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'H NMR,*3C NMR, and HRMS Spectra of Imidazolium Salts

L
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Figure S1. '"H NMR spectrum of hexyl diiodo salt 1b in DMSO-ds.
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Figure S2. 1*C NMR spectrum of hexyl diiodo salt 1b in DMSO-ds.
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Figure S3. HRMS of hexyl diiodo salt 1b in MeOH. (a) Observed spectrum [M-21-H]" (b)
Calculated spectrum for C24H35Na.
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Figure S4. HRMS of hexyl diiodo salt 1b in MeOH. (a) Observed spectrum [M-I]". (b)
Calculated spectrum for C24H36IN4
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Figure S5. "H NMR spectrum of undecyl diiodo salt 1¢ in DMSO-ds.
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Figure S6. *C NMR spectrum of undecyl diiodo salt 1¢ in DMSO-ds.
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Figure S7. HRMS of undecyl diiodo salt 1¢ in MeOH. (a) Observed spectrum [M-I]". (b)

Calculated spectrum for C3aHs6INa4.
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'H NMR and 3C NMR spectra of CCC-NHC Zr complexes

Figure S8. 'H NMR spectrum of hexyl diiodo complex 2a in CH2Cl2/CsDs.
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Figure S9. *C NMR spectrum of hexyl diiodo complex 2a in CH2Cl2/CsDs.
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Figure S10. '"H NMR spectrum of undecyl diiodo complex 2b in CH2Cl2/CsDs.
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Figure S11. 3C NMR spectrum of hexyl diiodo complex 2b in CH2Cl2/CsDe.
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Figure S12. Excerpt of the 3C NMR spectrum of hexyl diiodo complex 2b in CH2Cl2/CsDe.
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Figure S13. '"H NMR spectrum of undecyl triiodo complex 3a in CH2Cl2/CsDe.
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Figure S14. 3C NMR spectrum of undecyl triiodo complex 3a in CeDs.

S-15



L Cl €1 ri

ol

, T___
o -

. L

IS —_—

Figure S15. '"H NMR spectrum of diamido complex 4a in CD2Cla.
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Figure S16. 3C NMR spectrum of complex 4a in CD2Cla.
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Figure S17. (a) 'H NMR spectrum of the homogenous reaction mixture with complex 2a,

g 1D
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substrate and d-toluene only at room temperature. (b) 'H NMR spectrum of the mixture after

heating for 20 minutes (solid forms), cooling to room temperature, and adding CH2Cl2 to

dissolve the solid. Several signals consistent with imidazolium salt formation were observed.
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Synthesis and characterization of Ammonium salts

2,2-diphenylpent-4-en-1-amine hydrochloride

Ph Ph
Ph NH, HC ph NHsCl
P Et,0 P
5 5-HCI

HCI (saturated in Et20, 5 mL), precooled to -30 °C, was added to a solution of Substrate 5 (312
mg, 1.315 mmol) and Et20 (5 mL) at room temperature. A white solid immediately formed and
the mixture was stirred for 1 minute. Volatiles were removed in vacuo and the white solid was
dried under reduced pressure. 341 mg, 95%. '"H NMR (CDClz, 600 MHz): § 7.31-7.29 (m, 4 H),
7.26-7.23 (m, 2H), 7.13 (d, 2H, J=7.8 Hz), 5.91 (bs, 3H, J=6.2 Hz), 5.32 (m, 1H), 5.21 (d, 1H,
J=17 Hz), 5.03 (d, 1H, 10.0 Hz), 3.45 (s, 2H), 3.01 (d, 2H, J=6.8 Hz). '*C NMR (CDCls,, 151
MHz): § 144.5, 133.3, 128.5, 127.9, 126.8, 119.5, 49.6, 46.7, 40.6. m/z 238.1584 [M-CI]", calcd

for C17H20N" 238.1590.

Dibutylamine hydrochloride

Bu Hcl  BY
AR BT N

A solution of Dibutylamine (0.68g, 5.3 mmol) and 5 mL Et.0O was added to HCI (saturated in
Et20, 5 mL) precooled to -30 °C. A white solid formed immediately. Volatiles were removed in
vacuo and the white solid was dried under reduced pressure. 0.81 g, 92 %. 'H NMR (CDCls, 600
MHz): 6 9.50 (s, 2H), 2.92 (bs, 4H), 1.93-1.88 (m, 4H), 1.45-1.38 (m, 4H), 0.95 (t, 6H, J=7.4
Hz). 3C NMR (CDCl3, 151 MHz): § 47.8, 28.0, 20.3, 13.7. m/z 130.1595 [M-CI]", calcd for

CsH20N" 130.1590.
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Figure S18. "H NMR spectrum of 2,2-diphenylpent-4-en-1-amine hydrochloride in

CDCls.
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Figure S19. 3C NMR spectrum of 2,2-diphenylpent-4-en-1-amine hydrochloride in

CDCls.
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Figure S20. HRMS of 2,2-diphenylpent-4-en-1-amine hydrochloride. (a) Observed spectrum [M-
Cl1]" (b) Calculated spectrum for C17H20N.
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Figure S21. '"H NMR spectrum of dibutylamine hydrochloride in CDCl;.
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Figure S22. 3C NMR spectrum of dibutylamine hydrochloride in CDCls.
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Figure S23. HRMS of dibutylamine hydrochloride. (a) Observed spectrum for [M-CI1]". (b)
Calculated spectrum for CsH2oN.
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Conproportionation Results
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Figure S24. "H NMR spectrum of the methylene group bound to the imidazolium nitrogen for the
conproportionation experiment. The signal for diamido 4a is clearly no longer present upon
mixing, and the new signal corresponds to the mono amido complex 2a (see Figure S25,
[Zr]I2NMe2 (Standard Spectra in d-Toluene, 97 °C)).
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Figure S25. Spectral data on complexes of the key methylene region and observations during the
catalytic run.
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Evaluation of Precatalyst Activity

General comments

All reactions were performed in screw cap NMR tubes with 1, 2-dichlorobenzene and CeDs as

solvent. The reaction mixtures were set up in an Ar glovebox, heated in oil baths, and monitored

with '"H NMR spectroscopy at regular time intervals.

Evaluation with 2,2-diphenylpent-4-en-1-amine

k "NMe, N Me Me

N
o / \
Ph NH, . ol N~y N
Ph 1,2-dichlorobenzene, C¢Dg, 120°C ~ Ph Ph
10 mol% 1,3,5-trimethoxybenzene (internal standard) trace

R=hexyl

=

(a) Initial reaction mixture (before heating)

J,I___A__JJLJL. -

oot

(b) After heating 3 hours ~ _J.J u LL_._M_JLLJ,._U ﬁJL

T T
15 10 o

Figure S26. '"H NMR spectra of reaction mixture evaluating 1° aminoalkenes.
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Figure S27. '"H NMR spectra of reaction mixture evaluating 1° aminoalkenes.

S-29

[ren]

25

20

1.0

0.5

-00



7 NTY NN
. /N T"NMe N\ Me Me
Ph7~-NH, PR H R

Ph 1,2-dichlorobenzene, CgDg, 120 °C
10 mol% 1,3,5-trimethoxybenzene (internal standard) trace

_

AR

(a) Initial reaction mixture (before heating) J

(b) After heating 2 hours JJ UL 1

T T T T
15 10 5 [ [ppm]

Figure S28. '"H NMR spectra of reaction mixture evaluating 1° aminoalkenes.
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Figure S29. '"H NMR spectra of reaction mixture evaluating 1° aminoalkenes.
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Evaluation with N-benzyl-2,2-diphenylpent-4-en-1-amine
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| |
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g\ (L WY L
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Figure S30. '"H NMR spectra of reaction mixture evaluating 2° aminoalkenes.
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Figure S31. '"H NMR spectra of reaction mixture evaluating 2° aminoalkenes.
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Figure S32. '"H NMR spectra of reaction mixture evaluating 2° aminoalkenes.
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Figure S33. '"H NMR spectra of reaction mixture evaluating 2° aminoalkenes.
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Observations from Kinetic Studies

Characterization of substrate adduct
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ﬁ l*zr\_'l::> (:I LT N:\>
Ph 2 e fp | NMe; 1,2-dichlorobenzene, Nf_zr'_LNH N
' CgD, ) ce
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Figure S34. '"H NMR spectra of (a) Substrate only (b) Diiodo complex 2b only (c) Diiodo
complex 2b + excess substrate. All spectra were collected at 25 °C in 10:1 1,2-dichlorobenzene,

CeDe. The aromatic region is obscured by signals from 1,2-dichlorobenzene.
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Observations from the addition of Substrate-HCI to reaction conditions

Substrate 5 (8.4 mg, 0.035 mmol) was added to a solution of diiodo complex 2b (13.0 mg, 0.014
mmol) and 1,2-dichlorobenzene:CsDs (8:1, 0.65 mL). The homogenous solution was placed in a
preheated NMR probe and an 'H NMR spectrum taken (Figure S35a). The sample was ejected
from the NMR probe, cooled to room temperature and substrate 5-HCI was added (1.0 mg,
0.0037 mmol). The still homogenous solution was again placed in the NMR probe and 'H NMR
spectra collected at regular intervals. Peaks at 6 11.50, 9.09, and 8.42 appeared, which are

consistent with the formation of imidazolium salt 1c.

jou

-,

aomoie < N T N N
N~ o N h .y
R = | NMez R on p frﬁ ».g -, N .
e ~ - A l— 7
[ N R=(CHz)1,CH3 Ph—\ — ONTf 5 TNe®
Ph— _NH; © Ph— _NH; T\ R 2 R
I|3hv Ph @ @ 1,2-dichlorobenzene, CgDg, 115 °C S “Me
H
5
Lg
(a) Initial Reaction (Substrate HCI salt has Not been added °
(b) 15 minutes after adding Substrate HCI salt rs
Prmiapni i —~ v |
(c) 30 minutes, i ) I3
45 mi A ]
1(d) 5 min A A e, ‘__g
L +
f q h .
(e) 58 minutes_“.'L e . f
" 10 ] ppm]

Figure S35. '"H NMR spectra of (a) Mixture of substrate and 40 mol % diiodo complex 2b (The
Substrate HCI salt has not been added). (b) Mixture 15 min after adding Substrate HCI salt (¢)
Mixture 30 min after adding Substrate HCI salt (d) Mixture 45 min after adding Substrate HCI
salt (e) Mixture 58 min after adding Substrate HCI salt. '"H NMR spectra were taken at 115 °C.
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Observations from the addition of butylamine hydrochloride to reaction conditions

Solid diiodo complex 2b (6.7 mg, 0.0074 mmol) was added to a solution of Substrate 5 (8.6 mg,
0.036 mmol) and 1,2-dichlorobenzene/CsDs (0.72 mL). The homogenous solution was placed in
a preheated NMR probe and a 'H NMR spectrum was obtained (Figure S36a). The sample was
allowed to cool to room temperature and butylamine hydrochloride (1.1 mg, 0.0066 mmol) was
added. The still homogenous sample was returned to the preheated NMR probe and spectra were
collected at regular time intervals. Peaks at 6 11.50, 9.09, and 8.37 appeared, which are

consistent with the formation of imidazolium salt 1c.

21 mol% sz N/\>
N I,

1 )
T NMe, T |
R I R g (/\N N/\§
N - Ph = <
. Bu, R=(CH3)10CH3 Ph ON= £ o N®
Ph NH, NH,CI . n " 21 R
Ph BY 1,2-dichlorobenzene, CgDg, 115 °C N Me
H
L E
(a) Initial Reaction (No Bu,NH,Cl added)
O
(b) 15 min after adding BuyNH,CI °
. P R
L&
o
(c) 26 min g
N Py P, p——
O
L3
(d) 45 min
LN N o P | VSN
Oy
i
(e) 45 min 9 A
o, " . _l o B

Figure S36. '"H NMR spectra of (a) Mixture of substrate and 21 mol % diiodo complex 2b (The
BuNH-HCI salt has not been added). (b) Mixture 15 min after adding BuuNH-HCl salt (¢)
Mixture 26 min after adding Bu2NH-HCI salt (d) Mixture 45 min after adding BuuNH-HCI salt
(€) Mixture 90 min after adding BuuNH-HCl salt. '"H NMR spectra were taken at 115 °C.
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Observations from spiking the reaction conditions with imidazolium salt

A standard solution of substrate (0.2104 M, 0.700 mL, 0.147 mmol) was added to solid
precatalyst 2b (8.5 mg, 0.0094 mmol) resulting in a homogenous yellow solution. The sample
was placed in a preheated NMR probe and a 'H NMR spectrum was collected (Figure S37a). The
sample was cooled to room temperature and solid imidazolium salt 1¢ was added (2.0 mg,
0.0026 mmol). The sample was again placed in a preheated NMR probe and a '"H NMR spectrum

was collected. When ejected, the sample was homogenous.

6mol% ¢ N N NN
@_Zrﬁ N N

N
T NMe, % /\§
|
S " R=(CH)1oCH i Ph ®"© a lza “Ne
Ph NH, =(CH2)10CH3 Phh K 2l R
Ph 1,2-dichlorobenzene, CgDg, 115 °C N Me
0.2104 M H
HE
(a) Initial reaction at 118 °C.
o —hmﬂwwm""“ E
0
not present -
(b) Reaction mixture that has been spiked with Imidazolium salt. ]
a b c
r'l'; A )L-»
VAN e gt e il 2
5 a
T T T T T T T
15 1.0 105 10.0 a5 2.0 &5 [ppm]

Figure S37. '"H NMR spectra of (a) Initial reaction mixture at 118 °C (b) Initial reaction mixture
that has been spiked with imidazolium salt indicating peaks for protons b and ¢ are not present in
the initial reaction mixture.
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Observation of imidazolium salt formation in homogenous conditions with complex 3a

Solid triiodo complex 3a (1.0 mg, 0.00010 mmol) and 1,2-dichlorobenzene:CsDs (10:1, 0.63
mL) were combined in a screw cap NMR tube resulting in a homogenous yellow solution. The
sample was placed inside a preheated and calibrated NMR probe (110 °C) and a '"H NMR
spectrum collected. No resonances > 8 8.5 were observed. The sample was allowed to cool to
room temperature and substrate 5 was added (27.2 mg, 0.115 mmol). The sample was placed in
the preheated NMR probe and a 'H NMR spectrum collected. Three resonances were observed
above 6 8.5 ppm (8 11.55, 9.09, and 8.46). The sample was allowed to cool to room temperature
and imidazolium salt 1¢ (1.2 mg, 0.0015 mmol) was added. The sample was again placed in the
preheated NMR probe and a '"H NMR spectrum was collected. Three resonances > § 8.5 ppm

were observed (6 11.48, 9.06, 8.51). See Figure S38 for spectra.
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Figure S38. '"H NMR spectra of (a) triiodo complex 3a only (b) Substrate 9 and 1 mol % triiodo
complex 3a (c¢) Reaction mixture spiked with imidazolium salt 1c. All spectra were taken at 110
°Cin 10:1 1,2-dichlorobenzene:Ce¢Ds

Table S1. Selected resonances and differences from spectra shown in Figure S38.

Spectra o (ppm)

(a) - - -

(b) 11.55 9.09 8.46

(c) 11.48 9.06 8.51

Ad 0.07 0.03 -0.05
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Observation of imidazolium salt formation from heterogeneous reaction conditions

CCC-NHC Zr complex 2a (0.0067 g, 0.011 mmol), substrate 5 (0.0651 g, 0.274 mmol), and d-
toluene (0.72 ml) were combined at room temperature yielding a yellow, homogenous solution.
The solution was placed in a 100 °C oil bath for 20 minutes, during which time a fine solid had
formed. CH2Cl2 (2 mL) was added yielding a homogenous solution and the mixture was
immediately characterized with 'H NMR spectroscopy. Several signals, consistent with the
formation of imidazolium salt 1b, were observed. 'H NMR (CH2Cl2/CsDs): Imidazolium salt 1b
011.13 (2 H, s), 8.78 (t, J=2.1 Hz, 1 H), 8.24 (t, J=1.9 Hz, 2H), 7.92 (dd, J1=8.29 Hz, J>=2.3 Hz,

2H), 7.60 (t, J=8.3 Hz, 1H).
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Figure S39. (a) 'H NMR spectrum of the reaction mixture before heating. (b) "H NMR spectrum
of the reaction mixture after heating (solid forms), cooling to room temperature, and adding
CH2CL.
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Time elapsed plot of oxidative product formation.
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Figure S40. Time elapsed plot showing rise of oxidative amination product signal (6 4.34) and
decay of triplet (6 4.03) indicative of CCC-NHC Zr pincer complexes.
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Disproportionation reactions considered in proposing mechanism
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Scheme S1. Reactions considered in determining source of intermediate 14. (a)
Disproportionation of two diiodo complexes and subsequent double deprotonation of a substrate
molecule. (b) Ligand exchange to form the substrate adduct 9, then ligand exchange to form

When triiodo complex 3a is in solution with the substrate 5, it decomposes to imidazolium salt

1c, which is observed with peaks at 6 11.55, 9.09 and 8.46 (Figure S38). Therefore, if triiodo

complex 3a was formed at observable concentrations in the reaction conditions, it would react

with the substrate and form the imidazolium salt 1¢ (which is observable at 6 11.48, 9.06, and

8.51). These signals were not observed in reactions involving complex 2b (Figure S37).
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Representative Kinetic Run
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Figure S41. '"H NMR spectra from a representative kinetic run.
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Figure S42. Data from Erying plot analysis using substrate 5 (0.282 M) and 4 mol % diiodo
complex 2b. (a) 108 °C (b) 117 °C (c) 123 °C (d) 128 °C. See Error Analysis for Eyring Plots

using Complex 2b as a precatalyst for detailed slope values.
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Figure S43. Data from Erying plot analysis using substrate 5 (0.282 M) and 3 mol % diamido
complex 4a. (a) 85°C (b) 93 °C (¢) 104 °C (d) 113 °C. See Error Analysis for Eyring Plots using

Complex 4a as a precatalyst for detailed slope values.
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Initial Rate Plots for Substrate and Precatalyst Order of Reaction Determination
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Figure S44. Plots showing substrate and precatalysts order. (a) Plot of In(substrate integration) vs
time using 3.2 mol% precatalyst 2¢ ([Zr]o = 0.0091 M) at 112 °C with [substrate]o = 0.282 M. At
150 min the reaction was at 83% conversion. (b) Plot of kobs vs [2C] at 112 °C (c) Plot of product
integration vs time using 8.8 mol% diamido complex 4a ([Zr]o = 0.00263 M) at 76 °C with
[substrate]o = 0.298 M. At 179 min the reaction was at 59% conversion and still linear. (d) Plot

of kobs vs [complex 4a] when at 76 °C.
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Eyring Plots for Activation Parameter Determinations
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Figure S45. (a) Erying plot for diiodo complex 2¢ in the temperature range 108 - 128 °C (b)

Erying plot for diamido complex 4a in the temperature range 76-104 °C.
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Figure S46. Plot of substrate integration vs time for (a) 6-D (NDz2) and (b) 6 (NH2).
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Figure S48. Final proposed free energy diagram following the principle of microscopic
reversibility for the imido [2+2] cycloaddition mechanism of CCC-NHC pincer Zr complexes.
The numbers in parentheses correspond to the numbering the main text.
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Computational Details

Table S2. Electronic energies and free energies (absolute energies in Hartrees, relative energies in
kcal mol™!). AGgas® are gas-phase relative free energies. AGeone are relative free energies including
the 1.77 kcal mol™! concentration correction.

