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Abstract: [Zn(TA),(H,0),] (H-TA=
tiglic acid) has been embedded in a
framework composed of CECR
(CECR = C-ethylcalix[4]resorcinarene)
molecules to examine its £—Z photo-
isomerization in a periodic framework.
The photoisomerization of tiglic acid in
CECR-[Zn(TA),(H,0),]-4H,0  pro-
ceeds without the [2+2]-dimerization
reaction that often occurs in crystals of
uncomplexed analogues, and without

frequently occurs in neat crystals. The
two Zn-coordinated TA molecules are
located in different size cavities. The
rate constants of the isomerization re-
action are strongly affected by the size
of the reaction cavity. Analysis of the
temperature dependence of the reac-
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tion rates and the occupancies in the
final photostationary state shows that
the activation energies and the stan-
dard enthalpies of activation are de-
pendent on the difference between the
reaction cavities. This is the first quan-
titative diffraction study of solid-state
E/Z isomerization of a metal-coordi-
nated ligand in a periodic host environ-
ment.

breakdown of the crystal lattice that

Introduction

The concept of “reaction cavity”, originally developed by
Cohen to describe photodimerization reaction in crystals,!"
has been applied to explain a number of reactions,>* such
as intramolecular hydrogen abstractions,* E/Z photoisome-
rizations,” and other molecular solid-state reactions.[!
While topotactic, single-crystal-to-single-crystal (SCSC) re-
actions"® offer an opportunity to document the structure of
the reactant and its environment to a level of detail that is
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not possible in any other reaction medium,”*! such reactions
are rare in the neat crystals. Nevertheless, a number of [2+
2]t and [4+4]M photodimerizations and intramolecular
cyclizations,”>™ in which molecular migration is minimal
have been reported recently.

The multicomponent supramolecular solid state is provid-
ing access to an almost unlimited range of novel phases in
which photo-reactive molecules can be embedded in a
framework of photo-inert building blocks.'>*"! Photoreac-
tions in the framework matrix generally proceed without
breakdown of the crystal lattice, so that the progress of the
reaction can be monitored by diffraction methods.

E/Z photoisomerizations have attracted special interest,
as important physiological reactions are triggered by cis—
trans and trans—cis isomerizations in molecules. Examples
are the photoreactions of rhodopsin®! and photoactive
yellow protein (PYP).”>*! In the case of PYP, the reactive
p-coumaric chromophore is embedded in a protein enve-
lope, with the surrounding solvent molecules providing a
buffer region that can absorb conformational changes of the
protein triggered by the isomerization, leading to preserva-
tion of the crystal structure. But due to the limited extent of
protein scattering, details of the reaction can not be ob-
served at atomic resolution. On the other hand, in neat crys-
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tals the geometry changes on E/Z isomerization can cause
breakdown of the crystal lattice as the reaction proceeds,?
even though the external shape of the crystals may be per-
fectly retained.” This is often not the case for supramolec-
ular solids.l'®1>2¢?"] In addition, isolation of a molecule in a
supramolecular complex prevents the [2+2] dimerization or
polymerization which frequently occur when C=C bonds are
stacked in a parallel (or anti-parallel) fashion in crystals.*®

In preceding work we reported the SCSC E/Z isomeriza-
tion of the E modification of (E)-2-methylbut-2-enoic acid,
tiglic acid (HTA, see below) and chloroacrylic acid embed-
ded in a CECR framework (CECR = C-ethylcalix[4]resorci-
narene),'®!” the latter reaction starting from both the pure

HO' OH

CECR

Z and the pure E isomers. Here, we present the first exam-
ple of the SCSC E—Z isomerization of a molecule ligated
to a group IIB metal atom within a supramolecular frame-
work, CECR-[Zn(TA),(H,0),]-4H,0. The temperature de-
pendence of the kinetic process and the barriers for isomeri-
zation on the excited state surface are derived by analysis of
the reaction kinetics at different temperatures.

Results and Discussion

Synthetic strategy: Although resorcinarenes, such as CECR,
are versatile building blocks which can generate a remark-
able variety of different frameworks with bipyridyl-type
spacers,” only a few examples of two-component com-
plexes incorporating large guest molecules are known.[")
HTA is reported to ligate to Zn" to give polymeric chains in
which the Zn is four-coordinate.* We find that hydrother-
mal synthesis with a 1:2 benzene/water mixture of Zn(OH),
and CECR gives a two-component supramolecular host—
guest solid, in which distinct [Zn(TA),(H,O),] molecules are
incorporated in a CECR framework.

