space "*C—'°F spin—
spin coupling. Lectka et al.'"” observed alkene bond angle
distortion, which suggests a repulsive component in this C—=F/
7 interaction. Ho, Chung, and co-workers'* reported non-
bonded interactions in a polycyclic system which placed o-
fluorines on a phenathrene fragment over flanking phenyl rings.
They observed large '"F upfield shifts for rigid systems
compared to phenanthrene, which was interpreted as a steric
effect on F by interaction with a phenyl ring. Hirao, Hong, and
co-workers'” reported that C—H/z and C—F/7 interactions
control the conformation of N-heterocyclic carbene palladium
complexes. However, the C—F/x interaction involves perfluor-
ophenyl groups; it is well-known that the charge density of
C¢F; aryl rings is opposite relative to CsH; making an attractive
interaction with C—F more reasonable.
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We hypothesize that the decrease of "SJzz with lower
temperature corresponds to the barrier for phenyl rotation.
Through-space F—F coupling has been extensively studied, and
several empirical formulas for the dependence of "] on the
distance between interacting fluorines (dg) have been
developed on the basis of rigid cyclophanes,16 1,3-diary-
Inapthalenes,'” 1-pentafluorophenyl-1-trifluoromethylethy-
lenes,'"® and naphthalene/phenanthrenes.'” These empirical
formulas can be used to estimate "SJzx from dgg observed in the
X-ray structures of Z2 and Z4 and from optimized DFT
structures of Z1—4. The average dg for Z3 is 420 pm from X-
ray and 440 pm by DFT, which corresponds to ] values are
0.2—0.4 Hz based on Ernst’s formula'® and ~0 Hz using
Mallory’s formula.'” The dgp. values for Z2 are 360 pm (X-ray)
and 410 pm (DFT) which correspond to " = 2.6 and 0.5 Hz
using Ernst and ~0 Hz using Mallory’s formula. Based on DFT,
the average dp for Z1—4 were in the range of 410—440 pm for
the lowest energy conformation. These empirical formulas
argue that no ™Ju: should be observed in the ground-state
conformations, which agrees with the experimental observation
of singlets in the low-temperature "’F NMR spectrum. We
argue that the observation of "]y at room temperature can be
explained by a dynamic equilibrium between conformations
that sample a variety conformations with unique dgp values,
some of which are small enough to induce through-space
coupling. For example, Z1 can be described by four unique
conformations (Supporting Information) with ground-state
energy differences <0.5 kcal; the value of dgy varies from 340 to
640 pm. The conversion of these conformations requires
phenyl rotation. A similar explanation was reported by Xie and
co-workers®® to explain the temperature dependence of
BC—"F and "F—""F through-space couplings in the conforma-
tional dynamics of bis(BF,)-2,2-bidipyrrins.

Rotation about dihedral angles @ and f (Scheme 1) is a
dynamic process where energy scales with the magnitude of
dihedral angle change. Complete phenyl rotation with
concomitant exchange of the ortho substituents occurs at the
maximum in a plot of the dihedral angle versus DFT. The
ground states of Z1—6 exist in shallow energy wells where
dihedral angles (@) can vary by +10° with less than 1 keal
change in zero-point energy (Figure 6). Duarte and co-
workers”' reported that differences in zero-point energy of the
parent Z-azobenzene were less that 1 kcal for dihedral angles
+15° about the ground-state geometry. This low energy
conformational process makes o-fluorines on the same ring
chemically equivalent in the '"F NMR spectrum which we
evaluated by DFT NMR calculations.
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Figure 6. Potential energy scan about ground-state minimum for Z3
(B3YLP/cc-pVTZ).