Numbering Numbering
article in Sl E G
2 -963.31011904 -963.047710
4 -1086.24947362 -1085.907688
substrate, 5 substrate -330.02912501 -329.858123
HNMe, -134.96934811 -134.904375
(H2NMe))I -146.99007904 -146.920386
product, 7 product -330.06184032 -329.886971
AGgas® (kcal mol ) AGonc (kcal mol?)
E G relative to 4 relative to 3
1 -1146.31598705 -1145.953511 2.23 3.9
TS-1-2 -1146.31682818 -1145.952817 2.66 4.3
2 -1146.31571451 -1145.953874 2.00 3.6
TS-2-3 -1146.30860772 -1145.946113 6.87 8.5
15 3 -1146.32137499 -1145.959674 -1.64 0.0
TS-3-4 -1146.31752064 -1145.954941 1.33 3.0
4 -1146.31948395 -1145.957362 -0.19 1.5
TS-4-5 -1146.30603697 -1145.940893 10.15 11.8
16 5 -1146.30767423 -1145.942829 8.93 10.6
TS-5-6 -1146.30146095 -1145.937432 12.32 14.0
6 -1146.31827274 -1145.952910 2.60 4.2
TS-6-7 -1146.31137550 -1145.944839 7.67 9.3
7 -1146.31584231 -1145.952554 2.83 4.5
17 8 -1476.35335164 -1475.797229 11.27 12.9
TS-8-9 -1476.35324844 -1475.794901 12.73 14.4
18 9 -1476.37001904 -1475.808107 4.44 6.1
TS-9-10 -1476.34595680 -1475.788993 16.44 18.1
19 10 -1476.39892586 -1475.840296 -15.76 -14.1
TS-10-11 -1476.39705869 -1475.837628 -14.08 -12.4
11 -1476.40184881 -1475.842493 -17.14 -15.5
TS-11-12 -1476.35119467 -1475.795991 12.04 13.7
12 -1476.38817112 -1475.833275 -11.35 -9.7
13 -1146.31594797 -1145.955287 -16.99 -15.3
TS-13-1 -1146.31579294 -1145.952275 -15.10 -13.5
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Table S2 (cont.). Electronic energies and free energies (absolute energies in Hartrees, relative
energies in kcal mol™"). AGgas® are gas-phase relative free energies. AGeone are relative free energies
including the 1.77 kcal mol™! concentration correction.

Numbering Numbering AGgas® (keal mol?) AGeone (kcal mol?)
article in SI E G relative to 4 relative to 3

21 -1476.36625725 -1475.809720 3.43 5.1
TS-21-22 -1476.32623607 -1475.776825 24.07 25.7
9 22 -1476.36854268 -1475.816238 -0.66 1.0
22B -1476.35527908 -1475.795516 12.34 14.0
TS-9-10 TS-22-23 -1476.34276858 -1475.782323 20.62 22.3
10 23 -1476.36437684 -1475.803148 7.55 9.2
TS-10-11 TS-23-24 -1476.33033663 -1475.772822 26.58 28.2
11 24 -1476.38121338 -1475.824240 -5.68 -4.0
12 25 -1416.28399371 -1415.746583 12.07 13.7
TS-12-13 TS-25-26 -1416.24770917 -1415.715307 31.69 33.3
13 26 -1416.28762665 -1415.751643 8.89 10.5
TS-13-14 TS-26-27 -1416.23972029 -1415.699451 41.64 43.3
14 27 -1416.31547882 -1415.774460 -5.43 -3.8

Included in the Cartesian coordinates section is one species, 22B, that is not included in Scheme
4. 22B is a conformer of 22 (9 in Scheme 4). TS-22-23 connects 22B to 23 (10 in Scheme 4), not
22 to 23.
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Numbering in the coordinates sections corresponds to the numbering of the complexes in Figure
S48 and "Appendix B- excerpted from the dissertation of Katie Leigh".

substrate
-0.062900
0.654067
0.061535
0.833404
1.332680
1.878135
-0.503695
-0.337169
-0.686955
-1.745197
-1.693584
-2.900311
-3.793706
-2.995602
1.657307
-0.516351
.604830
.980931
.591809
.874122
.491957
.299045
.607630
el energy=
zpe=
th energy=
th enthalpy=
free energy=

IIIIIIIIIIIOIOIIOOOOIO=Z

ONEPNRFREFRO

.053890 -0.065258
.012861 -0.820926
.781753 -1.727398
-300791 -0.010990
.014448 1.412885
-1.177091 -0.732996
-1.105213 0.040657
-1.963839 0.727980
-1.548382 -0.959468
-0.368430 0.472321
0.178283 1.422817
-0.373865 -0.217398
0.148703 0.144720
-0.903229 -1.175419
1.343361 -1.179967
2.701748 -0.715040
2.609327 0.478070
-2.161694 -0.239749
-1.359415 -1.786689
-0.695456 -0.732958
-0.915571 1.989968
0.555597 1.386530
0.640080 1.962089
-330.025215751
-329.819613
-329.809034
-329.808090
-329.854476

OQOORrN

uncatalyzed intramolecular
hydroamination TS

-1.010523
0.296676
0.077917
1.014162
1.581301
2.141926
0.161936
0.064083
-0.331509
-1.438791
-1.551378
.659244
-3.602705
-2.615589
0.875903
-1.969720
-1.023108
.613080
. 758377
.936435
.060452
.345175
.791682
el energy=
zpe=

th energy=
th enthalpy=
free energy=

IIIIIIIIIIIOIOIIOOOOIO=Z
|
N

ONNNEN

product
-0.982695
0.318979
0.152358
1.033096
1.661627
2.100103
-0.189383
-0.031070
-0.377778
-1.396497
-1.598066
-2.680467
-3.513448
-2.977879
0.902981
-2.529603
854440
537747
.672203
.930363
.060071
.497585
.923094
el energy=
zpe=
th energy=
th enthalpy=
free energy=

IIIIIIIIIIIOIOIIOOOOIO=Z

|
ONNNENO

1.164607 -0.371751
0.840553 -1.000125
0.293594 -1.936993
-0.106026 -0.001131
0.688688 1.193478
-0.888372 -0.692666
-1.017884 0.444207
-1.537356 1.394009
-1.794135 -0.327033
-0.168306 0.572123
0.280444 1.579285
-0.585935 -0.144282
-0.410954 0.395306
-1.600139 -0.571537
1.746089 -1.253781
0.818649 -0.921142
2.083176 0.104459
-1.601611 0.008202
-1.465477 -1.554544
-0.212449 -1.061999
0.008432 1.921595
1.418461 0.864426
1.244717 1.732387
-329.957260152
-329.755779
-329.746668
-329.745724
-329.788469

.167533 -0.488324
.770287 -1.053678
.175018 -1.976675
.118485 0.003097
.754264 1.108330
-1.031411 -0.618790
-0.901962 0.547140
-1.279403 1.574258
-1.784102 -0.096638
0.080255 0.452893
0.525998 1.447782
-0.604012 -0.035154
0.118520 -0.093861
-1.427234 0.642012
1.663283 -1.346326
-1.026220 -1.045834
2.031396 0.045435
-1.714883 0.132929
-1.651259 -1.429151
-0.439609 -1.049281
0.131657 1.930973
1.360179 0.710390
1.450311 1.549235
-330.061760626
-329.853296
-329.844091
-329.843146
-329.886787

[eleNoNa)

[Zr]1
Zr 0.290665
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0.148084
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-3.501509
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3.754832
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-1.058607
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045253
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861726
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301301
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th energy=
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free energy=
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| |
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[zrltz
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013994
062690
928900
265542
645380
760217
148642
052689
351327
600486
410158
314951
592917
455584
209936
039258
356888
567815
493850
884964
904952
664236
085293
311040
513732
255978
434254
487411
553126
061431
122832
055264
495582
546697
226686
739173
081564
716442
290222
181534
113166
.362488
609378
427974
522472
759016
043244
318380
942174
-919737

-1086.24947362

-1085.846735
-1085.817358
-1085.816414
-1085.907688

-0.011289
-1.993485

0.443183

2.303380
3.446211
2
4

.725961
.090415
4.546899
-3.337199
-1.881061
-3.126474
-4.049372
-0.568046
-0.323381
1.010373
1.748734
2.064993
5.547319
4.618701
-5.137247
-3.260021
-1.132880
1.229334
3.096343
-3.945773
3.514947
-4.328711
-3.181564
-4.770593
4.085877

OPrRPOO0CO0OO0O000O000O0O0O0O0O0O0O0O0OO0O0O0O0O0OO0O0OOO0OO0O

S-56

423490
484247
296848
066466
144119
042857
180743
298361
471147
438995
375440
394792
368577
340572
233140
173063
142982
484214
249923
361003
319866
395319
211408
049034
419785
233739
595920
663883
149735
618021

.503738
386582
.233472
.010577
.202023
.236774
-0.831999
-1.613959
-0.403252
-1.316986
2.035691
0.806647
1.718311

el energy=
zpe=

th energy=
th enthalpy=
free energy=

POOWNN

IIIIIITIOOZ==TII

[Zr]ls
Zr 0.334378
-0.553878
-1.992406
-0.546674
-0.046310
-1.911403
-2.252624
-1.070340
-0.057608
-1.919146
-2.264699
-1.084676
-2.738239
-4.141259
-4.830906
-2.734335
-4.137229
-0.874969
-3.282010
-0.892813
-3.295211
-4.702504
-5.926186
-4.695403
.362456
.374813
.587131
.957854
.623767
.601836
.637309
.967366
.216120
.058403
.142835
el energy=
zpe=
th energy=
th enthalpy=
free energy=

memem T TTITIIOOIIIIIIIOOOOOOOOZZO00ZZ000
CoOWRrRRRRRER

=
o

.659672
1.609543
-0.522513
-1.076646
-1.585854
-1.878313
-2.865814
-2.680602
2.634245
0.968172
1.575358
2.632630
-0.168847
-845917
-1.927902
-1.593683
-2.312940
-3.225684
-3.603154
3.374460
1.223805
-0.554500
-2.473357
-3.148485
3.581661
-1.067785
4.600796
3.316156

ITOOIIIIIIITIOOOOOOOOZZ00Z2Z000NLER
|
o

2.491586 -0.220608
4.003999 -1.178983
-0.453676 0.231882
-0.496720 -2.457529
0.140663 2.506818
0.888591 3.222476
-0.294868 3.432946
-0.867003 2.908731
-0.935853 4.235786
0.573666 3.932209
1.223901 2.536294
1.784196 3.724267
0.258746 4.002966
-963.310119038
-962.986307
-962.959378
-962.958434
-963.047710

-0.000506 0.007365
-2.188303 -0.012777
0.003300 -0.008028
2.190168 -0.018764
3.459661 -0.040436
2.359645 -0.020686
3.701190 -0.043136
4.398147 -0.056918
-3.459454 -0.031496
-2.353355 -0.014420
-3.693858 -0.033988
-4.394658 -0.046036
-1.182812 -0.007587
-1.216599 -0.006148
0.007959 -0.006208
1.191842 -0.010709
1.230236 -0.009379
5.468944 -0.075888
4.051859 -0.043719
-5.466132 -0.062471
-4.041214 -0.034012
-2.158193 -0.005452
0.009776 -0.005013
2.173653 -0.011222
-3.802961 -0.079145
3.798574 -0.089284
-4.560662 0.690119
-2.897499 0.118125
-4.194385 -1.077702
4.558166 0.677412
4.185765 -1.089182
2.891937 0.111074
-0.003258 0.064823
0.003549 2.832613
-0.005962 -2.825148
-840.366486622
-840.121173
-840.097430
-840.096485
-840.180461

-0.225827 -0.037322
1.889419 0.577436
1.573028 -0.963300

-0.959161 -1.539991

-2.135125 -2.010544
0.003167 -2.114499

-0.562741 -2.906030

-1.920446 -2.840454

.351116 1.351896

.035327 0.157824

.174331 0.666523

.740307 1.425055

-905462 -0.708339

.008278 -1.255305

.755900 -2.115787

-384846 -1.848399

.441394 -2.432685

.737544 -3.310188

-024626 -3.448274

.295397 1.997034

.181378 0.453862

-042573 -1.036931

.597653 -2.556494

.271214 -3.122153

-484196 2.048504

.450924 -1.641509

.894661 1.951483

-402910 3.117289

1
PRPWORPNDMOAOBRONNRFPWOANWARWON



3.549356
-1.133556
-0.011752
-1.645705

2.938983
-0.139665
-0.751475
-2.254057
-3.236362
-3.239470
-4._320659
-5.289802
-4.279020
-2.288570
-4.263578
-2.992390
-2.528345
-2.500662
-0.173891
-0.668147
-3.560228
-1.880748
-2.252331
-1.847518
-3.568902
-2.379381

el energy=
zpe=

th energy=
th enthalpy=
free energy=

ITIIIIIIIOOIIIIIOOONOOZ=IIII

TS-1-2
Zr 0.446317
2.392705
0.501856
-1.348010
-2.400329
-1.450576
-2.542159
-3.146422
.462493
.509798
.618567
222597
.526716
.599601
.591951
-0.458441
-0.447939
-4.028413
-2.794905
5.118559
3.891585
2.411221
0.624198
-1.214692
3.729059
-2.734495
.815626
3.337941
3.232914
-3.122506
-1.821605
-3.493993
1.448731
-0.449482
-0.944960
-2.486617
-3.291776
-3.274962
-4.366938
-5.363218
-4.310926
-2.294148
-4.344009
-2.894079
-2.984273
-2.712424
-0.447326
-0.661180
-3.788950
-2.200915
-2.324157
-2.460560
-4.070219
-2.796814
el energy=
zpe=
th energy=
th enthalpy=
free energy=

OrRRFPAWN®W

IIIIIIIIOOIIIIIOOOOOZ=IIIIIIOOIIIIIIIOOOONOOOZZ00ZZ000
IS

2

0.484640 1.586288
-4.128019 -2.509095
-3.344727 -1.344273
-3.868372 -0.798367
-1.901471 -0.681978
-0.569684 1.618512
-0.832884 2.885864
-1.285824 2.916037
-0.083800 2.755529

0.636136 1.433703

0.764639 0.642837

0.322478 0.913687

1.326274 -0.298787

1.088728 1.121806
-0.445253 2.969272

0.645198 3.559206
-2.358440 1.850715
-1.881413 4.320678
-1.633316 3.405970

0.065968 3.541450
-2.171235 4.450566
-2.782306 4.485678
-1.151776 5.115720
-3.221608 1.979738
-2.728783 1.926352
-1.947165 0.838079
-1146.31598705

-1145.889646
-1145.859230
-1145.858286
-1145.953511

POPRPRWOWORARNBEBANREPNRPRORNFROONOO

.321595 -0.
.576245 0.
.012325 -0.
.565151 -1.
.102641 -2.
.936193 -1.
.310581 -2.
.145895 -2.
.109306 1.
.946431 0
.317436 1
.151445 2.
.758695 0
-160347 O.
-847745 -0.
.752220 -1.
.154401 -1.
.976140 -3.
.347411 -2.
-980120 2.
-353914 1.
.722483 0.
-941500 -0.
.713095 -1.
-1.309526 1.
-1.312058 -2.
-1.492974 1.
-1.624870 2.
-1.891036 1.
-1.493776 -3.
-1.911162 -2.
-1.604396 -1.
-2.590750 -1.
-0.688271
-1.171270
-1.421060
-0.086009
-806398
-136301
.751792
-807364
-205579
-336352
.482493
-2.282770
-2.174565
-2.138786
-0.467333
-2.357102
-3.155193
-1.596234
-3.257029
-2.479852
-1.773932

OORrRFrRORrRO

OFRRFPARMDMWOUNARPRWWRORORNNNE

197104
873187
300160
545506
281598
645930
415875
816965
580607

.957618
.704520

101527

.299091

248346
449941
004363
092354
432380
625514
696076
889348
725548
504347
642094
803952
429365
762674
787464
009719
445331
279712
683293
701060

-404452
.658621
. 779594
-865513
.652697
-937708
-198219
.071413
-362305
-112985
.734217
.609038
-108960
-904049
-476525
-286070
-102589
-969790
-585692
.694442
.648465

-1146.31682818

-1145.890600
-1145.861014
-1145.860070
-1145.952817

zr 0.345756 -0.330448 -0.198509

2.532231
1.148680
-1.111406
-2.263537
-0.766069
-1.685979
-2.638556
430996
082903
287017
507594
382770
899887
139719
453845
909727
532274
591598
330260
883354
867712
518767
342859
249996
047992
203288
907699
495119
-3.536021
-2.370733
-3.808543
0.515191
-0.522359
-1.185545
-2.729170
-3.572024
-3.411906
-4.433313
-5.470862
-4.275752
-2.386682
-4.643678
-3.300214
-3.109262
-3.048175
-0.702516
-1.023029
-4.135972
-2.550734
-2.703353
-2.534357
-4.186603
-2.893858

el energy=
zpe=

th energy=
th enthalpy=
free energy=

1
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TS-2-3
Zr 0.202874
2.275442
1.803091
-0.523892
-1.601875
0.288518
-0.281433
-1.483035
787895
264235
353815
051669
054755
018225
707338
561071
477438
246340
202089
624262
242331
990729
440176
262795
074943
762533
774380
625687
279699
.161827
.445252
-535400
.672624
.656994
-235593

PEPNNNNBARORONNRPOAOADWN

OZ=IIIIITIOOIIIIIIIOOOOOOOZZ00ZZ000
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ONUUOWRFEPANBNRBRWONOOORNWNREREREREO

OCOFRNRFRRLRRFLRO

265031
857659
274664
280456
606991
414527
572063
147093
969739
854354
489094
141822
440574
509698
961423
285925
780832
496404
023238
711922
638223
533097
135249
596523

.082150
-3.
-2.
-2.
-192646
-0.
-0.
-2.
-0.
-0.
-1.

089026
945320
854622

786982
062112
513019
673124
934499
237048
073365
052512
547381
233566
300897
392286
197700

.590821
-2.
-2.
-1.
-0.
-2.
-3.
-1.
-3.
-2.
-1.

082052
028304
818470
089026
198937
015885
484168
026084
336053
542568

ORPRPAWRWWWFRWNRFRORORNNNE

.783311
.007878
-263118
-993814
.176491
-828061
-344529

309724
050851
730453
896148
609621
747550
243133

.505823
-398815
-930392
.887025
-368936
-033544
.223713
-339613
.798352
-303788
.284251
-048267
-294099
.544104
-266558
-312069
-496582
-108253

424145
665547
639946
698292
567566
841979
023187
060111
363574
793812
644791
414973
928601
144877
374738
036089
919644
829407
390585
432300
477310

-1146.31571451
-1145.889437
-1145.858984
-1145.858040
-1145.953874

-0.
-1.

PORADRRPOWOAODBWNWNE

259420
207946
381401
922651
487726
994902
193350
871006

-441850
-0.
-1.
-2.