Crystal structure at 90 K: The structure of CECR-[Zn(TA),-
(H,0),]-4H,0 is shown in Figure la. The Zn" atom is for-
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mally five-coordinate (Table 1) as one of the TA ligands is
bidentate and the second monodentate with Zn(1)--O(11)
equal to 2.433(4) A, which is well beyond the values report-
ed for Zn coordinated carboxylic acids."”¥ CECR molecules
are connected by intermolecular hydrogen bonds [O--O
2.726(3)-2.819(4) A, Table 2] to form sheets parallel to the b
axis, which combine with symmetry-related parallel sheets
into bilayers parallel to the (110) plane (Figure 1b).

Figure 1. a) 3D-supramolecular architecture viewed along the b-axis di-
rection (Zn atom is displayed as a sphere). b) Structure of the bilayers.
As shown in a) the Zn" complexes are mainly located in the space be-
tween the bilayers.

The space between adjacent bilayers has an effective
width of 3.8 A and consists of double-bowl-shaped cavities
with a 7.6x4.3 A effective cross section.™ A smaller cavity
with 3.6x4.8 A effective cross section is found between two
adjacent CECR molecules within one layer. The two TA li-
gands in the Zn complex are located within these different
cavities, which means that one of the TA ligands is more re-
stricted than the other one. The total free space accounts for
73.7% of the crystal volume. The [Zn(TA),(H,0),] mole-
cules are hydrogen-bonded to the hydroxyl oxygen atoms of
adjacent CECR molecules [O--O 2.663(3) A]. Four water
molecules are included in each bowl-shaped cavity and
linked by hydrogen bonds to oxygen atoms of adjacent
CECR’s and to the carboxylic oxygen atoms of adjacent TA
ligands [O--O 2.602(3)-2.798(3) A].

The molecular environment of Zn complex is shown in
Figure 2. For the TA ligand in the smaller cavity (TA@S),
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Table 1. Zn—O bond lengths [A] in the [Zn(TA),(H,0),] complex at
90 K before and after exposure. Atoms in the photoinduced Z isomer are
labeled with B.

Before exposure

Zn(1)-0(9) 2.198(3) Zn(1)-0(12) 2.007(3)
Zn(1)—0(10) 2.097(3) Zn(1)-O(1W) 2.021(2)
Zn(1)--O(11) 2.433(4) Zn(1)-O(2W) 2.083(2)
After 2h exposure

Zn(1)—0(9) 2.176(5) Zn(1)—0(12) 2.03(3)
Zn(1)—0(10) 2.06(4) Zn(1)-O(1W) 2.030(8)
Zn(1)--O(11) 2.426(6) Zn(1)-O(2W) 2.10(1)
Zn(1B)--O(9B) 2.68(3) Zn(1B)-O(12B) 1.94(5)
Zn(1B)—-O(10B) 2.20(2) Zn(1B)-O(1WB) 2.02(5)
Zn(1B)--O(11B) 3.14(2) Zn(1B)-O(2WB) 2.03(7)

Table 2. Hydrogen bond lengths in the CECR-[Zn(TA),(H,0),]-4 H,O complex at 90 K.

squares refinement of the data after exposure indicates that
14.8(5) % of TA@S and 36.6(6) % of TA@L have converted
to the Z isomer (Table 3), again indicating a pronounced in-
fluence of the cavity dimensions on the resulting photosta-
tionary state.

At all temperatures, changes in the unit cell volume are
less than 0.1% (Table S1, Supporting Information), but in
particular for TA@S, the cavity volume per TA increases
during the irradiation (Table 4). This increase occurs at the
expense of the volume occupied by the solvent molecules.

Analysis of the reaction cavities: As listed in Table 4, the
volume increase of the smaller reaction cavity from 92.6 to
117.7 A3, compared with the smaller increase for the larger
cavity, is indicative of the con-
straints that can be imposed on

solid-state reactions by the sur-

D-H-A d(D-A) XDHA D-H-A d(D-A) XDHA . .

rounding matrix. In order to get
0O(1)-H(10)--0(5a) 2.819(4) 153.4 0(5)-H(50)-0(4) 2.781(4) 170.0 insight in the effect of the “re-
0(2)-H(20)--0(10b) 2.663(3) 174.2 0(6)-H(60)-0(7) 2.751(3) 170.9 ) o Ivsis of
0(3)-H(30)-0(2) 2.724(3) 1752 0(7)-H(70)~0(2Wc) 2.746(3) 1657 ~ action cavity”, an analysis o
O(4)-H(40)--O(4W) 2.703(4) 1483 0O(8)-H(80)--0O(1) 2.726(3) 174.8 the interaction’ between the
[a]x+1yz [b] —x+1,—y+1,—z+1. [c] —x+1,—y+2,—z+1.