Phenyl rotation is rapid at room temperature accounting the
observed spin—spin multiplicity in the '’F NMR spectrum and
the observation of "] at room temperature. We identified
transition states with a bisected geometry (dihedral angles a
and f = 0, 90°) using DFT. DFT calculations on transition-
state energies (Figure S5) roughly correspond to the
experimental values in Table 1. The calculated transition state
energies for Z3—1%* and Z3—2* (Figure S) differ where the
higher energy is associated with rotation of the methoxy-
substituted phenyl group consistent with the higher electron
density in the methoxy-substituted aromatic ring that should be
more repulsive to the bisecting C—F group. However, the
experimentally observed collapse of both multiplets at the same
temperature argues that both phenyl rotations are suppressed
simultaneously and should have similar rotation barriers.””
Likewise, DFT of Z4 predicts different phenyl rotation barriers,
which is not observed experimentally. As phenyl rotation slows
with lower temperature, the equilibria between conformations
ceases and effectively leads to a higher average dpz with
concomitant decrease in "Jg. Experimental values for AG*
(Table 1) are higher than those predicted from DFT
calculations of transition states (Figure S). However, we
argue that DFT qualitatively supports our hypothesis that
cessation of phenyl rotation is responsible for loss of spin—spin
coupling at lower temperatures. The DFT values in Figure S
correspond to the gas phase at room temperature. We observed
little influence of implicit solvent models in calculated DFT
energies. For the Figure 5 transition-state structures, we
calculated ZPE values at the corresponding coalescence
temperatures: Z3—1* (9.2 kcal/mol, 203 K), Z3—2* (3.8
kcal/mol, 203 K), Z1* (5.4 kcal/mol, 183 K), Z4—1* (4.5
kcal/mol, 173 K), and Z4—2* (6.7 kcal/mol, 173 K).

Our study is the first experimental report on phenyl rotation
in Z-AB. Klug and Burcl* studied rotational barriers in AB and
azonaphthalene using DFT (OLYP/cc-pVTZ). For Z-AB, they
reported a bisected transition state structure for phenyl rotation
analogous to our study, but with a much lower stationary point
energy of 2.7 kcal/mol. A bisected transition state with the
same geometry to our putative transition state in Z-AB phenyl
rotation was also reported in a computational study (B3YLP/6-
31G*) on E-Z AB photoisomerization.”* Meier”® subsequently
questioned Klug and Burcl’s results and argued calculations
should be performed with contribution of nondynamic
correlation with a sufficiently large basis set. Other computa-
tional reports on studies of AB have focused on the E—Z
photoisomerization and the corresponding stationary point
structures.”*°~*’ Klug and Burcl*’ calculated a phenyl rotation
barrier of 5.3 kcal for E-AB which compares favorably with the
results of Konaka (RHF/6-31G** and MP2/6-31+G*)® and
Chen and Cheih (B3YLP/cc-vWDZ).”” Konaka experimentally
measured a 1.7 kcal/mol barrier in E-AB using gas electron
diffraction which is several times lower than theory.

Phenyl rotation in Z-AB involves both steric and electronic
factors principally due to azo conjugation between phenyl rings.
Literature examples of experimental barriers (kcal/mol) for
phenyl rotation in hydrocarbon systems have been reported:
(1) 17.0 for 7-phenyl-7-(2-fluorophenyl)norbornane,™ (2) 17.1
for 1-(2-fluorophenyl)-8-(2-methylphenyl)naphthalene,® (3)
21.0 for 9-phenylanthracene,* (4) 7.5 for 2-phenyladaman-
tane,”> (§) 7.9 for I-methyl-7,7-diphenylbicyclo[2.2.1]-
heptane,®* (6) 9.8 for 10-methyl-9,11-diphenyl-10-
azatetracylco[6.3.0.0""0.>"Jundecane,” and (7) 16.1 for N-
benzyl-N-o-tolyl-p-methylbenzenesulfonamide.”® Our observa-
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tion of an 8—10 kcal/mol barrier for Z1—4 phenyl rotation is
on the lower end of the 7.9—21.0 kcal/mol range for literature
reports and makes sense for a fluxional system.

Our proposed mechanism is based on a “one-ring flip”
process. Mislow”” and Grilli and co-workers*® have described a
“two-ring flip” mechanism for conformational equilibria in
systems with two phenyl rings bonded to the same sp*
hybridized carbon. The transition state for the analogous
process in azobenzene would correspond to coplanar phenyl
rings orthogonal to the plane of azo bond. DFT estimates of
this transition-state structure were consistently in excess of 25
kcal/mol; this result argues against this conformational process.
We acknowledge that these literature systems are not fully
analogous to AB, which involves conjugative effects in phenyl
rotation. We also argue for cautious extension of these results
to other AB systems.