337759
014771
350417
071480
037733
387490
741601
759395
500251
157954
228949
511330
771866
161763
818436
694659

.731460
-4.
-4.
-3.
.198336
.700377
.716293
-2.
-0.
-0.

448652
067718
512598

062650
400667
680545

S-57

-0.
0.
0.

-0.

-1.

-0.

-1.

-1.

I
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294647
472062
153399
999888
614958
698661
101974
681043
753999
878360
405742
328165
702191
035768
797499
085050
227974
135847
965279
621254
779810
467141
050079
041359
516379
079967
118017

.453717
.224521
-2.
-2.
-1.
-2.
-359546
-635381

995578
306920
291953
407206

-2.760320
-3.694486
-3.083010
-3.718049
-4.731256
-3.256911
-2.080464
-4.317559
-4.420852
-3.022049
-3.096716
-0.713071
-1.055796
-4.160448
-2.485714
-2.910493
-2.436847
-4.091818
-2.730437
el energy=
zpe=

th energy=
th enthalpy=
free energy=

IIIIIIIIOOIIIIIOOOO

.279984
.259869
.969797
.326972
388832
.557097
.050606
.184968
.676645
.303903
334025
.936344
.193756
.217510
.998910
.816588
.797831
.921682
.594248
.438800
.250442
.166564
.780724
.654629
.875644
.609049
.501629
.457331
.053019
.976375
.371971
.383776
.672365
.691778
.435792
.883682
.688955
.770576
-907539
.893692
.899263
.806259
.196925
.710488
.806353
.580452
.894922
.502578
.583408
.992879
.710059
.299455
.815815
.240376
el energy=
zpe=

th energy=
th enthalpy=
free energy=

=
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TS-3-4

Zr 0.217226
c 1.825888
[ 2.302071
C 0.277738
N -0.580685
N 1.421359
C 1.270753
c -0.000986

-024662
-176359
.529477
.512577
.377521
-496520
.735139
.120317
-323865
-2.215003
-1.441945
-1.551990

0.166654
-1.731018
-2.306076
-0.612378
-3.102499
-2.498771
-1.968093

OORFRPWNNROPR

ORPNARMPRWWRRPRWRERNRFRPORENN

-659334
.252872
-955525
.288045
.882417
.139736
-351526
-386831
.080115
.716728
-109533
.094441
-338150
.202197
.432466
-818895
.026304
.723523
-679847

-1146.30860772

-1145.882547
-1145.852919
-1145.851975
-1145.946113

-0.228814 -0.
-1.319224 0.
1.300724 O.
.019269 -0.
676572 -1.
.027483 -0.
.274654 -0.
4.052063 -1.
-831543
-955861
-500021
-421970
.786310
.138119
-915977
.021225
-350666
-860975
.739845
.727234
-888208
.572983
.181689
.181128
-590921
-910891
-124994
-539348
-094688
2.525122 -2.
-155802

2
2.
3
4

-2.585706
-0.521546
-1.274294
-2.584730
-900137
.795396
-165940
.677609
.627532
.746113
.201722
.501224
-835555
-459725
.886036
.701376
.783424
.017213
-4.563198
-4.164115
-3.524341

|
NORAWROWOBRWNWEO

I
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0.969138

|
N

2.047018 -1.
-1.897012 -2.
-307419
.525503
-389186
-306279
.505170
.625020
-599209
.757662
.536587
.332278
-244195
-962596
.758119
-261945
-996819
-733999
-545762
-055980
.737837
-809260
.018527

-0.332794
-0.412590
-0.990167
-0.211542
1.277686
1.989791
1.506416
3.078861
1.808061
-0.412896
-0.637353
-2.468009
-0.872455
-1.051363
0.594555
-1.339254
-1.381773
0.184457
-3.074609
-2.894562
-2.571666

PRNARWONWWRRPRORRREPRPRPRENNE

283151
539075
233619
894348
446106
572738
906753
459695

818127

123453
465039

-1146.32137499

-1145.894857
-1145.864495
-1145.863551
-1145.959674

-0.088198 -0.
-1.834794 0.
.763609 O.
.305421 -0.
.325464 -0.
.942847 0.
.321512 O.
.563871 -0.

ABNWNO

288263
109100
345726
390000
679364
040042
026694
428854



.870190
.075794
.867823
.102377
.378292
.632722
.814630
.548947
777674
.530204
.058106
.330599
.891782
.459712
.783272
.947231
.739863
.953825
.184185
.068395
.107123
-2.303624
.971236
-2.618508
-1.243968
-0.697774
-1.444609
-2.816746
-3.748744
-4.123105
-4.877761
-5.287524
-5.133979
-3.756524
-3.260133
-4.676517
-2.578689
-3.458083
-0.841081
-1.631003
-4.427002
-2.800584
-3.643459
-3.532074
-2.081911
-1.933369

el energy=
zpe=

th energy=
th enthalpy=
free energy=

POOROWUUBRWNOWNARWWWWE
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-152445
-356185
.382298
.722510
.085005
.983521
-120475
-914326
.119486
.666481
.220263
.238399
.262420
.600745
.081035
.923114
.251824
.585469
-040068
.244867
.246397
.270364
-121654
.652908
.162715
-315146
.734004
.738312
-010598
-505068
.515445
-982386
.486425
.734012
-463987
.681947
.725398
.318651
.296257
.816456
.779970
-831762

=

ITIITOO0O0O0O0Z=ITIIIIIIOOIIIIIIIOOOOOOOOOZZ00Z2Z000NSM
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-3.199303
-1.466952
-2.573984
-3.674276
-0.068557
0.410839
1.802610
2.141442
2.688877
5.500089
5.009245
-4.737296
-2.500090
-0.259883

2.203434

3.770845
-4.045559

OrRrPRPPOOOOORRFRPROOOOO

|
o

-4.370197

o

-3.467451 -0.
-4.929592 -0.
4.034145 -1.
2.278233 -1.
2.884226 -0.
-0.943894 -2.
-335336
-549063
.441739
-425527
.746761
-966056
-007693
.266017
.698034
-431326
-327504
.955857
-843953
.324424
-959837
-820853
-560298
.251660
-863651
-968807
.666672

-0.206808
-0.306115
-1.049644
-0.339520

1.092816

1.889688

1.541573

2.913335

1.507540
-0.376497
-0.941139
-2.492317
-1.090749
-0.833477

0.713087
-1.624382
-1.619138
-0.079607
-3.046420
-2.492795
-3.044280

NORARMWNWWRRPRONRFPOORRENNE

-095901
.558351
-824637
.532229
.681274
.093905
-165864
.422353
-827109
-598801
-326398
.590887
.183776
-356104
.484461
-883001
.279662
3.120506 -1.
.617848

141480

934856
826953
648662
852723
290809
654055

-1146.31752064

-1145.891616
-1145.861854
-1145.860910
-1145.954941

ABANMNWNONO

-2.041585
-3.313009
-4.169333
-0.774927
-0.639057
0.654703
1.572619
1.780706
5.607844
4.455219
-5.249430
-3.509161
-1.500309
0.788355
2.781144
-3.916161

PRPOOORORFRORLPROOOOO

I
o

3.686095 -0.
-4.340194 -0.
-3.094459 -1.
-4.698360 -1.

4.737307 -0.

3.040392 -1.
-334070
.700608
-341291
-570405
.642973
-541360
-609302
.601920
.358153
.691741
-544522

3.383312
-0.099863
-0.093729
-0.085743
-1.061826
-0.709527
0.673728
1.567175
1.332261
2
0

|
N O

NOOORRFRNNPE

.548574
-947139

.022012 -0.
.068082 -0.
.306502 O.
-331178 -0.
.536050 -0.
.641436 O.
.002654 0.
.570200 O.
-3.389671 -0.
-160601
.185091
.243813
-482133
-887700
.153791
.606846
-011706
-346921
.012224
-381198
.487632
-999288
-469422
-213659
-978919

298202
267161
341495
040395
097450
418606
648491
322017
517006

492164
134228
435376
736846
761906
363081

-3.251907
-4._548355
-2.204171
-3.302749
-0.783416
-1.848474
-4.198480
-2.579113
-3.603379
-3.051823
-1.696941
-1.483091

el energy=
zpe=

th energy=
th enthalpy=
free energy=

IIIIIIIIOOII

TS-4-5
Zr 102075
131128
988030
360588
343737
609929
342685
539696
611731
295933
277123
065016
329105
565934
519078
986512
244485
715947
350792
363015
107972
803019
492374
006134
940874
.225039
-2.703074
.941128
.173513
.365281
.167724
.713428
.268092
.046101
.971104
.473128
.756130
.950062
.629263
.904243
.118815
.683157
.615921
834968
.803122
.352923
.742295
.866272
.425292
.081505
.232066
.815729
.070060
.762140
el energy=
zpe=

th energy=
th enthalpy=
free energy=

IIIIIIIIOOIIIIIOOOOOZ=IIIIIIOOIIIIIIIOOONOOOOZZOOZZ000
ORUVUDWNOBRANBANDBWNORFRPRONWNRRELRRLROO
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.251488
-039304
.765509
.125420
-111092
.317681
.017219
.253051
.611551
.156756
-204298
.081345
.108752
.280460
-164270

-

0O0000ZZ00ZZ000NW0
[ U A UL
AWNORRFPONWNRRFLRPLOO

-0.850861 0.551218
-1.453605 1.615306
-2.508231 2.416784
-0.947955 4.050086
-0.334633 3.417880
0.940334 2.771935
-1.590929 4.144597
-1.266882 4.823898
0.089218 4.288290
-3.219550 2.439514
-2.596182 1.439085
-2.812082 3.199691
-1146.31948395
-1145.892949
-1145.862572

-1145.861628
-1145.957362

-0.176123 0.
2.170305 -0.
0.348699 -0.

-2.114364 -0.

-3.447274 0.

-1.926704 -0.

-3.103646 -0.

-4.069849 -0.

3.306579 -0.

2.610964 -0.

3.982952 -1.

4.423949 -0.

1.655359 -1.

2.003324 -1.

0.988199 -1.

-0.614773 -0.

-0.335565 -1.

-5.129946 O.

-3.166039 -0.
5.424303 -0.
4.528850 -1.
3.032795 -2.
1.233859 -2.

-1.111145 -1.

-408218

-951179

-314633

-292922

3.333421
-4.121221
2.992027 -
2.673319

-5.211082
-3.834665
-3.840845

0.587888

-0.531869 -1.
-0.974875 -2.
-0.666754 -2.
-0.805138 -0.
-1.839770 O.
-1.750827 1.
-0.878553 2.
-2.558885 1.
-2.752112 -0.
0.171458 -0.
-1.044561 -0.
0.777236 -2.
-1.652924 -2.
-0.530165 -3.
-2.077139 -2.
-1.390674 -2.
-1.647556 -4.
-2.690133 -2.
1.078379 -2.
1.481590 -2.
0.886689 -3.

0
0
0
1
4.362808 O.
0
2
0
2

071191
343275
800484
008514
300556
556987
587189
039423
195688
927424
139459
675569
183458
750217
935651
995918
555636
135155
989618
638234
579907
043757
374561
698496

724731

.873387
-015627
-447589
-968372

520897
510067
185613
657141
092428
405108
009680
940780
464378
154783
537691
611129
980830
506655
652608
904056
053670
613642
279721
174651
711238

-1146.30603697

-1145.879304
-1145.850037
-1145.849093
-1145.940893

B WNWNONO

S-58

215802 O.
077601 -0.
132083 -1.
241592 -0.
545888 O.
144728 -0.
341239 -0.
231588 O.
-3.266468 -0.
-2.411288 -1.
-3.772170 -1.
-4.314693 -0.
-1.384825 -1.
-1.624583 -2.
-0.552670 -2.

074666
559023
049937
010143
412471
694897
693041
013275
393800
287615
560299
992364
581706
317819
524941

-2.692299
-3.885091
-2.422171
-3.978382
0.274597
-2.016419
-3.519425
-5.086369
-4.592941
1.837587
-0.068514
2.692876
1.702850
2.035843
-0.118626
-0.200678
.917547
.570845
.442298
.552168
.938701
-813393
.689931
.054943
.293297
-399679
.523236
.711058
.768562
.366562
.985736
.516314
.510367
.005810
.995710
.766433
-267909
.551911
.597104
el energy=
zpe=

th energy=
th enthalpy=
free energy=

IIIIIIIIOOIIIIIOOOOOZ=IIIIIIOOIIIIIIIOO
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TS-5-6

Zr 0.268372
-0.063105
-1.754369
-1.007989
-0.942164
-2.210007
-2.866864
-2.062933
0.551114
-1.205312
-1.309119
-0.196318
-2.123585
-3.288399
-4.132350
-2.632989
-3.817594
-2.191091
-3.829334
0.122233
-2.142921
-3.550516
-5.048391
-4.491147
.734710
.131735
.478254
.455200
-169134
-130353
.010109
-098091
-879875
.773633
.888026
-236152
-898726
.598220
-811323
-101602
-389094
.636347
.796788
.714182
.687680
-330267
.759471
-924012
-306312

ITIITOOIIIIIOOOOOZ=IIIIIIOOIIIIIIIOOOOOOOZZ00ZZ000
ONNAOBRBRWONFEPNRPNOWANFRPORPROONRERNOR

wWuUoo

-3.414149
4.144423
-2.964489 -
-2.919057
-4.485601
.241060
-867050
-802548
.981383

NONRFRORORFRO

.717740
-547002
-255055
-347360
-968469
.527667
-314793
-096582

OQOONNRKFROO

NFPRPNOFRPOFRPONRFPORPRFROOROOWWWU

-0.729180 -3

-890697 -1.
.721153 -2.
.277633 O.
.467857 -1.
-5.342937 -0.
-4.240833 -2.
-2.613475 -2.
-0.714069 -3.
1.542023 -2.

.639638 -1.
.063388 -2.
.704466 -1.

.706742 -1.
.734590 -1.
.621709 -3.
.168717 -2.
.455756 -1.
-810196 -3.
.743270 -1.
-1.048657 -1.
-1.431583 -1.

281183
004262
263263
184875
957328
110733
726719
094158
168912
-384146
.237974
.150352
-362089
-545403
.142333
-298696
-890185
.745156
347271
130019
487992
-069939
-648468
-829064
-396578
-340715
.177321
-457209
-492589
936621
957886
151863
284871
632115
061901
558416
392567
749117
.018340

-1146.30767423

-1145.880697
-1145.851012
-1145.850068
-1145.942829

BAWNWNORO

-3.412636

4.195272
-2.629003
-3.358614
-4.398689
-292674
-926117
-804202
-206362
.694475
-912383
-548403
.617076
-369477
-120146
.272290
-962789
-419096
-399021
.112116
.871322

[
OOONNRFROORRFRPRFPNONRFRORFRORO

I
[u

PRPOFRPORPRONRFRPORPRRFRPROOOORWWUL

.254156 O.
-986322 -0.
.020836 -1.
-349347 0.
.643257 0.
.311102 -0.
-529649 -0.
.376576 0.
-3.198969 -0.
-2.263907 -1.
-3.617498 -1.
-4.211155 -1.
-1.198951 -1.
-1.370956 -2.
-0.262776 -2.
1.085667 -1.
0.984373 -2.
5.422642 0.
3.700432 -1.
-5.252125 -1.
-4.044893 -2.
-2.333871 -2.
-0.372348 -3.
1.835682 -2.

.563499 -1.
.315681 -2.
-981946 -2.
-291673 -1.

131665
662702
051434
016249
464738
658823
622153
094304
541043
379514
671494
135045
640234
406479
587618
275044
023323
367516
098024
125766
223128
860737
178603
177353
.283772
.284345
-064029
.351784
.053373
-183862
-345455
-935366
-523519
.037464
-910519
-192265
-325941
.572465
. 753522
-390240
.312259
-230897
.754776
-890800
.581911
574312
836669
227036
129986



5.464173
5.072457
5.547716
3.864862
4.993574

el energy=
zpe=

th energy=
th enthalpy=
free energy=

IITIITT

-0.220506
1.287089
-0.895461
-2.380526
-3.401729
-2.828215
-4.077333
-4.442859
2.408374
1.023228
1.956857
2.837754
-0.123753
-0.444078
-1.590649
-2.041646
-2.410145
-5.348452
-4.605132
3.714124
1.918828
0.169015
-1.854089
-3.304150
3.089361
.441710
3.900230
2.351567
3.512299
-4.332030
-2.531535
-3.478780
-0.701343
.250840
.519764
.354015
.454818
.024088
.000814
.512892
.760285
.611168
.730972
.547376
.732454
.533002
.053014
.363170
.107795
.074191
.555278
.293369
.628494
.353198
el energy=
zpe=

th energy=
th enthalpy=
free energy=

-
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TS-6-7
Zr 0.490060
0.959324
0.408240
1.548698
2.530395
1.043840
1.691581
2.633540
-1.432351
-1.656272
-2.544819
-406352
-1.351502
-1.912725
-1.490565
0.003570
-0.517541
.361578
.448897
-903973
.184720
-649441

IIIIITOOOOO0OOO0OZZ00Z2Z000
|
N

o
NWNPF®

1.610497 -2.671990
2.582095 -1.226897
-1.203055 -0.969417

-1.596131 -1.435336
-0.919475 -2.644195
-1146.30146095
-1145.875108
-1145.846180
-1145.845236
-1145.937432

-0.407578 0.170943
0.308853 -1.636475
1.623381 -0.748229
0.278441 0.969808

-0.225210 1.726666
1.534710 0.613625
1.806479 1.148729
0.687090 1.852313

-0.095913 -2.299773
1.553742 -2.168164
1.905784 -3.133856
0.858560 -3.216429
2.289614 -1.712123
3.565636 -2.207128
4.205129 -1.706514
2.300229 -0.308704
3.580661 -0.751216
0.464030 2.414424
2.743381 0.985204
0.711974 -3.845702
2.840765 -3.687814
4.069833 -2.963259
5.203186 -2.073778
4.095106 -0.379434

-1.362262 -2.042605

-1.584696 2.260735

-1.222958 -1.305002

-2.081993 -1.653754

-1.749598 -2.984210

-2.108540 1.871976

-2.107120 1.932847

-1.561886 3.363891

-2.881921 -1.265170
0.500148 1.328490
1.206344 1.359811
0.620665 2.564306

-0.544509 3.070715

-0.155736 2.635882

-1.261826 2.344666

-2.240964 2.231612

-1.363880 3.138225
0.581760 3.365343

-1.488892 2.560921

-0.710176 4.160932
0.121854 2.097008
1.689465 3.661925
1.093278 0.393493
2.299926 1.504340
1.289963 4.518789
2.574362 3.275584
2.037893 4.044078

-0.349892 2.926239

-0.633254 1.293788
0.951365 1.705916

-1146.31827274
-1145.890583
-1145.861455
-1145.860511
-1145.952910

-0.269992 -0.326897
-1.428744 1.174117
1.144204 1.341656
1.875085 -0.274747
2.520803 -0.969438
2.842293 0.567504
4.055474 0.392736
3.853100 -0.584336
-2.701228 1.313123
-0.707419 2.119206
-1.511022 2.817115
-2.776193 2.303094
0.689200 2.269883
1.501864 3.268898
2.841837 3.337826
2.473091 1.486433
3.345827 2.457004
4.532762 -1.024222
4.945988 0.968173
-3.709355 2.561847
-1.136511 3.612816
1.125849 3.989221

-1.913803
-0.185989
-0.982707
3.346939
-1.038995
-1.611438
0.064501
4.379803
3.353622
2.937385
2.849165
-1.199237
-2.491489
-3.477711
-2.521306
-1.105364
0.107393
-0.188949
0.880337
-0.924249
-2.571457
-2.783266
-4.511807
-4.201776
-2.833962
-2.430865
-4.914874
-4.772117
-3.481722
-5.135612
-4.011647
-5.192776
el energy=
zpe=

th energy=
th enthalpy=
free energy=

IIIIIIIIOOIIIIIOOOOOZ=IIIIIIOOII

-0.478727
.375356
.760082
.743754
.381472
.073063
.055904
.978591
.276518
.251649
.696033
.074170
.493668
348601
.452983
886205
.717256
382059
489608
124399
392571
922852
110777
803143
-0.603991
.341859
-1.305802
-0.009564
-1.166891
-3.088414
-2.850267
-1.827889
-3.365825
059966
211456
298566
470566
989117
048823
426491
886963
661683
690373
699953
379380
942968
566155
965886
725983
416152
189306
075879
916355
979105
el energy=

zpe=

=
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IIIIIIIIOOIIIIIOOOOOZ=IIIIIIOOIIIIIIIOOOOOOOZZ00ZZ000NSN
1
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3.499729
4.386998

-886765 -
.753052
.917691
-643008
.267532
.798554
-098046

4
2
-3.822765 O.
2
1

-0.