a)

analysis of the packing reveals many contacts within the
sum of the van der Waals radii on both sides of the (C42=
C43—C44) plane, the shortest being 3.470 A. On the other
hand, for the TA ligand in the larger cavity (TA@L), the
shortest contacts for the corresponding atoms are > 3.8 A
and occur only on one side of the plane through the corre-
sponding atoms.

E—Z photoisomerizations: In the first series of experiments
the diffractometer-mounted crystal was exposed to 325 nm
light from a 48 mW He/Cd laser at 90 K. This is in the long-
wavelength tail of the absorption band, which maximizes ho-
mogeneous illumination throughout the crystal.”! Subse-
quent measurements were performed at higher temperatures
to allow analysis of the temperature dependence of the reac-
tion and derivation of relevant thermodynamic quantities
for the solid-state reaction. After a two-hour exposure, the
photodifference maps, shown in Figure 3 for TA@S, clearly
show light-induced peaks corresponding to a conversion of
part of the TA molecules to the Z configuration, and deple-
tion of density at the original positions of the TA ligand
atoms. In addition the Zn" atom shows a considerable shift,
quantified by the subsequent least-squares refinement as
0.22(1) A. The distance between Zn" and the O(9) oxygen
atom increases from 2.176(5) to 2.68(3) A, which effectively
reduces the Zn coordination from five- to four-fold
(Table 2), both ligands now being monodentate (Figure 4,
Table 1). The dihedral angles between the planes through
the four ligand carbon atoms (C41-C42-C43-C44 in TA@S,
and C46-C47-C48-C49 in TA@L) before and after the reac-
tion are 6.2(1) and 86.6(3)° in TA@S and TA@L respective-
ly. The larger conformational change in TA@L is attributed
to the much larger volume of the reaction cavity. Least
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b)

Figure 2. Interactions between [Zn(TA),(H,0),] and its host surround-
ings: a) TA@S. b) TA@L (Zn atom is displayed as a sphere). Surfaces
shown are defined by the atomic van der Waals radii.
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Figure 3. Difference map of the TA@S complexed to Zn" after 2 h expo-
sure (blue: 2.0, light blue: 1.0, orange: —1.0, red: —2.0 e A™).

Figure 4. Perspective views showing 50 % probability displacement ellip-
soids of the Zn" complex before exposure and after 2 h exposure.

Table 3. Conversion ratio for TA ligands at different temperatures and
different stages of exposure.

State 90K/0h 90K/1h 90K2h 90K/5h 90K/8h
conver TA@S 0 125(6) 148(5)  162(10) 17.5(10)
ratio [%] TA@L 0 254(7)  346(6) 46.0(8)  46.7(8)
State 115K/ 115K/ 115K/ 115K/ 115K/
0h 1h 2h 4h 8h
conver TA@S 0 17.6(9)  19.4(10) 19.9(10) 20.1(11)
ratio TA@ 0 323(7)  428(8) 459(8)  46.1(8)
[%] L
State 140K/ 140K/ 140K/ 140K/ 140K/
0h 05h 1h 2h 5h
conver TA@S 0 19209)  20209) 22.1(7)  234(7)
ratio TA@ 0 309(7)  35.1(5) 450(8)  45.3(8)
[%] L
State 190K/ 190K/ 190K/ 190K/ 190K/
0h 05h 1h 2h 6h
conver TA@ 0 19.9(12)  20.1(9)  21.0(10) 21.1(10)
ratio S 0 34.6(9)  39.6(7) 414(7)  431(8)
[%] TA@
L

Table 4. Cavity volume of TA ligands and interaction energy (from DFT
calculation) between the TA ligand and the surrounding molecules for
the E and the Z isomers.