B CONCLUSIONS

Through-space "’F—'°F coupling is observed in o-fluoro Z-AB
at room temperature. Based on empirical formulas in the
literature, intramolecular distances in the lowest energy
conformation of these systems are too large to observe
through-space coupling. The highly fluxional nature of these
compounds leads to an averaged dgy that can account for the
observed NMR coupling at room temperature because higher
energy conformations correspond to smaller intramolecular F—
F distances. As the sample temperature decreases, ~>Jgp
decreases and we observe collapse of multiplets to broad
singlets. This coalescence temperature (T.) corresponds to
barrier for an exchange of ortho substituents. Values for AG¥ as
determined by T, roughly correspond to AZPE for computed
transition state structures for phenyl rotation. Our reported
experimental values for phenyl rotation in Z-AB (8—10 kcal/
mol) are significantly higher than that predicted in prior
computational work on the parent AB system but fall within a
reasonable range for phenyl rotation barriers in hydrocarbon
systems.

B EXPERIMENTAL SECTION

Unless otherwise noted, all reagents were obtained from commercial
sources and used without purification. Synthesis and characterization
of 1—6 has been previously reported.”

Instrumentation. Absorption measurements were performed
using either a scanning or diode array UV—vis spectrometer. For
photochemical production of samples enriched in Z isomer, we used a
50—200 W Research Arc Lamp; the output was cooled with a water
filter and passed through a bandpass filter (350 nm center, 70 nm
fwhm). X-ray crystallography was performed on a single-crystal X-ray
diffractometer.

F 1D and "F homonuclear 2D-J] NMR spectra of 3 (at all
temperatures) were collected from a S00 MHz spectrometer equipped
with five broad band rf channels and a 5 mm 'H/YEF/13C triple
resonance pulse field gradient probe. This probe contains no fluorine-
containing materials near the coil in order to avoid the interference
from the background fluorine signals that usually exist in the standard
probes. The high frequency channel on this probe is doubly tuned to
'H and "F to produce short 90° pulse widths needed to excite large
fluorine spectral windows. A duplexer with low insertion loss provides
the capability of combining the signals from the 'H and '°F rf channels
and direct them to the dual-tuned 'H/F high frequency channel of
the probe. The returning 'H and 'F signals from the probe can be
separated by this duplexer again and the desired signal ("H or '°F)
directed to the receiver. The sample of 3 was prepared by dissolving
approximately 10 mg of material in a solvent mixture of CDCl;/

CH,CL,/CCl, (27/60/13) (v/v/v) with a trace of CFCl; added as a
chemical shift reference.

F 1D NMR spectra of 1, 2, and 4—6 (at all temperatures) were
obtained using a 400 MHz spectrometer. '°F shifts are relative to
internal CFCl; (0.0 ppm), and all reported spectra were obtained with
broadband 'H decoupling. Room-temperature samples were measured
in CDCl;, and variable-temperature experiments were measured in
CD,Cl,. The probe temperature was calibrated using a methanol
thermometer. Spectra were typically acquired with a digital resolution
of 0.1 Hz/pt.

Computational Details. Density functional theory (DFT)
calculations were performed with the cc-pVTZ basis set and the
restricted B3YLP as implemented in Gaussian 09.* Our choice of the
cc-pVTZ basis set was based on work of Duarte et al.** and Klug and
Burcl”® We also performed comparative computations using MP2
(Mbller—Plesset perturbation theory) with 6-311++G(d,p) basis set,
the long-range corrected WB97XD functional combined with 6-311+
+G(d,p) basis set and B3LYP/6-311++G(d,p). Our choice of B3LYP/
cc-pVTZ was chosen because it best matched the X-ray structural
parameters for Z2 and Z3. Geometry optimizations and frequency
calculations were performed in the gas phase at room temperature,
unless otherwise noted. Additional calculations were performed at the
observed coalescence temperature for each system using the
temperature option in GO09. Ground- and transition-state energies
are zero-point energies (Sum of Electronic and Thermal Free Energies
in GO9 output). Vibrational analysis was used to confirm the ground-
state (0 imaginary frequencies) and transition-state (1 imaginary
frequency) structures. Transition-state structures were identified and
confirmed by a multistep process: (1) potential energy scans about
CCNN dihedrals, (2) geometry optimization while holding dihedral
angle at fixed value until desired level of theory converges with Berny
algorithm,"* (3) unconstrained geometry optimization, and (4)
frequency analysis. NMR calculations of '°F chemical shifts followed
the procedure of Lectka et al."

B ASSOCIATED CONTENT
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not unidirectional but the umbrella of possibilities.
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