0.
-1.
-1.
-3.

-105005
.551676
491345
-002327
.079766
411850
195606
938964
827076
005895

-1.920021 0.119057
0.513005 -1.349525
1.163120 -1.262255
0.318137 -2.164721

-0.685945 -2.889059

-0.102869 -2.672416

-1.023601 -2.504483

-2.094610 -2.464381

-0.929826 -3.290392
0.681337 -3.451372

-1.679375 -2.399567

-0.825566 -3.954987

-0.419023 -1.294240
1.227847 -3.175465
1.243117 -0.213194
2.203794 -1.660431
0.652318 -3.796041
2.026038 -2.662227
1.718937 -3.857039

-1.102435 -1.902198

-1.024761 -0.514378
0.291464 -0.786484

-1146.31137550

-1145.884395

-1145.856007

-1145.855063

-1145.944839

0.178878 -0.331888

2.206784 0.622357
-0.206993 1.603851
-2.126780 0.456912
-3.285184 0.125066
-2.490964 1.507540
-3.839796 1.811646
-4.344532 0.932512

3.552707 0.411161

2.104171 1.683325

3.348077 2.103304

4.267849 1.297220

0.804328 2.238288

0.578910 3.329237
-0.734358 3.818494
-1.493260 2.148345
-1.785090 3.244048
-5.349689 0.821365
-4.324740 2.617770

5.355565 1.288302

3.485089 2.927458

1.384610 3.801697
-0.941372 4.669915
-2.795712 3.660121

4.167548 -0.579725
-3.397534 -0.970455
4.854793 -0.076604

.725362
.366791
-4.
-2.
-3.

169971
427220
670303

-1.
-1.
-0.
-1.
-1.

324281
081991
723244
092926
909313

0.566955 -0.295596
-0.659448 -1.447920
-1.522430 -1.575817
-0.667961 -2.341261
537769 -2.902878
153726 -2.677351
251829 -2.381299
249393 -2.406584
255636 -3.104422
494925 -3.528498
455430 -2.322698
.748711 -3.964713
-0.184089 -1.357050
-1.492133 -3.470421
-1.868746 -0.586071
-2.429683 -2.178570
-0.912417 -3.995022
-2.412768 -3.077080
-1.797166 -4.220901

0.525039 -1.844319

0.333105 -0.495318
-1.028709 -0.965927
-1146.31584231
-1145.888436

OrOFRPNRFROO

S-59

th energy=
th enthalpy=
free energy=

-0.647963
-2.287740
-2.799635
-0.725443
0.076949
-1.932693
-1.874344
-0.598924
-2.350482
-3.571636
-4.396889
-3.621697
-3.884127
-5.154860
-5.345644
-3.053115
-4.304263
-0.123904
-2.719170
-3.869053
-5.447955
-5.985016
-6.326419
-4.487296
-1.238650
1.452253
-0.440506
-1.582907
-0.853584
1.977548
1.967391
1.443498
0.406608
-0.305163
-0.670738
-0.744987
.135757
.581352
.711432
.427385
.965238
.569581
.943271
.535497
.204359
.093465
.627540
.104394
.019893
.245972
.162489
-2.280408
-2.835736
-2.632681
.737813
.330220
.415817
.669872
.749111
.787760
.249975
.616310
.413151
.610255
.573570
.545419
.814842
.825220
.013279
.995972
694887
. 745870
.996766
.426207
.260812
.589048
.313567
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1.304689

2.230866
.729622 0.

0

1

0

0

BUONPFPRARIOWWNNWWRARWOWNNNORPRORLROOOO

-160189
-379636
.311854
-836173

-896709 -
-850029
.255526
.751608

-593348 -1.
.512072 -0.
.079166 -1.
.639614 -1.
.219413 -2.

103817
270581
356302
098347
449077
970820
205524
145206

514194

.669353
-987380
-931160

652933
407893
232461
322061
522594
522567
021951
154256
215815
534338
073026
557809
274129
839348
263352
718190
676926
002195
117512
549218
194415

940753

.641690
-792860
.751201
.483281

463105
045145
641630
218128
190499

1.847314
4.465639
4.199606
4.977334
-1.046192
-1.847913
-2.964581
-2.876915
-4.420610
-5.354632
-4.699077
-4.711063
-4.130763
-5.781542
-4.388818
-3.369468
-5.242895
-6.274502
-4.949027
-2.863513
-1.889578
-6.415549
-5.145228
-5.225710
-5.729395
-4.018635
-4.579119
el energy=
zpe=

th energy=
th enthalpy=
free energy=

IIIIIIIIIIOIOIIOOOOIOZIIIII

11
Zr 0.101393
0.356635
2.264287
1.467849
1.318337
2.769628
3.404004
2.483418
0.413856
1.604538
1.596566
0.317321
2.659589
3.958367
4.902584
3.248116
4.561797
2.557043
4.429760
0.130323
2.472868
4.250764
5.920959
5.314710
1.837638
0.079125
-2.264746
-2.343686
-2.003771
-0.705291
.195182
-0.192868
-0.396945
0.283083
1.618185
1.582989
0.137586
-0.673039
-1.315215
-0.536530
-1.898430
-1.490835
-147789
312554
651610
756377
822028
414960
601090
772947
030877
567713
554156
671451
-994953
.816242
-832349
.719970
.333374
.148334
. 746562

I
WNNFPNFPNRPPEPNOO

OO0 IO ZIIIIIIIIIOOIIIIIOOOOOZ=ITIIIIIIOOIIIIIIIOOONOOOOZZOO0OZZ000
[ U
GOBENNPRE P o

1
N

144200
758289
116238
270705
674823
803886
438748
623694

PRPNRPRPPPOOOROOOOORAWWRAD

602825 -1.
782953 0.
128183 1.
373971 -0.
326052 1.
640591 -0.
008211 -1.
169097 -2.
417755 -1.
493425 -2.
886598 -1.

NNNRPFPOOO

081222 -1.
.662095 -1.
-0.224931 -1.
-0.404766 -3.
-1.555374 -1.
2.184421 -1.
2.587873 -1.
2.037436 -2.

969735
772622
396821
193947
551744
938825
640669
742914
259191
086439
634638
254752
543356
377391
199271
131081
092101
188933
759494
476614
095875
925861
169652
804571
364001
116597
724795

-1476.39705869

-1475.762199
-1475.721705
-1475.720761
-1475.837628

POORPOORrRO

-1.776398
-1.815866
-2.640723
-2.614032
-1.586875
-2.097832
-1.847244
-0.623852

-1.108165 -0.
1.535695 -4.
0.154591 -3.

-3.119881 4.

-3.187328 3.

-2.680027 2.

-2.237285 0.

-0.930443 -1.

-1.501984 3.
1.817490 -3.

-1.249442 2.

-2.403030 3.

-0.662856 3.

.546855 -2.

915549 -3.

438378 -4.

696030 -1.

-993087

-360489

-044668

-497406

-438609

-799909

.575560

939578
439941
961242
310712
975338
641987
517753

052814
698226
098675
740128
196933
294033
903991

POOOOOWARIUWWURNARMAOBRWRPNNNAWNREPNRENE

S-61

092124 -0.
273943 1.
838001 O.
582115 -1.
189977 -3.
129473 -1.
442089 -3.
117330 -3.

0
1
1
1
1
2
3
705507 2.
0
2
0
1
0
2
0

261846 -0.
913638 -0.
592019 -1.
828107 1.
572154 2.
432545 1.
453473 3.
525658 -0.
044202 -1.
532817 -2.
203995 -1.
521459 -2.
689351 -1.

002457
985276
168706
915242
129442
929809
120985
882719
995093
225386
341619
831005
284834
450970
440737
804515
706192
885225
340430
684844
681697
332958
546914
483531
153238
575643
171688
537297
852333
850437
616929
575411
102551

746138

-690108
.534572
-865832
-827395
.468393
.447123
-808749

725309
802142
042181
645341
916409
527649
123133
819031
750857
750024
354447
448132
330277

-4.646521
-4.049057
-5.711494
-4.372336
-3.364751
-5.254335
-6.275447
-4.993221
-2.626737
-2.012048
-6.234753
-4.900823
-4.938011
-5.810234
-4.160733
-4.609287
el energy=
zpe=

th energy=
th enthalpy=
free energy=

IIIIIIIIIIOIOIIO

TS-11-12

Zr .067001
.323762
-268503
.523913
.428372
-848455
.551274
.650768
-418614
.589255
.620685
-346806
.663621
.985941
-966201
.297052
.639459
779447
.608842
.069192
.524423
.271935
.004470
.427423
-833757
-191800
-2.026791
-2.057727
-2.480117
-0.655519
0.161084
0.127448
-0.598894
0.140097
0.989163
0.497194
-316849
-0.092435
1.043060
2.015092
1.151968
-1.013621
-0.006577
-1.393191
1.683376
-0.413325
2.067852
0.905510
-0.888564
0.157368
-1.220423
1.337424
2.333706
2.310266
0.833338
-1.552048
-2.775314
-2.649341
-4.084304
-5.223451
-3.961772
-4.443602
-4.226365
-5.537001
-3.731102
-2.634543
-4.337976
-5.432864
-3.766685
-2.991674
-0.978172
-6.175699

ORUVOARANOBRANPAWAWNORFRPRONWNRENOO

IIITIIOIOIIOOO0OO0O IO ZIIIIIIIIIOOIIIIIOOOOOZ=ITIIIIIIOOIIIIIIIOOOOOOOZZ00ZZ000
|
o

-0.491121
-1.426787
-0.799051
0.327875
0.760302
0.560236
0.156018
1
1
1

WNNFPPLPOOO

-162912

-010980
.047398
-023612
-244763
-312683
.233989
.201774
.112977
.031153 -1.
.516519 -0.
-0.384280 -2.
-0.133393 -3.
-1.607415 -2.
1.804315 -1.
2.277466 -0.
2.149448 -2.

912242
591037
291990
454542
446281
048870
599153
327689

-1476.40184881

-1475.766610
-1475.725485
-1475.724541
-1475.842493

-0.660851 -0.
-1.301168 2.
-0.371432 0.
-0.012264 -2.
0.251268 -3.
0.227657 -1.
0.633218 -2.
0.644037 -3.
3.017396
2.558462
3.864059
-2.082605 4.
1
2
1

-1.858789
-1.197625
-1.662929

-0.705591
-0.595111
-0.149576

0.021022 -0.
0.151606 -0.
0.895172 -4.
0.886471 -2.
-2.522622 5.
-1.674981 4.
-0.846472 3.
-0.052325 1.
0.465321 -0.
-2.207572 2.
0.088421 -4.
-2.524565 1.
-3.045706 3.
-1.346145 3.
0.253788 -3.
0.828870 -4.
-0.931319 -4.
-3.306153 -1.
.785053 0.
.723754 -0.
.095795
-408978
.782951
.814278
-405285
.129237
.225562
-218968
.227260
-311950
-019943

.168420
-932125
-437509
.280458
.612077
-230067
.005870
.619636
.112443
.127106
.716071

OFRPNNWNNRFLRFRO

I
[u

-180122
-893737
.251722
.625996
.631701
.020139
-041956
-346490

WNNFRPPFLPOOO

PRPORPRPPOOOOONOOROONUDRIODWARUNNEBAOBRMBNENNNWANE

.615792 -0.
.523393 -1.
.669846 -0.
-903150 -1.
-996236 -1.
-149483 0.
.784866 1.
.198566 -0.
.886119 3.
.472616 -0.
.414449 -1.
.001850 -2.
-963688 -0.
.724148 -1.
.472596 -0.
-461668
.273710
.633254
.710626
.651941
.846151
-937576
.724566
.630867 -1.
.455350 -0.
.154483 -1.

298868
014988
440253
072842
409194
777063
899845
937305

154151

.742301
-203230
.298758

427354
034939
988934
879618
059007
468602
231596
634540
730341
891669
169413
853964
571267
134276
485308
985659
588246
144191
477227
262119

001309
349667
719827
950395
251987
557471
138706
598266
716823
729228
503247
446428
842660
858000
565857

826753
192374
495471



H -4.992670
H -5.385395
H -4.869725
H -3.101363
H -3.823790
el energy=
zpe=

th energy=

th enthalpy=
free energy=

Zr  -1.909810
-0.280705
-0.313460
-2.456122
-3.422086
-1.553057
-1.945986
-3.132062
.006846
.783321
.714935
.221122
777694
.761135
.635855
.394128
.553655
. 785592
.372066
.623223
.667113
.610037
.387428
468840
-0.821018
.591549
.838303
.867962
.398046
.714145
.460541
.491968
.468628
.370810
.385572
.051753
.100386
.917860
.362868
.121975
.505437
.110036
.062606
.036624
444879
.147204
.151265
.919235
.561185
.053460
.127324
.936083
.105199
.383797
.807473
.258756
-1.024196
.278321
.425450
.438112
.452534
.777635
.083485
.638275
.086584
.349290
.176807
.937193
.351782
.714249
.530100
.436188
.184269
.293718
.483625
.392356
.260254
el energy=
zpe=

th energy=
th enthalpy=
free energy=

ONNNRPRPFPWOORRFRORRFLROO

Lol
O BRrOOR D
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RPONON_OO_OONONBRADOOAOOUO A D

|
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PRPNOORFRWKFENNMNNORRFROOR

1.192794 -2.
-0.356548 -2.
2.864435 -0.
2.694531 0.
3.031872 -1.

833742
033742
069592
089216
511219

-1476.35119467

-1475.720645
-1475.679948
-1475.679003
-1475.795991

-0.081355 -0.
-1.301799 -1.
1.333840 -1.
.232794 0.
971674 0.
.174339 -0.
-459497 0.
4.331520 O.
-2.595625 -1.
-0.587842 -1.
-1.417293 -2.
-2.692388 -2.
-842519 -1.
.666328 -2.
.056942 -2.
.728606 -0.
.609841 -1.
.082527 1.
.345980 -0.
.645526 -2.
.051843 -2.
.255452 -2.
.721409 -2.
.698428 -1.
.739101 -1.
.397489 1.
-3.380347 -1.
-4.454734 -2.
-4.236298 -0.
1.357236 1.
2.411669 2.
2.974555 1.
-1.309003 -0.
-0.014825 -1.
1.055160 -1.
1.085908 O.
-0.435305 O.
-1.080373 -0.
-2.301503 -1.
-2.015199 -1.
-2.750110 -1.
-443629
-200473
.635788

2
2.
3
4

NOPROWRPFPOWAOUWNWEO

-1.397658
-0.858509
-0.638108

NRPRRPNRPNORP

.733245
-823991
.813760
-016231
-759039
-895883
-396073
.675528
.232474
-803297
-3.
-0.
-0.

0.
-0.
-0.

0.
-2.
-2.
-2.
-2.
-2.
-3.
-3.
-3.
-1.

0.
-0.

0.
-1.
-0.

0.

1.

074019
340766
446009
528645
804890
624722
143877
297866
911404
594105
645739
301268
324219
673657
561073
195564
371256
853184
414463
295606
116172
100853
190181

I
PRPONRPRRPRLROROO

L
rOOO

WRWUOOUUOWONRRPPFPOWWNOWWW

132044
430174
079953
198908
819873
245997
097393
774231
756373
939984
548180
430603
810443
386660
218804
966262
512847
215237
162826
770665
929597
944170
659921
411417
377329
480966
151832
215009
486096
139186
577365
210618
735532
143311
166443
237921
550877
242995
058995
811226
591918

-211097
.246644
-933134
-454866
.270076
.988341
.278153
.200454
.522040
-064806
-403762
.604552
.014291
-493038
.494231
-027890
-853138
.204637
-549370
-839305
.773734
.037024
-367631
.080330
-310383
-468736
.699380
.446164
-309776
.517955
.161312
.751635
.158579

-1476.38817112

-1475.752459
-1475.710629
-1475.709684
-1475.833275

Zr  -0.508669
[ 1.381802
C -0.100365
c -2.197297
N -3.318923
N -2.033739
c -3.022967
C -3.838773
N 2.305809
N 1.760212
C 2.892129
C 3.240123
c 0.973480
C 1.253712
[ 0.400252
C -0.927376
c -0.707006
H -4.734101
H -3.075169
H 4.055825
H 3.349923
H 2.105878
H 0.596302
H -1.366151
C 2.345638
c -3.874377
H 1.330581
H 2.682641
H 3.036109
H -3.426709
H -3.646927
H -4.967511
1 -1.984912
N .349853
c 746614
H 014526
C 137605
c 189045
C 272643
C 318484
H 093965
H 239972
[ 595809
H 728649
C 794505
H 677783
H 939709
H 735584
H 147986
H 374170
H 086764
H 253031
H 175729
H 483008
el energy=
zpe=

th energy=
th enthalpy=
free energy=

PNWONRPOWORMRITANWAWWNNNOOO

TS-13-1

Zr  -0.696991
.687033
-804790
.070307
-892604
.197074
.465337
-541253
869246
665697
437881
933114
748867
680196
653752
815204
717442
080777
109173
235140
259536
414821
369989
709491
074735
972526
-125010
.611291
.883146
-869301
.208741
.666443
-359232

o

[
OrOORrRRFrRO

= I ITIIIIOOIIIIIIIOONOOOOOZZOOZZ000
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OFRPWWWNONRFRONNRENPE

R [
WNWWOoOOoOON

-0.
-0.