TA@L TA@S
E zZ A E Z A
TA volume of cavity [A*] 153.8 157 32 926 1117 81
E, [kImol™] -1173 -1109 64 2629 303.8 409

TA ligand and the surrounding molecules (Figure2) has
been performed. Although similar intermolecular hydrogen
bonds between the hydroxyl oxygen atoms of CECR mole-
cules (host) and the carboxylic oxygen atoms of adjacent
TA ligands (guest) exist, E;, of TA@L is attractive; while
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E.; of TA@S is repulsive, both for the E and the Z isomers.
This fact suggests that for TA@S, the repulsive interactions
override the attractive intermolecular hydrogen bonds due
to the size of cavity. Moreover, on exposure, the ligand/
cavity interaction energy E;,, becomes less negative in both
cases, but the destabilization is larger for TA@S. All of
these indicate that the larger cavity volume favors the iso-
merization.

Reaction rate and kinetic analysis at 90 K: The conversion
fractions of photo-isomerized TA ligand as a function of ir-
radiation time are presented in Figure 5. The curves repre-
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Figure 5. Conversion fractions of Zn-coordinated TA molecules in the
small (S, bottom) and large (L, top) cavities as a function of irradiation
time at different temperatures (90 K: —; 115 K: ———; 140 K: «——;
190 K: ----- ).

sent first-order kinetics®™ and can be fitted with exponential
functions. For the 90 K experiments the results are: for
TA@S, y=0.175-0.175(9) exp[—1/0.899(12)] (R=0.996), and
for TA@L, y=0.467-0.467(4)exp[—1/1.256(29)] (R=0.995),
where y is the conversion fraction of TA ligand in the solids
derived from the structure analyses at each intermediate
point, and ¢ is the time in hours. Combining these equations
with the equation yga/(1—Vima) = k(E—Z)/k(Z—E)™! gives
the following rate constants at 90 K: for TA@S, k(E—Z)=
0.19(2) h! and k(Z—E)=0.92(2) h"!; while for TA@QL, k-
(E—Z)=037(2) h™' and k(Z—E)=0.42(2) h™".

As expected, the reaction is faster in the larger cavity, in
which the photostationary state contains almost equal
amounts of the two isomers.’ In the smaller cavity the TA
ligand is more restrained and the Z—FE “back” isomeriza-
tion is favored over the E—Z reaction, as a result an equal
distribution is not reached.!"s!

The external shape of the crystal and its color are not af-
fected by the exposure (Figure S2, Supporting Information),
even though the conversion percentage is considerable and
both the shape of the guest and its position are affected by
the photoisomerization. However, the final R factors (Table
S1, Supporting Information) increase on exposure, which is
attributed to radiation damage rather than to the isomeriza-
tion.['8!
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Analysis of the temperature dependence of the reaction:
Comparison of the time dependence of the conversion frac-
tions at 90, 115, 140 and 190 K (Table 5 and Figure 5) shows

Table 5. Exponential functions and the rate constant (y: fractional conversion; ¢ [h]).

identical,l"® whereas TDDFT calculations of E and Z iso-
mers for tiglic acid and their Zn compounds indicate the
HOMO-n* energy gaps and oscillator strengths (Table 6
and Figure S2, Supporting In-
formation) to be practically
identical for the E and Z iso-

y=A—Aexp(—t/B)

TA@S 90K y=0.175-0.175(9) exp[—/0.899(12)] (R=0.996)
115K y=0.201-0.201(5)exp[—0.573(49)] (R =0.992)
140K y=0.234-0.233(14) exp[—1/0.332(58)] (R =0.990)
190K  y=0211-0.211(22) exp[—#/0.202(77)] (R =0.989)

TA@L 90K y=0.467—0.467(4) exp[—1/1.256(29)] (R=0.995)
115K y=0.461-0.461(4)exp[—/0.810(18)] (R =0.997)
140K y=0.453-0.453(26) exp[—1/0.549(26)] (R =0.993)
190K  y=0.431-0.431(11)exp[—#0.336(25)] (R=0.995)

KZ=E) b ] ME=2Z) [0 ] mers, in agreement with the ex-
8;222; ?gég; perimental observation. The
0270(;‘) 2:32(4) ratio of the rate constants will
0.91(4) 4.03(4) therefore be strongly dependent
0.37(2) 0.42(2) on the relative activation ener-
0.57(2) 0.67(2) gies, E,, and the relative effi-
(1)22%22; 1228; ciencies of the transition from

the transition state back to the

the reaction rate to increase with temperature, although the
stationary state contains slightly less of the product at
190 K, indicating a change in the ratio of the forward and
back reactions. The rate increase indicates an activation-
energy-limited reaction. The reported rate decrease for
SCSC dimerizations above 200 K,*” due to an increase in
the intermolecular distance with temperature, is not expect-
ed to occur for this monomolecular reaction.