ONBPUWRRFPANBAMNAWRFROOORNWNRERERL

391838
522714
642504
238045
335208
508615
369649
625513
444911
631356
430951
886811
818729
031794
121896
759306
000408
900860
417788
465875
215545
149456
079681
861677
823427

.227872
.118880
-489242
-903072
.711768
-355254
.184647
.852177
-229138
.220159
.347257
-406278
-501495
-811460
.513741
.537896
-190352
.574112
-808763
.347077
.087773
-402289
.256292
-936591
-141781
-495554
-259511
.779262
.482283

WREPNUOUOUWOROORFRWWNNAMOVWNRORWE

-102440
-598899
-181145
-391520
-163966
-117312
-334813
.148407
-000471
-250490
.025606
-866210
-064360
.715057
-472908
-996301
.616028
.703551
-049109
.296183
.623644
-394950
-967407
-454381
-515043
.937874
-203108
-326508
.656387
.577084

010900
795689
514138
552533
929822
515230
291231
832043
681784
848267
219623
374711
370525
739925
802724
403110
283780
343041
170425
219262
302747
932425
583152
070953

-1146.31594797

-1145.889899
-1145.859267
-1145.858323
-1145.955287

-0.210259 O.
-2.018950 -0.
0.487639 -1.
-070806 -0.
102768 -0.
.633807 -1.
-980610 -1.
4.279041 -0.
-3.348341 -0.
-1.721432 -1.
-2.834197 -1.
-3.866808 -1.
-0.380686 -2.
012113 -3.
347777 -3.
801501 -2.
261150 -3.
213069 -0.
608629 -2.
910556 -1.
-2.813431 -2.
-0.683034 -3.
1.680442 -4.
3.295084 -3.

2
3.
2
3

1
ABDBONRREFO

-4.108656

2.986475
-5.116500
-4.193855

-3.
-509816
.918815
.422282
-1.

587428

338571

S-62

OrOO0OORrOOO

021147
759544
627172
625192
275296
530476
726530
929728
504201
683582
983320
234060
191867
167169
603537
115956
089492
781289
403622
164537
695577
590878
362911
454585
458068
701190
057592
419619
617216
328911
837614
668714
268009

.185167
.620006
.080031
.143517
.309156
.465210
.387381
.535893
.405135
.123564
.867062
.367252
.170639
.061230
.515569
.190589
.471206
.920482
.639345
.381011
.297493
el energy=
zpe=

th energy=
th enthalpy=
free energy=

IIIIIIIIOOIIIIIOOOOOZ
NWRPRPRPWOONNNANMAODAWWNOO

TS2-5-6
Zr 0.299859
-0.947776
-1.809959
-0.082182
0.528614
-1.283439
-1.407858
-0.260556
-0.804893
-2.194937
-2.804517
-1.925012
-2.683519
-3.907595
-4.268573
-2.221935
-3.430841
0.050855
-2.285290
-2.007270
-3.796483
-4.578224
-5.217563
-3.735455
.358641
.808715
.086172
.750065
.124009
.659214
.272761
.469209
.879358
.195735
.558518
.416876
.395379
.088569
.857058
.853743
.160719
.202656
177274
.810298
.049025
.525364
.977189
.627807
.185254
.160046
.098689
.821977
.528360
.281089
el energy=
zpe=
th energy=
th enthalpy=
free energy=

IIIIIIIIOOIIIIIOOOOOZ=IIIIIIOOIIIIIIIOOONOOOOZZOOZZ000
POV OOOWWUINUWWNOOONWRARWNONNRFLROORO

14

Zr  -0.062396
C -1.448314
c -2.144777
c -0.163448
N 0.561451
N -1.404314

0.190658

0.554865

1.107088
-0.033756
-0.726246
-0.800515
-0.332365
-1.329600
-1.193311

0.381772
-0.787827
.188111
.723144
.342244
-309558
.097987
.573381
.979708
-017991
-611306
.774321

PNNUORADMWWANWWRORRPRPWOWOWNE

PNWONNOREN

-620749
-935660
-090924
-018943
.692819
.008811
-380502
.050234
.280673
-332046
.788614
.036550
-504461
.335164
.633136
.711391
.613146
.286106
.119422
.172721
.016744

-1146.31579294

-1145.889685
-1145.860030
-1145.859086
-1145.952275

-0.155832 0.
-2.168964 -0.
.246510 -0.
-191302 -0.
.387295 -0.
.553819 -0.
-931987 -1.
.462133 -0.
-3.496647 O.
-2.085218 -0.
-3.327668 -0.
-4.223703 -0.
-0.794686 -1.
-0.605574 -1.
0.709339 -2.
1.530903 -1.
1.796997 -1.
5.496656 -0.
4.421137 -1.
-5.298098 -0.
-3.479082 -1.
-1.436744 -2.
0.889035 -2.
2.811166 -2.

A WNWNO
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-0.440903
-1.472898
-0.306654
0.936873
-1.562322

OO0 IO ZIIIIIIIIIIOIOIIOOOOIOZ=ITIIIIIIOOIIIIIIIOOONOOOOZZOOZZ000
CWWUUUOFRWWIORARWAODUTUURARODAWWFRORRLRFRPORRERERO

-2.384275 0.
-1.704755 -1.
111320 1.
540321 1.
156305 1.
188338 -0.
256138 O.
783471 0.
061213 -1.
328591 -1.
454341 -0.
038269 -2.
507929 -3.
301489 -2.
314522 -1.
980819 -2.
921766 -2.
590911 -3.
889726 -3.
903318 O.
294431 0.
864228 -2.
027478 -0.
094210 -1.
124758 O.
990052 -1.
561712 -0.

WHhOUOUNWOOONNNWWARAORANWNRLROO

373503
228546
983614
543519
907873
333408
202371
750602
014702
259622
809051
163318
163327
142831
849778
112922
452608
000213
186148
916725
039762
164985
405782
395629
063603
692662
640365

-1476.32979139

-1475.697983
-1475.657901
-1475.656957
-1475.772042

-0.372433 -0.
-1.110124 -2.
-0.022780 -0.
0.375090 2.
0.492010 3.
0.627321 2.
0.876810 3.
0.790094 4.
-1.795409 -3.
-0.930389 -2.
-1.499845 -3.
-2.048721 -4.
-0.324680 -1.
-0.120997 -1.
0.410152 O.
0.460011 1.
0.698961 1.
0.901732 5.
1.072680 3.
-2.598176 -4.
-1.487865 -3.
-0.365899 -2.
0.585919 0.
1.087589 2.
-2.253765 -3.
0.196959 3.
-1.841446 -4.
-1.904837 -2.
-3.356671 -3.
-0.708763 4.
0.004555 2.
1.046807 4.
-3.014070 1.
-0.816791 -0.
-1.532376 -0.
-2.553168 -0.
-0.948282 0.
-2.077190 O.
-0.485408 1.
0.226101 -0.
-0.191441 -1.
0.571237 -0.
1.408969 -0.
1.203372 -1.
2.661227 -0.
2.897916 O.
3.506894 -0.
1.705155 -1.
0.873991 -2.
-1.713383 0.
-2.906784 O.
-2.492923 -0.
-0.178847 2.
0.374450 1.
-1.300175 2.
2.096591 -0.
3.027192 0.
2.647063 O.
4.421349 -0.
5.164096 O.
5.278951 -0.

S-64

076472
095904
035263
120027
403069
238739
556326
295589
225727
220664
390087
028945
132810
155569
001913
100154
150733
365231
865484
966399
668237
025057
013969
045038
496822
799943
456395
665573
536523
431129
890177
357548
047924
315661
468463
034548
188451
203766
626992
647891
632915
156491
894309
491050
460758
143452
708308
547835
888676
570794
860437
810975
130962
632231
218655
419546
312716
202793
342837
189209
122649

.122271
.339782
.110505
.742285
.812054
.472341
.585580
.693468
.194536
386692
.104131
.813233
.858222
.713512
.480289
.468663
el energy=
zpe=

th energy=
th enthalpy=
free energy=
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Zr 0.704131
0.046423
-0.455018
0.434273
0.789217
-0.212702
-0.255682
0.383791
0.219522
-0.534564
-0.711649
-0.228231
-0.847268
-1.478908
-1.717576
-0.697509
-1.327978
0.584115
-0.723396
-0.164024
-1.151056
-1.782489
-2.209417
.513408
.855394
.522875
.343172
.771930
.922839
.603799
.349912
.150932
.481333
.707940
.698643
.111387
.765718
.300367
.514346
.577343
.141926
.718863
.912490
.375934
.076939
.687502
.469711
.573988
.643510
.879836
.984493
.063351
.682112
.245038
el energy=
zpe=
th energy=
th enthalpy=
free energy=

IIIIIIIIOOIIIIIOOOOOZ=IIIIIIOOIIIIIIIOOONONOOOZZOO0ZZ000
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19

Zr  -0.183238
c -2.156070
[ -2.105048
c 0.251604
N 1.229339
N -0.783105
c -0.450444
c 0.828030
N -2.483549
N -3.354906
c -4.384320

PO ONWNRPEPWONWSASD

.766118 -0

.002354 -1.
.792457 -2.
.769001 -2.
.723479 -1.
.003934 -1.
.776954 -2.
.458899 -2.
.287721 -3.
.021287 1.
.082721 0.
.106813 -0.
.420328 1.
.558560 O.
.497492 0.
.248214 -0.

819893
439712
263894
785010
811315
952803
968072
908855
388697
064643
364233
258059
100295
951230
648756
.494449

-1476.37469487

-1475.738246
-1475.697264
-1475.696320
-1475.814058

-029070 -0
.136427
-164511
.283028
.531720
.516768
-870610
.514087
-3.442523
-2.207616
-3.523383
-4.307346
-0.982361
-0.942040
0.318533
1.390543
1.503532
5.572216
4.267843
-5.390279
-3.799632
-1.850026
0.378331
2.472365
-3.843089

WHAWNONOWRWWNORFRPROORRPLROORO

|
=

3.761183 -1.
-4.729740 -1.
-2.995151 -2.
-4.071185 -1.

3.860005 -1.

2.881017 -2.

4.679446 -2.
-0.424050 -0.

0.259560 -1.
-0.836974 -1.
-0.191502 -1.
.159873 -1.
.316838 -1.
.163973 -2.
-040593 -3.
.277069 -3.
.231790 -1.
-117632 -3.
.008259 -1.
.059939 -2.
.076626 O.
-1.532683 -1.
-1.396834 -0.

0.630094 O.
-0.872329 0.

0.669551 O.
-0.571054 -2.
-1.253220 -3.

OFRPNFPNOOORHR

-2.038031 -1

.709389
-097558
-335352
.019777
-409091
-219810
.517577
.486456
-257919
-349905
.752272
.733628
.037359
-293026
-869280
-967899
.219551
-325045
.415881
.639525
.708319
-828386
-846633
-699480
-510313
651213
921479
213039
343934
449831
300271
137203
052499
178521
114601
246609
938762
628200
752227
059054
634365
795085
039047
572733
067070
158950
945784
171804
098058
693429
773452
173848
081780
.578390

-1146.26631003

-1145.842423
-1145.812261
-1145.811317
-1145.905791

-0.169836 -0.
-1.449210 -0.
.177470 -0.
-142862 O.
.872996 1.
.045547 0.
.293823 0.
.186049 1.
-2.760650 -0.
-0.783373 -0.
-1.657281 -1.

ABWNNPE

342365
621076
365424
383570
005574
249005
750933
231972
827694
802505
136305



|
w

.829780
.364297
.523786
.412436
.067522
.182821
.469179
.137754
.275819
.406569
.498979
.301360
.122203
.502526
.484267
.825234
.912699
.025518
.568165
.472107
.346706
.247023
.323612
.101594
.559777
.341413
.014868
.088425
.565995
.382319
.596644
.264535
.150842
.169343
.451354
.593043
.037744
.472976
.537200
.041400
.183742
.547034
.256283
el energy=
zpe=

th energy=
th enthalpy=
free energy=
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zr 0.285901
-0.310483
-1.988695
-0.713497
-0.334151
-2.099019
-2.532339
-1.423221
0.313703
-1.657506
-1.835476
-0.597328
-2.590774
-3.976846
-4.761153
-2.816823
-4.209922
-1.316083
-3.567202
-0.288749
-2.802543
-4.442182
-5.839413
-4.852975
.732793
-024040
-964867
-292661
-058845
.124328
.728361
.287868
-960217
-920662
-326713
-383331
.128957
-845730
-151619
-999859
-912195
-409250
-509086
.286087
-118583

OIIIIITIOOO0OO0OOZ=IIIIIIOOIIIIIIIOOOOOOOZZ00ZZ000

|
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I
w

OoOrOoOr oo

-909102 -1.
.634836 -0.
-416734 -0.
-807484 -0.
.564317 -0.
.404307 -0.
-914730 1.
.136657 O.
.882772 -1.
.332283 -1.
.971449 -1.
.436825 -0.
-491031 -0.
.838552 -0.
.322198 1.
.742316 -1.
-3.779719 O.
-4.807265 -0.
2.524325 2.
1.233947 1.
2.773805 O.
-1.698339 2.
-0.352126 -0.
0.466357 -1.
-0.086869 -1.
-1.524925 -0.
-1.411937 -0.
-0.378635 -2.
0.537120 -2.
-0.774788 -3.
-2.160584 0.
-2.279944 -1.
-1.869187 -0.
-0.072832 -2.
.712457 -0.
.368664 -2.
.533867 -1.
-290202 -0.
.768380 -0.
.698367 O.
-0.513747 -2.
-0.645530 -3.
0.960092 -3.

153901
670356
819942
661221
179993
332323
725516
750869
350108
314582
049912
781883
199699
809796
507243
678636
120858
854918
589043
346460
985135
180769
471515
436632
447664
892235
191361
338278
468608
325903
495961
703462
220351
858574
475815
412534
153113
434378
794631
551457
860651
570569
244514

-1146.26741817

-1145.843926
-1145.813493
-1145.812549
-1145.906650

0.245380 -0.
2.342808 O.
0.617301 -0.
-1.549281 -1.
-2.785683 -1.
-1.527412 -1.
-2.698090 -2.
-3.485270 -2.
3.485925 0.
2.743821 0.
4.050134 O.
4.510184 1.
1.822422 -0.
2.061648 -0.
1.036649 -0.
-0.367884 -1.
-0.188454 -1.
-4.471762 -2.
-2.864798 -2.
5.480586 1.
4.548165 O.
3.005351 -0.
1.199746 -1.
-0.962121 -1.
3.559362 1.
-3.291373 -1.
3.122894 2.
3.004748 0.
4.612811 1.
-4.160213 -2.
-2.502904 -2.
-3.602788 -0.
0.414994 -1.
.726162
-547649
-141329
.278416
-205652
-493294
.516801
-898046
-411331
.286255
-138904
-490772

-0.572821
-0.665672
-2.103586
-2.477644
-1.665104
-0.232965

0.137934

0.287114
-2.169481
-2.221602
-3.561593
-2.129545

PWARPRPWNNWWNE

347424
338904
662867
341594
864372
594548
208232
372122
834389
260912
702849
066294
270522
409464
969077
222854
384778
821701
498789
453361
701441
102224
087674
820102
127951
804227
120828
354715
118750
475052
121700
772207
483602

-1.066806
-0.312274
-1.196144
-1.019687
-2.130825
-0.589188
-1.128333
-0.637262
-2.170771

el energy=
zpe=

th energy=
th enthalpy=
free energy=

IIIIIIIIO
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324939
942834
197861
415041
177909
371560
364427
379251
136327
013279
833896
273404
150151
154917
208654
317787
290984
041430
062182
588271
740536
881932
977853
350394
198315
200484
766552
384581
.735175
-2.215377
-1.054166
-1.073457
-1.074715
680318
037805
399762
931023
207342
482389
011406
000158
008779
902707
963574
758092
691174
725456
086306
221650
155506
467264
.213339
-0.570440
-0.731868
-1.237415
-2.104353
-2.906453
-2.496212
-4.447460
-4.973082
-4.809003
-5.161068
-5.029337
-6.245623
-4.711240
-3.837066
-5.316829
-6.213488
-4.950511
-2.685224
-2.482532
-6.076952
-4.578683
-4.674667
-5.898414
-4.536752
-4.309995
el energy=
zpe=

RPOORRFRPWABRADRWUNOWNARWWWWNORRFRLROONRERO
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-3.054168 2.137817
0.112678 3.332698
-0.458313 1.887330
-4.100486 2.492490
-2.786036 2.003213
-2.994264 1.141807
-3.150783 4.914221
-1.460987 5.228972
-1.809423 4.377194
-1146.24998369
-1145.822519
-1145.793043

-1145.792099
-1145.885153

-0.181969 O.
-1.759889 0.
-0.394132 -1.
1.554016 -1.
2.742127 -2.
1.385729 -2.
2.420537 -3.
3.284196 -3.
-2.513667 2.
-2.089079 O.
-3.038286 O.
-3.309949 1.
-1.409919 -1.
-1.723670 -2.
-0.985152 -3.
0.313084 -2.
0.047804 -3.
4.229017 -3.
2.479786 -4.
-3.984443 2.
-3.418955 0.
-2.524752 -1.
-1.216894 -4.
0.613458 -4.
-2.557642 3.
3.418713 -1.
-1.554108 3.
-3.272428 2.
-2.856311 4.

.137929 -1.

-151994 -0.

.508831 -1.

3

3

4
2.934646
0.910519
1.356907
0.844684
2.885960
3.041860
3.403798
3.725646
3.286935
4.751843
3.813998
2.859637
4.964535
5.936171
4.982479
1.052544
1.305969
4.102727
2.479761
2.662926
4.486600
3.240985
2.874773
0
0
0
0
0
1

WRWAUUOWOOOOONNNNAMAWWNERLO

.341760 -0.
.125848 -1.
.809088 -2.
.323828 -1.
-358800 -2.
.646965 -0.
-0.871637 -0.
-1.771530 -1.
-0.642664 -0.

-1.200977
-1.867377
-0.775349
-0.140959
-1.059477
-0.902568 -
-0.255271

0.418579 -2.
1.235347 -3.
-0.549331 -3.
1.829725 -0.
1.638542 0.
2.510633 -0.