A generalized mechanism for singlet and triplet state pho-
toisomerization has been presented by Lewis et al. (Figure 6

Sn(E) — — Sn(Z)
L Ee-2) i
E(Z~E)
¥ ;

p—— v
SI(E) L e = Si2)

hv / \ hv
o 1-a
SO(E) — — SO(Z)

Figure 6. Potential energy diagram for E/Z isomerization.

and S1, Supporting Information).*! The qualitative aspects
of the diagram are in agreement with conical intersection
treatments, which similarly involve an activation energy on
the path between the excited state and the transition state
from which the return to the initial state or the formation of
the product occurs.”**! The overall isomerization rate con-
stant k for the forward and back reactions will depend on 1)
the extinction coefficient of each of the two isomers; 2) the
oscillator strength of the photo-induced excitation to the re-
active (mt*) excited state; 3) the rate constant of the process
of S;—'P*,I which is dependent on the height of the bar-
rier on the excited state surface; 4) the relative probabilities
(a and 1—a) that the intermediate state 'P* decays to the E
and Z ground states, Sy(E) and Sy(Z).

Absorption spectra of solutions show the absorbance of
the E and Z isomers for tiglic acid at 325 nm to be almost
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Table 6. TDDFT calculated excited state energy separations of E and Z
isomers for tiglic acid and their Zn compounds.

Energy separa- HTA Zn(TA),(H,0),
tion
E V4 E Z
E[eV]I() E[eVI(H EleV]I(H) EleV](H
Se-Si 4.880 4.889 4.710 4.570
(0.001) (0.001) (0.000) (0.000)
S-S, 5.905 6.014 4.734 4.601
(0.323) (0.359) (0.004) (0.001)
So-S; 6.982 6.989 5.206 5.282
(0.067) (0.081) (0.006) (0.006)

initial state or to the product state labeled a and 1—a re-
spectively in Figure 6.

The Arrhenius plots of the E/Z isomerization rat
shown in Figure 7, give the activation energies listed in
Table 7. An alternative plot of In(k/T) vs 1/RT, based on the
transition state theory of Eyring,***! is shown in Figure 8,
with results listed in Table 8. Both plots show the barriers
for the E—Z and Z—E isomerizations to be lower in the
small cavity and thus indicate a pronounced effect of the
crystal matrix on the solid state reaction.

e’[44,45]

95} _
9.0 _ -t
_ o, T m
E 851 _-"1 _,.--.‘_ﬁ. .
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2 g0l 2~
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£ 75} T’.,‘—j’
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70" ® In(k)(Z->E.S)
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-

-1.2 -1.1 -1.0 -09 -08 -0.7 -0.6
-1000/RT

-1.4 -1.3

Figure 7. Arrhenius plots of isomerization rates as a function of tempera-
ture (E—ZS: —; Z—ES:——— E—Z)L:«——; Z—EL:----- ).
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Table 7. Activation energy E, and pre-exponential factor A for Z/E iso-
merization of the TA ligand in the small and large cavities derived from
the Arrhenius plots.!

E—Z Z—E
TA@S TA@L TA@S TA@L
E, [kJmol™] 23 (3) 1.8(1) 2.1(2) 1.9(1)
AT107s™] 1.18 1.16 4.05 1.36

[a] Arrhenius expression: In(k)=In(A)—E,/RT, see Figure 7. Values of A
only have a relative meaning, as they depend on the photon flux incident
on the crystals and the absorbance.

45} .
40| - $-
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g 35t 4- I $--
- - Lt
2 PPETLL e S +
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1.5 1 1 1 1 1 1 1 1
14 <13 -12 -1 -0 -0.9 -08 -07 -0.6
-1000/RT

Figure 8. Eyring plot of the isomerization rates as a function of tempera-
ture (E—Z,S: —; Z—ES:----- E—ZL:w—— Z—EL:----- ).

Table 8. Standard enthalpies of activationAH™ for Z/E isomerization of
the TA ligand in the small and large cavities derived from the Eyring
plots (In(k/T)=A—AH"/RT, Figure 8).

E—Z Z—E
TA@S TA@L TA@S TA@L

AH* [kTmol™] 33(3) 2.9(2) 3.103) 2.8(2)

Concluding Remarks

We conclude that supramolecular photocrystallography
allows quantitative analysis of solid state reactions which in
neat crystals are likely to lead to crystal breakdown. The
analysis of the SCSC E—Z photoisomerization of Zn-coor-
dinated tiglic acid shows a pronounced effect of the crystal-
line environment on the kinetics of the isomerization. The
analysis described here and related studies reported else-
wherel""! indicate the potential of supramolecular frame-
works to enhance our understanding of photochemical pro-
cesses in molecular crystals. Martinez has calculated a fs-
scale conversion rate for the isolated ethylene molecule.[*”!
The reaction in the solid state are obviously much slower,
and their rate can be tuned by changing the temperature,
which implies that the intermediate state may be investigat-
ed by time-resolved diffraction methods.****!

The ability to monitor chemical reactions of molecules
confined within an inert periodic framework is of particular
importance in the developing field of time-resolved diffrac-
tion,® as it points the way to methods for elucidating the
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mechanism of chemical reactions with pump-probe tech-
niques.

Experimental Section

Synthesis of CECR—-[Zn(TA),(H,0),]-4H,0: Freshly prepared Zn(OH),
(0.05 mmol), HTA (0.1 mmol) and CECR (0.05 mmol) were mixed with
benzene (1 mL) and water (2 mL) in a thick-walled tube. The sealed tube
was allowed to stay at 100°C for 24 h, followed by cooling to room tem-
perature over 30 h. Pale yellow crystals appeared during the cooling
period (yield 72%). Elemental analysis calcd (%) for C,HgO,3Zn: C
56.82, H 6.84; found: C 57.31, H 6.80.

Photoreaction and X-ray crystallography: Full details of the experimental
procedures followed have been reported in a previous publication.!™ To
minimize the dependence of the reaction rate on the volume and shape
of the crystals used at different temperatures, specimen crystals with di-
mensions 0.06x0.10x0.24 mm were cut from the same needle crystal
(0.06x0.10 x 1.6 mm size), and mounted along the longest distance on the
diffractometer. Only one crystal was used for successive irradiations at
the same temperature.

Data were collected at 90 K on a Bruker APEXII CCD diffractometer
installed at a rotating anode source (Mo, radiation, A=0.71073 A), and
equipped with an Oxford Cryosystems nitrogen flow apparatus. 0.3°
scans in w were used with the detector positioned at 260 =20°. Data inte-
gration up to 0.82 A resolution was carried out using SAINT V7.34 with
reflection spot size optimization. Absorption corrections were made with
the program SADABS. After the initial data collection the crystal was
exposed at 90 K to 325 nm light from a 48 mW He/Cd laser for accumu-
lated periods of 1, 2, 5, 8 h. It was rotated around the ¢ axis during irradi-
ation. One hour after completion of each step of the irradiation, X-ray
data were collected at 90 K. The parent structure was solved by direct
methods and refined by least-squares methods against F? using
SHELXS-97 and SHELXL-97. For the parent structure, non-hydrogen
atoms were refined anisotropically, the hydroxy H atoms were located in
difference maps after which the riding model was applied. Other hydro-
gen atoms were positioned at idealized positions and refined in the same
way. For the structures after irradiation, all non-hydrogen atoms of the
product were located in Fourier photodifference maps, calculated with
coefficients Fy(exposed)—Fy(pre-exposure), and then refined with re-
straints and constraints of the geometrical and thermal parameters of the
reactant and product atoms, as described in the supplementary material
of an earlier publication." The riding model was used for the hydrogen
atoms. The percentage of the reactant in the crystal was treated as a vari-
able in the refinements. The same procedure was used for data collected
at 115, 140 and 190 K.

Crystal data as well as details of data collection and refinement are sum-
marized in Table S1 (Supporting Information), while selected geometrical
parameters of the Zn" complex and hydrogen bond parameters at 90 K
are listed in Tables 1 and 2 respectively. The Fourier difference maps
were produced with the XD-2006 program package,*! and the molecular
drawings with Weblab Viewer Pro. 4.0.°% Full details: CCDC-625461—
625462 and 648902-648919 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Theoretical calculations: The BSSE-correlated calculations (Ej, =
E g “P-E, AP _FE AP on the reaction cavity/reactant energies were per-
formed at the B3LYP level at the X-ray geometry with X—H bond
lengths extended to standard neutron diffraction distances.”!! The Gaussi-
an03 suite of programs was used with a 6-314++G** basis set for the light
atoms and the LanL2DZ set with an effective core potential for Zn.?
TDDFT calculations of the E and Z isomers for tiglic acid and Zn-coor-
dinated tiglic acid at the same level with the same basis set were also per-
formed. Starting with the X-ray geometries, the structures were opti-
mized by energy minimization.
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