OFRPWNNRFO

067078
889861
353920
704755
052364
684918
607042
206380
011195
087702
683601
904308
161301
091777
285447
556825
535392
629283
438934
698944
219220
913302
030566
472820
127269
264767
263577
909701
042908
599527
207455
363017
013652
567465
882299
644971
207321
719284
897777
456530
713195
879239
957323
417915
272772
782490
824430
117910
309257
027984
319547
983652
108368
835627
510541
021681
254694
022975
164702
616881
463484
443973
077188
435864
960009
044198
085428
055186
079357
596209

.726561

636924
165096
173552
519536
607628
944393

-1476.36625725

-1475.731502

S-65

th energy=
th enthalpy=
free energy=

TS-21-22
Zr -0.196479
-1.337126
-2.524364
-0.864340
-0.273897
-2.212701
-2.448194
-1.215710
-1.008245
-2.713549
-3.226023
-2.141804
-3.391879
-4.791681
-5.350937
-3.144026
-4.536160
-0.935234
-3.446224
-2.082018
-4.291194
-5.448503
-6.440391
-4.994729
.369248
.166828
.852640
.927069
.365571
.385993
.629853
.559301
.831189
.098261
.123920
.126557
.181085
.214157
.645381
.701863
.248681
.863769
.307640
.304727
.849958
.872256
.298104
.603959
.270007
.012967
.296421
-0.334238
.440524
.404662
.729701
.100515
.012338
.461470
.355114
.929933
.135109
.414980
.702714
.323486
-999960
.309829
.421367
.126094
.081557
.301123
.624690
.939344
.281626
.012896
.074904
.793772
.375356
el energy=
zpe=
th energy=
th enthalpy=
free energy=

| | U LU |
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Zr 0.053462
c -0.623034
c -2.282985
c -1.034210
N -0.674902
N -2.406829

-1475.689480
-1475.688536
-1475.809720

-0.418724
-1.424871 -
-0.420020
0.401286

0.525354
0.973403
1.130660

-1.992994 -2.
-1.422163 -1.
-1.981107 -2.
-2.343786 -3.
-0.878357 -0.
-0.814746 -0.
-0.260333 0.
0.108915 1.
0.208735 1.
1.453441 5.
1.127431 4.
-2.820318 -4.
-2.082981 -3.
-1.180222 -1.
-0.195361 O.
0.635352 2.
-2.209597 -3.
0.743631 3.
-1.244066 -3.
-2.716240 -2.
-2.842356 -4.
.155145 4.
.270851 2.
.768676 3.
.145438 0.
.137763 -1.
.991117 -2.
-935487 -2.
.513249 -1.
.235292 -3.
.073970 -0.
.782815 -1.
.350987 -2.
.879354 -1.
-255400 -0.
.165007 -0.
.025808 0.
-121669 0.
.590106 1.
.618611 -2.
-857289 -0.
.316192 -3.
.129079 -3.
-823511 -4.
.151565 -0.

.546756
-961238
-245390
.281997
-244738
.463264
-843896
-405606
-390287
.607510
.550457 -
-1.055957
-1.423603

OCQOORNREPNRPROWWUWHARUORWABRNWAWWARWKRRLPPFPWFLROO
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I
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-1.923181 -0.
-1.620727 -1.
-2.965678 -0.
1.137002 1.
-0.614757 O.
.994234 0.
.660292 0.
-951637 1.
.636152 -2.
-407251 -1.

NOFRPNWN

-143725 -1

0
1
0
2
0.773578 3.
2
3
4

.125546
. 724554
.415767
-302949
476300
-562436
.852308
-433355
919583
726102
889366
646432
588517
492973
670711
556207
714501
434658
256163
623443
082929
290970
766733
614199
357054
706583
587332
550785
258486
614056
826476
826255
572269
039688
201990
688362
982037
289452
813784
751126
617566
797564
477874
353426
482677
402257
384625
958897
598615
232118
492645
158905
666635
.125452
-007019
-364642
.842454
.811810
.058544
-441297
-462646
.484983
.535197
-130009
-388173
-163403
551481
338216
565079
912893
162762
013874
070912
540401
000174
786401
.782022

-1476.32623607

-1475.697651
-1475.655892
-1475.654947
-1475.776825

-0.389488 0.
-1.851058 -1.
-0.781496 O.

0.487213

2
1.172116 3.
2

0.392268

098297
693531
092529
.048452
173136
-142040



-2.880937
-1.781767
-0.035264
-1.969386
-2.203855
-0.975879
-2.893954
-4.273145
-5.068931
-3.119343
-4.504713
-1.697562
-3.936106
-0.697432
-3.198152
-4.737487
-6.147123
-5.144296
.413499
.705224
.821491
.873551
.640026
.014240
.337919
.797980
.967533
.345734
.463123
.353206
.694959
.919692
_474734
.039473
.809096
.520724
.892608
.373362
.482431
.972797
.360474
.385671
.526155
.118812
.760345
.830205
.655358
.431254
.258326
.994423
.704427
.991865
.989062
.302000
.765000
.233003
477744
.092831
.105238
.527267
.664392
.274532
.536370
.997820
.639351
.255973
.505188
385988
.633345
.618381
.870007
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1
OCOORRRRROR

U R
NNONRRERPR

[ U | Lo
CQOWNWONOOOOO

IIIIIIIIIITIOIOIIOOOO IO ZIIIIIIIIIIOIOIIOOOOIOZ=IIIIIIOOIIIIIIIOOONOOOOZZ00
1 |
o N

NWABRWAONNUOOORNOUOWRARWERNE

22B
zr 233002
.510196
.579424
.081517
.681217
.371688
. 749557
.675721
.283683
-832912
-413991
.427907
-440057
.796323
.335854
.205116
-553022
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1.001859 3.
1.497918 3.
-2.552154 -2.
-2.105020 -1.
-2.950480 -2.
-3.234189 -3.
-1.566140 -0.
-1.836804 -0.
-1.301639 O.
-0.312740 1.
-0.541585 1.
2.045474 4.
1.037587 3.
-3.855678 -4.
-3.281256 -3.
-2.452596 -1.
-1.497182 0.
-0.163571 1.
-2.624680 -2.
1.504781 3.
-1.620028 -3.
-3.022811 -1.
-3.290622 -3.
.960285 4.
.198555 2.
.591912 3.
.929150 1.
-250730 -1.
.771864 -1.
.487598 -3.
.316885 -1.
.594477 -2.
.064037 -2.
.839191 -0.
-159038 -0.
.833541 -0.
.959103 0.
.022964 0.
.113163 1.
.070406 O.
.150446 1.
.276285 -1.
.704420 -1.
.679788 -2.
.208214 -3.
.111808 -2.
.155301 -2.
-907454 -1.
.734002 -3.
.483981 O.
.748893 0.
.499207 -0.
.785088 -0.
.266737 -0.
.032624 -2.
.195747 0.
.887135 0.
.230306 -0.
-0.201882 O.
-0.314124 1.
-1.302637 O.
-1.249020 -0.
-2.293328 0.
2.145729 1.
-0.256364 0.
3.371951 -1.
3.724600 -1.
3.856449 -0.
1.162124 -2.
-0.047441 -1.
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1.416971 -2

292646
947434
703632
851791
928224
468963
893864
920089
108152
111182
148332
884662
554225
318408
218762
699719
109711
955048
882556
513923
085831
961299
729967
423377
664127
682294
338747
153458
928179
002393
902296
801488
473334
468345
044458
569474
502194
744195
059956
834222
761829
570922
457551
878012
825977
397861
498881
859934
507531
295729
195688
207725
695651
995546
018600
053355
886802
645675
605162
535965
068663
843354
520631
200032
608257
545733
611759
062253
692814
846220
-544550

-1476.36854268

-1475.736200
-1475.693824
-1475.692880
-1475.816238

-0.059798 -0.
1.592086 1.
-0.082766 -0.
-2.224318 -1.
-3.523359 -1.
-2.225230 -1.
-3.475716 -2.
-4.299222 -1.
.457006 2.
-804966 O.
.766784 1.
.178361 2.
-928937 -0.
.029120 -0.
.042669 -1.
.084381 -1.
-042029 -1.

PRPORFRPOWNEN

061883
218930
523118
040651
212335
535773
007944
802782
249498
896565
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573298
060545
414918
256451
283012
682351

542999
736427
447354
454816
436693
388177
005749
024925
560238
.772196
.081497
-0.173454
-0.367852
-0.867780
-1.360489
0.381423
-1.041744
-0.820951
0.240445
-1.138511
-0.260817
-2.624279
-0.868376
-1.745659
-0.776475
0.356790
1.272360
0.451461
-0.417358
1.414772
-1.418695
-1.986746
-0.537330
-0.375879
0.812652
-2.892935
-3.290415
-2.846964
-1.615743
-2.867564
-2.875436
-4.181997
-4.159932
-4.344099
-5.402027
-5.294498
-6.323239
-5.572635
-4.815984
-6.577410
-7.364035
-6.659730
-2.905841
-1.590545
-5.118829
-3.364688
-3.995166
-5.218222
-4.492405
-3.442839
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th energy=
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free energy=
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Zr 282903
167876
606907
484482
274428
771567
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378864
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341393
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-361212
.688815
-908313
-071604
-837679
.101774
-831960
.517059
.090597
-152598
-863208
.558100
-130586
-500381
.089865
-430672

678015
092502
317075
567334
794474
966527
419340
747982
883854
572995
085577
260277
281447
254510
735084
428102
249307
572395
528275
210642
146954
854392

.047889
-1.
-1.
-1.
-2.
.088657
-1.
-2.
-1.
-0.
-0.

0.

0.

1.
-0.
-1.
-2.
-2.
-3.
-0.

1.

0.

047860
885426
148884
419110

270504
225597
362498
146411
072693
748006
710613
544373
123282
859205
547245
369182
327152
010142
002900
223407

-2.
-2.
-381096
.631658
-0.
-1.
-2.
-988799
-0.
-320466
-876750
.295220
-0.
.191357
.448981
-534068
-0.
-0.
-0.
-1.
-2.
-1.
-2.
-2.
-3.
-2.
-2.
-2.
-3.
-2.
.355184
-0.
-3.
-1.
-2.
-2.
-1.
-1.
-0.
.222378
-965139
-0.
-1.
-1.
-354639
-911730

-1

-1.
-2.
-2.
-0.
-2.
-0.
-2.
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003613
411704

042944
555858
293059

686310

374501

087149
336037
117096
794838
116134
913542
810197
871325
816724
585875
249009
935731
330265
949160

405222
086282
337361
160062
959146
582964
292517
520194

615866
490989
516567

255351
343826
138978
324762
558884
074265
831323
141786
027784
258959
878383
188462
911923
142499

-1476.35527908

-1475.721258
-1475.680186
-1475.679242
-1475.795516

-0.088470 -0.
1.694471 1.
0.295795 -0.

-1.998981 -1.

-3.313117 -1.

-1.766052 -1.

-2.891675 -2.

-3.873035 -2.

456429 2.

126422 1.

114813 1.

321490 2.

409454 0.

749300 -0.

907489 -1.

-0.542940 -1.

-0.261948 -1.

-4.913373 -2.

-2.917055 -2.
3.995842 3.
3.578887 1.
2.631724 0.
1.150553 -1.

-0.931437 -2.
2.238448 2.

-4.094035 -1.
1.841204 2.
1.496931 3.
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158354
257121
459477
160496
487014
610474
203757
125693
306119
041421
944512
750247
091624
180288
033403
241121
558624
446665
599781
592470
952038
259925
267858
181167
982165
083951
245336
790793

-0.905898
0.424367
-0.295677
-0.667499
0.762893
-1.240065
-1.553609
-0.673157
-1.919064
-1.308893
-3.447734
-1.305404
-2.063126
-0.927245
-0.153302
0.602622
0.381980
-0.242181
1.458559
-2.395377
-2.044901
-1.618449
-1.633008
-0.202930
-3.716600
-3.926320
-3.893647
-1.455801
-2.635854
-2.489187
-3.986549
-3.881072
-4.352359
-5.114253
-4.868041
-6.061935
-5.329744
-4.536904
-6.413682
-7.239635
-6.524627
-2.744651
-1.389710
-4.858137
-3.164968
-3.554545
-5.261952
-4.550844
-3.526864
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zr -283061
.591454
-463045
-883270
-935636
.132257
-920200
.161588
.088873
.781221
-845661
.660175
-808490
-060344
.027915
-490007
.762341
-390698
-941945
-295713
.710064
.303211
-011852
-546550
-356482
-890688
-2.069574
-1.187849
-1.772660
1.357573
0.336499
0.202929
0.997607
-1.329832
-2.075380
-1.520920
-2.136114
-1.739839
-3.549458
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3.192312 3.393532
-5.133086 -0.893814
-3.663770 -0.154142
-4.097965 -1.872441
-1.585465 2.357730
.566087 -0.411062
-986488 -0.333419
.516370 0.078633
.549859 -1.754791
-952089 -1.943496
.623292 -1.932559
.525528 -2.753397
.799353 -3.108252
.043345 -3.658441
.771029 -2.117876
-449483 -1.680123
.531192 -2.567378
.098425 -3.216515
-495480 -2.761984
.162772 0.369558
.073126 -0.822046
-401522 -2.905630
.636934 -1.136569
.916894 -1.925844
.894256 -2.971049
.650959 -1.708034
.381700 -1.261328
-1.265561 -0.593114
-1.411216 0.247510
-2.223358 1.003666
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-1.685868 -0.487005
-2.977343 -1.324688
-0.508422 -1.409092
-1.905718 0.573458
-2.828404 1.140466
-2.108384 0.035169
-0.778907 1.550566
-0.618525 2.296396
0.017680 1.581336
-0.109235 0.868342
0.818573 2.322423
-0.482288 0.845376

-2.054274 -1.240373
-3.240295 -1.772408
-2.862249 -2.160347
-3.834166 -0.703794
-0.725488 -2.001258
0.408302 -0.822347
-0.305696 -2.116758
-1476.34276858
-1475.708685
-1475.668595
-1475.667651
-1475.782323

-0.209029 -0.211808
1.425025 1.569954
0.678205 -0.162301

-1.554795 -1.414053

-2.
-1.
-1.
-2.
.891833
.116797
.971881
.826323
.763331
-400196
-903744
-191138
.780942
.882153
.618356
-297583
-595668
.251293
-383269
.384451
-323669
.781597
.293421
.296156
-950602
.780568
-3.
-3.
-1.
.558482
.760215
.237258
.719834
-151136
.720106
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013991
857174
969316
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995562

-2.
-1.
-2.
-2.
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-0.
-0.
-1.
-3.
-2.

-0.
-1.

-1.

-1.
-1.
-2.

-0.
-0.

-1.
-1.
-2.

047505
658243
430593
678406
.658977
.600181
.691510
-366743
.656224
.622525
268736
982243
071007
225990
716279
.278078
-906509
.270461
319063
727306
-107652
965696
.267105
.477514
-912343
953279
026907
829763
.069853
831815
413048
.417622
664284
256117
277537



.091360
.599738
445600
.286176
.419575
.439580
.166405
.426816
.079146
.953522
.805239
.403969
.702397
.573376
.886741
.289276
.264559
.367071
.167778
.780282
.771142
.184060
.829421
.566136
.819456
.940766
.104810
.981264
.849322
.015900
.421336
.208865
778356
.088357
.451841
.166647
.262053
.438381
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th energy=
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free energy=
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Zr 0.088368
-1.106835
-2.281934
-0.639825
-0.100625
-1.975114
-2.247285
-1.058775
-0.806287
-2.469544
-2.994758
-1.940776
-3.149490
-4.547661
-5.101304
-2.897015
-4.288061
-0.821482
-3.244665
-1.903547
-4.051456
-5.209973
-6.188768
-4.752377
-520516
.292961
.782488
-239316
.546475
-347505
.705124
.881895
.382756
-998462
.243721
.120207
-519665
-590104
.201921
-120656
-508953
.000274
.196221
-414429
.281585
.052191
.603173
.484354
-516906
-552826
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-092444
-542065
-856448
-085637
.665317
-873011
-357158
.123874
.483617
-954397
-845202
.539883
.184217
-296769
.691345
.171239
-1.
-1.
-2.
-1.
-3.
-0.
-2.
-3.
-2.
-1.
-1.
-0.
-0.

0.
-1.
-2.

517116
858749
809198
981334
125956
669891
348726
352356
450769
386200
381213
561850
540007
110887
075919
180676

-2.
-3.
-3.
-1.
-1.
-2.
-3.
-2.
-0.
-1.
-2.
-0.
-0.
-3.
-2.
-1.
-0.
-0.
.537951
-0.
-1.
-1.
-428153
-823331
-059908
-582581
.298213
-803069
-130301
.668739
.773311
-1.
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-3.280316 -2.
-2.906510 -2.
-4.080196 -1.
-0.767084 -1.
0.162016 -0.
-0.404764 -2.

647640
464493
117783
790143
154354
339303
111802
758699
040746
386507
114430
460139
872798
221067
508342
588709
905666
016958

672056
706600
368107

682115
137645
549122
245358
868007
643179
140600

-1476.36437684

-1475.728052
-1475.687642
-1475.686698
-1475.803148

-0.
-1.
0.
0.653799
0.
0
1

244313
549211
026112

987225

-987262
.497524

1.
-2.
-1.
-2.
-2.
-0.
-0.
-294142
.639833
.808416
-800451
-791680
.578451
-159216
-861912
.412813
-297949
-030164
.744575
-018632
-424530
.067408
-319990
-016023
-679400
.752782
-697209
-363222
.437667
-865842
-970630
.630593
-432868
.168068
.732394
.609245
.503129
.765449
-926921
.607739
-354062
.017401
-650046

499065
457511
360754
149697
845766
541092
413332

-0.
-1.
-0.
.002925
-212936
-137859
-400310
.082711
.753316
-913026
-927916
-459719
-950904
.898765
-183647
.089485
-209002
-101819
.718665
.264336
.185238
.649298
-249093
.073767
-948333
.566971
-020723
-376541
.569816
-583531
-852578
.529941
-393637
-478547
.755469
-483198
-005111
-125802
.489221
-622562
.629314
.017215
.771844
-535530
.085102
.680552
.278017
.848798
-548186
-315093

159785
778674
008776
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271403
775470
127733
533430
697640
492976
-476662
.465758
.553318
.578700
-915589
-340292
.038704
.283758
.732304
.732201
.697806
.274475
-463158
-166941
-389889
.578393
-457022
577775
.080328
-981461
.743751

energy=

zpe=

th energy=
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Zr 0.
-1.
-2.
-0.
-0.
-1.
-2.
-0.
-0.
-2.
-3.
-2.
-3.
-4.
-5.
-2.
-4.
-0.
-3.
-1.
-4.
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033384
172415
349158
621149
006948
969236
172345
928373
871717
553056
082782
017232
227625
626676
159608
935670
324533
630683
160618
982992
150665
-305215
-246694
.771985
496696
443546
631313
175006
722619
768693
752680
903544
235544
.378842
.554354
-244928
.161675
.051819
. 749258
.828418
.632306
-115176
-474400
.783789
.510314
.663603
-440279
. 742285
.327954
.414938
.212525
-293018
-929706
.297374
-388669
837936
102671
133810
333034
164741
423114

-2.893201 O.
-2.226688 -1.
-0.436659 2.
.238525 1.
511089 1.
170127 -0.
234742 0.
769452 0.
246581 -1.
290951 -1.
956601 -1.
291226 -2.
815698 -3.
751253 -2.
286352 -1.
741340 -2.
881683 -2.
662050 -2.
740568 -3.
696592 0.
301925 O.
953000 -1.
928400 -0.
820192 -0.
563710 -0.
638191 -2.
227790 -1.
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393395
187143
064930
604401
929113
361280
042097
197635
129928
039043
172027
330554
255335
546400
868894
010613
464336
942516
251942
997658
122809
924809
143210
978097
261592
040271
247600

-1476.33033663

-1475.698557
-1475.658385
-1475.657441
-1475.772822

-0.419548 -0.
-1.207971 -1.
-0.353784 0.

0.381420
0.693653
0.414117
0.730363

0.905294 4.
-1.806461 -3.
-1.245458 -1.
-1.854016 -3.
-2.211282 -3.
-0.767843 -0.
-0.756049 -0.
-0.314399 0.

0.055253 1.

0.092015 1.

1.150380 5.

0.794943 4.
-2.719346 -4.
-1.997661 -3.
-1.079849 -1.
-0.295255 0.

0.415799 2.
-2.034577 -3.

0.693657 3.
-1.628947 -4.
-1.523662 -2.
-3.115127 -3.

1.627859 4.
-0.172237 4.

0.606121 2.
-3.125511 1.
020059 -0.
833032 -0.
310400 -0.
153332 -1.
625233 -1.
068181 -3.
293001 -2.
974229 -3.
363548 -2.
638079 -2.
637314 -1.
027497 -1.
074228 O.
448100 -0.
701920 O.
086945 0.
185497 1.
548568 1.
076161 -1.
523957 -1.
043942 -0.
524070 -4.
098049 -0.
678373 -0.
984696 -1.
-0.262272 -0.
-1.544972 -1.
-0.632486 O.

COONURAROAUTONNUOUOBRBRNONNNBEAENN

S-67

004120
950217
289188
191088
370977
500431
834742
388856
141205
898567
025830
814722
715858
578147
647189
489859
704251
407275
284767
777235
175497
377414
784056
652497
596879
542796
615105
893198
597020
033184
153874
544819
006872
575689
171617
565825
689266
882059
063339
978134
133620
020368
632275
379600
070422
642001
706383
907335
350312
446473
070140
346557
961342
292721
003252
412721
752574
830083
512713
348725
978103

.641818
.553903
.486112
.976563
.310581
.021622
.722931
.221720
.282705
.384514
.028171
249259
.089272
.263105
.589764
.487327
el energy=
zpe=

th energy=
th enthalpy=
free energy=
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25
Zr 0.658995
0.767340
0.808165
2.567258
3.623178
2.691091
3.774740
4.363232
-1.725351
-0.855821
-1.829955
-2.383550
0.036025
0.141050
1.104288
1.800789
1.959261
5.231527
4.034480
-3.172561
-2.056810
-0.479332
1.209662
2.733161
-2.000040
3.918463
-3.085702
-1.462959
-1.640844
4.049461
4.834512
3.062373
0.357128
0.124568
0.589631
-0.784249
-120402
-0.290156
-1.684879
1.216390
-0.255139
.183808
.102878
-299932
.267739
-104433
-351870
.506058
.189925
-554201
.147828
.721992
-168739
.678474
-100757
-858105
.791012
.557447
-828617
-842976
.567198
-180960
.915781
.556727
-550038
-896186
-359461
.794533
.609569
.552058
.221924
-958748
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NFEFNFRPREPNRFROOO

.452951 -0.
.635348 -2.
.253204 -0.
.752570 -0.
.603765 -0.
.945661 O.
.133874 0.
.917754 0.
.614556 -0.
.237399 0.
-2.224088 -1.
-2.081924 -1.
-1.309187 -2.
-1.328951 1.
0.264201 1.
-1.125133 1.

979770
072861
847120
295206
503558
529972
766065
997128
168918
082521
212973
044723
429294
165140
605006
297414

-1476.38121338

-1475.744896
-1475.703707
-1475.702762
-1475.824240

N O

.124113 O.
.116410 1.
.572637 -1.
-0.413045 -0.
-1.281442 -0.
0.316915 -1.

-0.
-1.
-595885
-951895
.925875
.700421
.735733
.645695
-382520
-407697
.272894
.738614
.325841
.226610

109107
121811

-2.
-1.
-871289
-0.
.102232
-336869
-1.
-2.
-3.
-2.
-3.
-2.
-3.
.872217

-021648
.301745
-861362
-060490
.694925
.278135
-2.039323
-2.382598
-2.861966
-0.756480
-0.278435
-1.874000
-2.336886
-2.681055
-1.563648

0.620812
-0.023024
-1.058425
.357310
.692394
.795922
.151147
-316243
-123030
.881816
-040637
-0.401860
-0.313731
-0.085968

NFEPFRPNNNBABRABDMRORPNRPWOWWNWWNN

I
w

ONWRNRPRPEPNEPADOWWNWANOROOWWWOW

POWWWNOR

|
=

-0.289226 -1.
-1.797367 -1.
-2.628840 -0.
-2.927452 0.
-3.547999 1.
-2.576879 0.
-3.039946 -0.
-2.262989 -2.
-1.822946 -1.
0.299494 -3.
0.469257 -0.
-0.746945 -1.
0.951159 -1.
0.165362 O.
-1.319536 O.
0.492632 -0.
-0.016375 O.
1.518673 -0.
0.133243 -3.

.680586 -0.
.547455 -2.
.067598 -4.
-116234 -3.
-186360
-329044
-306967
-241612
-984615
.167297
-888733
.014526
.457092
. 774648
.074185
.016110
.072477
.605378
.603533
-952690
.763376
.605873
.776051
.276604
.856016
-209549
-532759
-895842
.631873
-304768
-338216
.085864
-312197

836242
019795
055807
616065
670436
783911
544474
837682

072336

183343
248389
237033
034604
132897
063788
506461

647710
319215
085719
893752

623945
678306
442273
481902
355542
390726
321638
531292
926633
033206
608416
946897
577239
731724
292701
947103
385171
490476
360976



H -3.725228
H -3.248464
el energy=
zpe=

th energy=

th enthalpy=
free energy=

TS-25-26
Zr  -0.501987
1.277883
-0.616348
-2.775613
-4.045648
-2.858385
-4.118451
-4.867877
2.379216
1.399446
2.530243
3.154654
0.390755
0.385147
-0.716918
-1.739287
-1.808353
-5.907569
-4.380688
4.066631
2.797642
1.195808
-0.744542
-2.690225
2.752830
-4.468816
3.657556
2.960821
1.940587
-5.454269
-4.546153
-3.740393
-1.467502
824052
.993739
.885098
.935812
.008174
.784848
.836679
.998828
.250466
.131797
.051449
.916205
.868967
226050
.496342
.067001
.677418
.169732
.521319
.686486
.851683
.532921
.341535
.405339
.498048
.366167
.347370
.401536
.437788
.061161
228862
385806
.128204
.550603
.162635
.131259
.414043
.451675
.916449
.399954
.805848
el energy=
zpe=
th energy=
th enthalpy=
free energy=
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PUOORWARRFPWONPMIORAWRWREPNNWOWWNEN

26

Zr 0.149410
c -0.087341
C 2.074434
C 2.204833
N 2.651838

1.389144 -3
-0.170193 -3

-049431
.780119

-1416.28399371

-1415.672514
-1415.631779
-1415.630835
-1415.746583

-0.313244 0.
-2.086888 O.
-1.649981 -1.
-0.390354 -0.
0.079625 O.
-0.933841 -1.
-0.766606 -2.
-0.122814 -1.
-2.526619 1.
-2.732392 -0.
-3.533025 -0.
-3.401794 0.
-2.549110 -1.
-3.283647 -2.
-3.139352 -3.
-1.638906 -2.
-2.337982 -3.
0.199402 -1.
-1.116755 -3.
-3.853830 O.
-4.120541 -1.
-3.970302 -3.
-3.689791 -4.
-2.289732 -3.

-2.108679

0.842465
-2.660051
-1.027237
-2.336004
.288373
.193522
.654347
.475565
.101235
-615260
-569962
-989596
-006759
-911497
.473504
.862312
-085046
-1.502467
-0.713969
-2.815232
-3.387436
-3.394907
-2.762595
-1.167965
.575438
-311086

NBAWWNNNWOWNBEDIMWONNENWONORNOWNNEN

1
o RPOONWNNORNRFROR

FPRPNNRPOOORONRPNARADRWNRLROOO

-0.219349 -2

.596042 -0.
.136182 -0.
.153591 -1.
.226657 -2.
.121205 -1.
-397980 -1.
.993473 -1.
-890400 -1.
.697370 -2.
.689925 -3.
.857933 -2.
-341060 -1.
.838267 O.
.257062 -1.
.722341 -0.
.820784 1.
.455758 -0.
.467055 O.
-482199 0.
.085681 1.
.001899 -1.
-0.391586 -0.

749506
656684
175114
220512
004233
485636
043939
098574
349554
555040
616691
593444
552048
750285
606766
019371
236627
111069
038752
979914
491259
019970
553653
885430
.696809
-173507
-998162
.717060
-405316
-965996
.060794
-349394
-343891
.276724
.646896
-319011
-300577
.814122
-881128
.700363
.064242
-329901
.352161
-156855
-917683
-995794
.282245
-952437
.214324
.197461
. 735799
087069
842365
058833
154974
924205
502690
346013
298286
132489
117760
267950
573805
266524
841516
301132
234386
524365
141555
637858
048039
808901
816631
-493899

-1416.24770917

-1415.641343
-1415.601146
-1415.600202
-1415.715307

-0.735688 0
0.597828 2
0.506973 0

-1.639221 -0

-2.797699 -1

.271875
-306946
.792519
.706693
.277769

314879
409744
988670
971322
843329
524960
627658
015702
039339
181042
257464
314223
523286
386188
220264
133759
969799
987044
221989
-2.112353
1.857576
-3.051200
-1.986347
-2.142664
0.975746
1.541528
2.456932
-3.201776
-0.813213
-0.037917
-1.533070
-2.258298
-2.084684
-0.828724
.403372
0.780528
-0.667012
-0.225580
0.858070
-1.234595
-2.099306
-0.838820
-1.611007
0.493269
1.452967
1.581442
-0.372090
0.332081
1.410896
-0.174596
-0.053565
0.699463
-1.675070
-1.957950
-2.305814
-2.006441
-1.536804
-2.832219
-3.047306
-3.330412
0.264461
-1.542246
-1.383020
0.369645
1.757200
0.666370
-0.446205
-0.616066
1.003891
el energy=
zpe=

th energy=
th enthalpy=
free energy=
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TS-26-27

Zr 0.522924
0.726042
1.158379
2.848254
4.007697
3.204914
4.536713
5.046026
-1.627166
-0.646100
.488045
-2.110802
0.376047
0.619058
1.714286
2.293775
2.584203
6.048363
5.016785

ITITOO0O0O000O0ZZ002Z2Z000
1
[u

-0.823715 -0
-1.448192 -1
-2.703934 -1
801025
606120
422915
911304
596988
554211
406614
389552
312979
529829
976471
231152
270296
399971
145829
201122
059545
.020164
-408038
-005706
-0.241426
-3.876352

POWOWWNOWRFRONNRRENREO

1
PWOWFRWORNWARNOOORRERAWN®W

| 1
rROAMO

I
o

-4.225371 -2.
-4.869759 -0.
-0.568678 O.
-1.789754 -1.
-1.488435 -3.
-3.071852 -2.
-3.152785 -1.
-3.140407 -3.
-3.919452 -2.
-0.483473 -3.
-2.220748 -3.
-1.525636 -4.

-2.561921
-2.654672
-3.570909
-3.417669
-4.603386
-3.535784
-2.607614
-3.592371
-1.812506

WWPAPWP,OARRPRPRPPPONNAOPAPWWRLELO

NNWNRFRORNPE

981786 -0.
914136 -1.
910919 -1.
389845 -1.
963216 -0.
222158 -2.
466731 -2.
541241 -2.
997966 -1.
851962 -3.
310810 -4.
803210 -3.
401655 -4.
313183 -2.
602044 -2.
064298 -1.
156113 -0.
278181 -2.
210357 -2.
831216 -3.
997138 -0.
343378 0.
984775 0.

-717649
-294697
.652141
327276
484091
559674
093568
672701
785643
979289
050877
106536
118878
381304
949129
866557
479612
044963
498283
631818
353185
292077
087649
.720457
.707928
391012
983567
232323
998130
215611
125643
300520
088108
074438
125454
334776
131232
317976
288618
562093
896284
407006
612968
342155
178562
159478
877543
749130
491275
702840
278720
663262
134553
146445
353560
470608
354700
646728
645047
798160
819996
908252
929737
689677
338163
697348
231980
442014
046222

-1416.28762665

-1415.677144
-1415.635945
-1415.635001
-1415.751643

-0.511710 O.
0.531645 2.
1.701265 O.

-0.013401 -0.

-0.686374 -0.

311908 -0.

456261 -0.

186560 -0.

215685
913102
429124
350229
575442
956501
492421
285249
657495
162667 -1
423450 -0

NOWNBAWNREPNRPROORER

S-68

OCOORrRRFPRWWNW

191272
065736
628847
360512
637580
490091
853180
949145
047124
147174
123278
691019
402423
500529
803368
040115
080149
.192487
-984762

|
N

.839162
.565170
.012201
.914243
.468128
.987879
.152742
.941516
.205051
.063050
.282435
.190454
.081844
.102785
.732277
.615690
.855539
.110974
.658907
.868819
.527606
.670709
.333858
.307027
.064367
.135616
.530374
.117907
.618742
.587396
.105462
.138749
-1.085283
-1.411715
-1.507290
-2.740274
-3.930419
-2.641638
-2.881652
-3.241485
-3.626174
-1.546971
-0.756641
-1.482618
-0.844831
-2.367926
-0.570044
-0.295592
-1.910061
-3.596157
-2.391979
-1.853820
-4.891428
-3.971127
-3.859786

el energy=
zpe=

th energy=
th enthalpy=
free energy=
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IIIIIIIIIIIOIOIIOOOOIOZIIIIIIOOZIIIIIIOOZ=IIIIIIOOIIIII

27
Zr .747826
.763952
-950035
-940724
-146076
.070252
.318182
-000705
-1.637241
-0.877527
-1.808400
-2.290796
0.036178
0.067721
1.091406
2.011216
2.099876
6.012526
4.623689
-3.021763
-2.038869
-0.668638
1.128337
2.935753
-1.829316
4.476158
-2.746546
-0.977144
-1.887692
3.739813
4.422719
5.493547
-1.673593

= I ITIIIITIOOIIIIIIIOONOOOOOZZOOZZ000

-292011
-490716
-614700
-568360
.081509
-1.139853
-2.134209
-1.447994
-1.828479
-1.167621
-2.506655
-2.611530
-2.367461
-2.346175
-1.642382

APOBAWE

|
OORFROAWNOWOONWAM

1
[u

-1.033286 -2.
-3.114912 -1.
-3.569421 -1.
-3.476944 -3.
-3.439422 -1.
0.066813 -2.
-1.304517 -2.
-1.377939 -3.
.573783
.661700
-808907
.010126
-862182
.777214
.653552
.718777
-521380

-1.925526
-1.312591
-3.348032
-3.805733
-3.876332
-3.548063
-1.493202
-1.710455
-0.215040

NNWNRPRRPRERNP
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|
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.678652 -1.
.111651 -1.
-534910 -0.
.341279 -1.
.446182 -0.
.629140 -2.
.081640 -2.
.353228 -3.
.372346 -2.
.358240 -2.
.009297 -3.
-991931 -3.
.223342 -4.
.629353 -3.
.646275 -1.
-1.447813 -2.
.194615 -0.
.852170 -3.
.501137 -2.
.543377 -3.
.487373 -1.
-569634 -0.
.355596 -0.

-498409
-346276
.108837
-854189
-410986
.456444
.521851
-995881
-110613
.557449
.042705
.517348
.025722
.128521
-910049

928898
975933
301688
008192
679974
897409
756266
946546

146208
176131
157851
967164
993372
806174
865810
878319
452957
992073
407551
431845
295856
315043
659554
371124
749977
319634
170733
578732
540543
318425
365471

-1416.23972029

-1415.630440
-1415.591590
-1415.590646
-1415.699451

.200124
.641945
-005657
.832988
-480990
-876450
.609892
-563122
-957708
-791699
-175045
-648001
.037607
-396282
-698055
-532569
.606968
.487518
-2.001228
-2.182929
-1.694823
-2.021477
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.516078 O.
.267842 2.
.783758 0.
-405361 -0.
.066363 -0.
.772698 -0.
-140911 -0.
-969591 -1.
.001389
.184839
-148894
.665745
.473213
-656696
.036238
-169880
-307755
-444862
-013305
-451544
-403011
.280276
-159011
.108076
-349604
.773150
-881926
-964721
-448708
-154070
-1.859889 -1.
-1.646299 -0.
-2.712552 -0.

145107
058310
665429
286908
719032
384325
869994
083418

811071
376641
034296



IIIIOOZIIIIIIOOZ
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-241826
.731486
-253103
-857882
.625256
.284955
-655941
-805226
.166159
-665590
-200302
.777120
-348946
-840073
.231238
-689650

-1.
-0.
-2.
-3.
-2.
-3.
-614485
-0.
-0.
-1.
-1.
-3.
-3.
-3.
-3.
-1.

302348
458746
690579
358345
845345
025064

660127
619475
802410
184120
249093
705070
575327
673438
554636

-1.
-2.
-2.
-1.
-3.
-2.
-2.
-3.
-3.
.519131
.725452
-569640
.662232
.665707
-444070
.644817

WNFRPORLNPE

801308
881388
238568
456388
147649
504089
623744
119192
827726

ITOIOIIOOOOIOZII

-1

-2.

.289538
.075597
-1.
-2.
-2.
-3.
-4.
-4.
-2.
-2.
-3.
-1.
-0.
-1.
.392168

440754
354993
809332
401005
525573
009030
508462
046057
086482
407446
416777
606199

646065

-1.390903
-0.083561

572254
563094
132833
964246
910620
346631
965709
963781
760367
889200
321919

RPORPNRPWORRLRRLRO

-0.375919
-0.167331
-0.743438

S-69

-4

-3.

-845592
.689907
-1.
-0.
-321510
-1.
-1.
-1.
-2.
-3.
-3.
-2.
-2.
-3.
-590542

207418
588611

657642
744237
369526
926164
048828
846454
683335
913264
526314

455892

IIIIIIIII

-1.772044
-0.942191
-1.880459
-4.713922
-4.571847
-3.224839
-5.181969
-4.130932
-5.155527

el energy=
zpe=

th energy=
th enthalpy=
free energy=

2.456252 -0.
-1.185050 -3.
-0.358650 -1.

3.648751 -2.

3.344600 -0.

4.124031 -1.

1.101292 -2.
-0.117306 -1.

0.936016 -0

292172
179417
105067
166768
416434
299498
613895
838229
-834915

-1416.31547882

-1415.702405
-1415.662479
-1415.661535
-1415.774460



Appendix A — excerpted from the dissertation of WDC

Error analysis for KIE experiments
For Complex 2b: From the linear regression analysis plots of plots of In(integration value) vs

time (Figure S46).

Table S2. Linear regression analysis.

NH,
Slope
Value -0.0155737
+ 0.0002453

Table S3. Linear regression analysis.

ND>
Slope
Value -0.0033733
+ 8.659E-05

Kobs'/kobsP= -0.0155737/-0.0033733=4.6

1
Kkt SkH\?  (8KkP\Z]?  kH
el = \%m) %) | “w
1
_l( 0.0002453 )2 <8.659E—05)2r —0.0155737

~ [\-=0.0155737 + —0.0033733 ><—0.0033733_0'14

kObSH/kObSD=4‘6 +0.1
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For complex 4a: From the linear regression analysis plots of plots of Integration value vs time

(Figure S47).

Table S4. Linear regression analysis.

NH;
Slope
Value -0.000268
+ 1.14E-05

Table S5. Linear regression analysis.

ND;
Slope
Value -0.00011385
+ 3.68305E-06

Kabs'/kobsP= -0.00027/-0.00011385=2.4

1
2

KkH SkI\®>  [skP\*|? kM
N (= \7em) T\5o ) | X
1
2

114 x1075\> /3.68x1076\* —0.000268
_ (228770 )| TP g3
—0.000268 —0.00011385 —0.00011385

4

kobsH/ kobsD:2.4 +0.1
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Error Analysis for Eyring Plots using Complex 2b as a precatalyst

Linear regression from In[Sub 5 (I.V.)] vs time (s)

Table S6. Linear regression analysis.

108 °C
Slope
Value -0.00018
+ 9.81E-06

Table S7. Linear regression analysis.

117 °C
Slope
Value -0.00026
+ 8.77E-06

Table S8. Linear regression analysis.

123 °C
Slope
Value -0.00032
+ 1.78E-05

Table S9. Linear regression analysis.

128 °C
Slope
Value -0.00039
+ 1.05E-05
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Table S10. Data for Eyring Analysis.

Temperature

108 °C
117 °C
123 °C
128 °C

kobs
-0.0001814
-0.0002628
-0.0003195
-0.0003887

k
0.021097
0.030555
0.037154
0.045192

Ln(k x h/( *ks*T)

-33.4626
-33.1179
-32.9392
-32.7571

/T (K™
0.002897291
0.002823662
0.002776621
0.002738601

Table S11. Linear Regression analysis for Ln(k x h/(x xkp,xT) vs 1/T (K™

Slope Intercept
Value -4397.16  -20.7174
+ 124.2371  0.349065

Using standard Eyring analysis of a Ln(k x h/(x xkyxT) vs 1/T (K™') plot:

1.99 x 10 3kcal kcal
AH¥ = —Slope X R = —4397.16 K X = 8.7

K X mol " mol
S{AH* 0{Sl X R =124.2371 K X 1.99 x 107 keal =0 2kcal
{ } = —6{Slope} N ' K X mol " mol

AH* = 8.7 4+ 0.2 kcal /mol

AS = _Intercept X R = —20.7174 x 222064 _ g4 _ 4
= Tintercep N | K X mol K X mol eu
S(ASH) ~ —8{Intercept} x R = 0.349065 K x 2% _ cal _ 4
- ntercep T Kxmol ~Kxmol %

AS¥=—41+1eu
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Error Analysis for Eyring Plots using Complex 4a as a precatalyst

Linear regression from Sub (I.V.) vs time (s)

Table S12. Linear regression analysis.

85 °C
Slope
Value -0.000126398
+ 1.43284E-05

Table S13. Linear regression analysis.

93 °C
Slope
Value -0.000181833
+ 4.27795E-06

Table S14. Linear regression analysis.

104 °C
Slope
Value -0.000267844
+ 1.14029E-05

Table S15. Linear regression analysis.

113 °C
Slope
Value -0.000394645
+ 1.7725E-05
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Table S16. Data for Eyring Analysis.

Temperature Kobs k Ln(k * h/(k xkyxT) T (K™
85°C -0.000126398 0.014697 -33.7548 0.003105
93 °C -0.000181833 0.021143 -33.4172 0.003025
104 °C -0.000267844 0.031145 -33.0614 0.002931
113 °C -0.000394645 0.045889 -32.6999 0.002856

Table S17. Linear Regression analysis for Ln(k x h/(x xkp,xT) vs 1/T (K™

Slope Intercept
Value -4176.08326  -20.791
+ 131.971212  0.3934

Using standard Eyring analysis of a Ln(k x h/(x xkyxT) vs 1/T (K™') plot:

1.99 x 10 3kcal kcal
AH* = —Slope X R = —4176.08326 K X =83—
K X mol mol
S{AH¥} = —§{Sl X R = 131.971212 K X 1.99 x 107keal =0.3 keal
{ } = —6{Slope} N ' K X mol 7 mol

AH* = 8.3 4 0.3 kcal/mol

AS* = —Int t X R =-20.791 X 199cal _ 4 cal _ 41
= —intercep - ' K X mol K x mol eu
S(ASH) = —8{Intercept} x R = 03934 K x —22¢% _ cal _
B niercep o Kxmol ~Kxmol Y

AS¥=—41+1eu
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Derivation of Rate Law for Monoamido complex 2b

{3 e —
| lzll' NM62 H2N/><\/ —_—
C, Sub 5

2b

I{ZCCI:\IH .o ko
T \_b\ HAN > ——
19 \ Sub 5
e

hgz:r:N ke

14

fe
|j[z‘r—N .
¢ HN" <>
Sub 5
15

Te ‘
—-zi—N ks
Hal'!
<5

H,

S

16

C\C
|
I*(Zr—N _ke
/|
¢

NH

S

17

N
18

CY
4( Z'»‘C 4 fast
|\« <

C

HNMe,

i<

Product

Figure S48. The mechanism of hydroamination/cyclization with complex 2b written out in

individual steps for clarity.
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The rate can be written in terms of the formation of product, namely

S§[Product

Rate = 2222 = ke [17] (S1)
Now solving for the concentrations of the intermediates while applying the steady state

assumption yields:

8[17] ks[16]
S = “Ke[17]+ks[16] = 0« [17] = = (52)
208 — —Ks[16] + K, [15][Substrate 5] = 0 . [16] = SIS0t (S3)
5

8[15] ks[14]
~ = k;[14] — k4[15][Substrate 5] = 0 .~ [15] = —deugstrate 5 (S4)
204 = k,[19][Substrate 5] — k;[14] = 0 - [14] = 2l2Swbsmatesl (g

3
223 = ky[2b][Substrate 5] — k,[19][Substrate 5] = 0 - [9] =22 (S6)

2

The concentrations of the intermediates are defined in terms of the initial precatalyst concentration,

[2b]o = [2b] + [19] + [14] + [15] + [16] + [17] (S7)

Solving these equations simultaneously (with the aid of Mathematica 9.0.1) gives:

ke([2b]g k1 ko k3 k4 ks ke [Substrate 5])

Rate =
k2k3k4k5k6+k1 (k3 k4 ks k6+k2(k3k5k6+k3k4k5 [Substrate 5]+k3k4k6[substrat€ 6]+k4k5k6[sub5trate 5]))
(S8)
Fully expanding the Rate equation gives:
3blok;kykskykskg[Sub
Rate: [ ]0123456[ ] (S9)
kqkpkskske+KkgKskgkske +kpKkskakskg+Kq kakskaks[Sub]+k Ky kskykg[Sub]4+k, kokakskg [Sub]
Assuming that
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kik,kskske + kikskykskg + kokskykskg > kikykskks[Sub] + ki k,ksk, ke [Sub] +
kik,k,kske[Sub] (S10)
The rate law simplifies to:

~ k1k2 k4 [2b]0 [Sub] _

Rate ~ otk (oKD k'[2b],[Sub] (S11)
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Derivation of Rate Law for Diamido complex 4a

I:C .. P K1a
[ lZf—NMez HNTO>< —

Sub
¢ NM62

4a
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[s Ky
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14
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Figure S49. The mechanism of hydroamination/cyclization with complex 4a written out in

individual steps for clarity.



The rate can be written in terms of the formation of product, namely

[Product]

Rate = ° = kq[17] (S1)

Now solving for the concentrations of the intermediates while applying the steady state

assumption yields:

ST g, [17] + ks[16] = 0 - [17] = L2 (S2)
sdt Ke
2L = -Ks[16] + k4[15][Substrate 5] = 0 - [16] = <tlSIStbstrates) (S3)
5

§[15] _ . _ ks[14]
E = k3[14]-k4[15] [Substrate 5] =0 [15] = m (S4)
217 = k,[B][Substrate 5] — ks[17] = 0 . [17] = “22E! (S12)

3

SIB] _ . [2b][Substrate 5] — k,,[B] = 0 ~ [B] = aal2bliSubstrates] ;3

sdt K2a
The concentrations of the intermediates are defined in terms of the initial precatalyst concentration,

[4a], = [4a] + [B] + [17] + [18] + [19] + gggg (S14)

Solving these equations simultaneously (with the aid of Mathematica 9.0.1) gives:

Siproduct] ([4alok1akzaksksKske[Sub]) (S15)

Rate = =
@ (kzakskykske+ kla<k3k4k5k6[8ub]+ Ko, (k3kske+ k3kgks[Sub]+ k3k,kg[Sub]+ k4k5k6[SUb])))

Fully expanding the Rate equation gives:

[4a]k1akak3keks ke [Sub]
(k1akpakskske+ Ko kakakske+ky ko k3kgKks[Sub]+ kq Ko kakake[Sub]+ kq ko kakske [Sub]+ ki kskskskg[Sub])

Rate =

(S16)
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Assuming that

KiaKoakskyks[Sub] + ky, Ky kskake[Sub] 4+ ki k,kakskg[Sub] + kq,ksk kske[Sub] >

KiaKzaK3Kske + Kaakskakske (S17)

The rate law simplifies to:

[4a]okzakskske
k3KsKke+Kkza(Kske+Ka(Ks+Kke))

Rate ~ = k'"'[5a], (S18)
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Appendix B- excerpted from the dissertation of Katie Leigh

Energetics of the [Zr]l, [Zr]l2, and [Zr]l3 species

Beginning with the diiodo species, [Zr]l2, both the [Zr]I3 and [Zr]I species can be produced
(Figure B1) from hypothetical reactions. From [Zr]l2, the addition of HI and loss of HNMe2
produces [Zr]I3, a process which is favored by 24.9 kcal mol!. Also from [Zr]l2, the addition of
HNMe: and loss of HI produces [Zr]l, a process disfavored by 25.3 kcal mol ™. The general trend
of stability increasing with increased iodide substitution is consistent in the gas-phase and in
toluene at both 298 K and 433 K.

[ Hl [ Hl '
{2 —NMe, == ||2(—NMe, == |—2Z—1
/| /| /|
C ¢

HNMe, 8 HNMe,
NMe, |

[Zr]] [Zr]], [Zr]]5

Figure B1. Hypothetical reactions to convert between [Zr]l, [Zr]l2, and [Zr]I5.

Computed [2+2] cycloaddition mechanism (the long version)

The proposed cycloaddition mechanism begins from the [Zr]I catalytic complex. Substrate
enters the system and binds to Zr in a position Cis to the phenyl carbon of the pincer through the
amine lone pair. One of the substrate amine protons is transferred to an amide ligand, followed by
the exit of the newly-formed dimethyl amine. The remaining substrate amine proton is then
transferred to the remaining amide ligand, followed by the exit of this dimethyl amine. What
remains is substrate bound to the Zr of the catalytic complex through an imido nitrogen.

The imido complex has a highly distorted trigonal bipyramidal geometry around the Zr ion

with the phenyl carbon, iodide, and imide in the equatorial positions (1). The remaining pincer
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carbons are in axial positions, creating a C—Zr—C angle of 135.5°, far from the idealized 180°. This
rough trigonal bipyramidal geometry is retained as the substrate reorients prior to cyclization.
Rotation along the Zr—-N—CH: axis (TS-1-2) is followed by rotation of the tertiary C—CH2 bond
(TS-2-3), and rotation of the alkene (TS-3-4). As a result of these rotations, the  electrons of the
alkene are positioned below the Zr ion (4), and can coordinate in the position trans to the phenyl
carbon of the pincer (TS-4-5). The catalyst now has a pseudo-octahedral geometry around Zr, with
the imido nitrogen and coordinated alkene positioned Cis to one another (5).

Cyclization occurs by a [2+2] cycloaddition mechanism (TS-5-6 and Figure B2). The two
n electrons of the Zr—N bond attack the secondary carbon of the alkene as the two © electrons of
the alkene attack the Zr ion. With a free energy of activation of 28.5 kcal mol™!, cyclization is the
turnover-limiting step for the proposed mechanism. The result is a bicyclic structure: a four-
membered ring consisting of the alkene carbons, Zr, and N bound to a five-membered nitrogen-
containing heterocycle (6). An alternative cyclization transition state with the alkene bound cis
and the imide bound trans to the phenyl carbon has also been calculated (TS2-5-6), but it has a
higher energy of activation at 30.5 kcal mol™! (see Figure B3).

After cyclization, the bicyclic structure undergoes a rotation of the Zr—-N and Zr—C bonds
(TS-6-7) prior to the entrance of a second substrate to the system (8). The amine of this substrate
coordinates to the Zr trans to the phenyl carbon (TS-8-9). One amine proton is transferred to the
methylene carbon of the four-membered ring (TS-9-10), a process with a free energy of activation
of 25.2 kcal mol!. The resulting complex (10) contains the amide substrate bound trans to the
phenyl carbon and the amide product bound cis which is very low in energy at —8.0 kcal mol .
After a reorientation of the ring (TS-10-11), the remaining substrate proton is then transferred to

the nitrogen of the ring (TS-11-12) with a free energy of activation of 20.3 kcal mol . The cyclized
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product is then released, leaving a distorted trigonal bipyramidal catalyst complex (13). After
rotation along the Zr-N—CH> axis (TS-13-1), complex 1 is reformed, which can then begin the
catalytic cycle again. Alternatively, protonation of the bicyclic structure has been computed in the
reverse order (Figure B4). Initial protonation of the amide (14) is comparable with a free energy
of activation of 27.5 kcal mol™! (TS-14-15) to produce 15. However, subsequent protonation of
the methylene unit (16) requires more energy, with a free energy of activation of 35.8 kcal mol™!

(TS-16-17) to produce 17.
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TS-1-2

TS13- 1 G* 18, 7
. 18.9 Zr\
(lz‘\\c / /I Zr\
| 4Zf§N =N
product c AG° =175 ;\J TS-2-3
H\/f‘\l'\/>< 13 - : 2 \22.5
/ 159 17.1 -
~ C
fe / ACzlng
=N "
TS-11-12 12
203 49 134\ TS-3-4
17.0

TS—lO-ll\ / TS-4-5
-5.8 26.4
N 10 €3
| ler—N 30 5 1 lZ:f=N
cl 249 &L
TS-9-10 12.9 6 TS-5-6
g 28.5

NH, T substrate

Figure B2. Proposed mechanism for [2+2] cycloaddition. Gas-phase free energies (kcal mol ') are

relative to [Zr]l2 and two infinitely separated substrate molecules.
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Figure B3. [242] cycloaddition transition states. Left, imido cis/alkene trans to phenyl carbon.
Right, alkene cis/imido trans to phenyl carbon. Gas-phase free energies (kcal mol™) are relative

to [Zr]l2 and two infinitely separated substrate molecules.

C“ AN T e
<ij:i3f£— TS-14-15 '-(féétijﬂii7éi“ '—(fZS TS-16-17 —-zi—N
t— 4 q] 4| |
G 27.5 C C : 358 C H

| |
NH NH Ili [ N
7& S - A
15 16 17
AGo o118 15.0 125 8.7

Figure B4. Alternate protonations of bicyclic structure. Gas-phase free energies (kcal mol™) are

relative to [Zr]lz2 and two infinitely separated substrate molecules.

Computed [2+2] cycloaddition mechanism (the short version)

The amine of the substrate binds to the Zr of the [Zr]l catalytic complex system and
transfers its two protons to the bound amides. Two equivalents of dimethyl amine are produced as
well as an imido-substrate complex with a distorted trigonal bipyramidal geometry (not shown).

After a series of rotations, the alkene portion of the substrate coordinates to Zr trans to the phenyl
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carbon of the pincer (5, Figure B5). Cyclization then occurs through a [2+2] cycloaddition
mechanism, where two 1 electrons of the Zr—N bond attack the secondary carbon of the alkene as
the two m electrons of the alkene attack the Zr ion (TS-5-6). The resulting bicyclic structure
consists of a four-membered ring (the alkene carbons, Zr, and N) bound to a five-membered
nitrogen-containing heterocycle (6). A second substrate is introduced into the system, with the
amine binding to Zr trans to the phenyl carbon of the pincer (9). The two substrate amine protons
serve to first protonate the methylene carbon bound to Zr (TS-9-10), followed by protonation of
the nitrogen (TS-11-12). The product is released, and the resulting imido substrate can then reenter

the cycle.

H N>~
2 HNMe;,
He
N c
/\/>< [C TS-5-6
——2Zr=N 08 5
ok
i< -
5 cy
ce / 24.9 I—éé‘r\\\—N
A A
| erQN 12 6 C
C —4.9 18.7
HoN =
20.3 8.0 12.9
¢e /&
I——2r—N I{—2Z(—N
Cll — Cl.:.
NH NH,



Figure B5. Simplified proposed mechanism for [2+2] cycloaddition. Gas-phase free energies (kcal

mol ) are relative to [Zr]l2 and two infinitely separated substrate molecules.

Formation of alternative high-energy compounds

In addition to the bicyclic structure formed by [2+2] cycloaddition, formation of alternative
structures were also investigated. Methylidene and an unsaturated N-substituted cyclopentane can
be formed when the & electrons of the Zr—N bond attack the substrate carbon adjacent to the alkene.
Transfer of a proton from that carbon to the secondary carbon of the alkene creates the separate
methylidene and ring. The process could occur with the imido nitrogen either Cis or trans to the
phenyl carbon of the pincer (18 and 19, Figure 6XX), but both orientations are quite high in energy
(47.6 and 47.2 kcal mol ™, respectively). Alternatively, a bicyclic azacyclopropane structure could
be formed (20, Figure B6). The & electrons of the Zr—N bond attack the secondary carbon of the
alkene as in [2+2] cycloaddition, but instead of the & electrons of the alkene attacking the Zr ion
and forming a C—Zr bond, the m electrons attack the nitrogen. The nitrogen-substituted
cyclopropane is formed at an angle approximately 120° from the five-membered ring. At 61.0 kcal
mol !, this azacyclopropane is much less stable than the bicyclic structure formed from [2+2]
cycloaddition. As the energies of all three compounds are higher than the energy of activation for

[2+2] cycloaddition (28.5 kcal mol ™), their formation is not expected.
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C CH, C \ I'C
4.
18 19 20
47.6 47.2 61.0

Figure 6. Alternative high-energy Zr complexes. Left, cis-bound imido; center, trans-bound
imido; right, azacyclopropane. Gas-phase free energies (kcal mol™) are relative to [Zr]l2 and two

infinitely separated substrate molecules.

Other hydroamination mechanisms

It has been suggested that intramolecular hydroamination may occur by mechanisms other
than [2+2] cycloaddition, and these have been investigated computationally. In the insertion-type
mechanism (Figure B7), substrate enters the system and, through protonation, creates two
equivalents of dimethyl amine and an imido-bound substrate. A second substrate binds trans to
the phenyl carbon of the pincer (21) and protonates the imido substrate using an amine proton (TS-
21-22), producing two amido-bound substrates Cis to one another (22). Cyclization then occurs
through a 1,2-insertion step, where the carbons of the alkene are inserted between the Zr ion and
N atom (TS-22-23, 29.5 kcal mol ). The methylene unit between Zr and the five-membered ring
is then protonated by the substrate (TS-23-24), forming the amine-coordinated product. At 35.3

kcal mol !, the final protonation is the turnover-limiting step of the 1,2-insertion mechanism.
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N 24 22 Gy :
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23
~ 15.9 x
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TS-23-24 /] 152223

353 HN :
N

Figure B7. Proposed mechanism for 1,2-insertion. Gas-phase free energies (kcal mol!) are

relative to [Zr]l2 and two infinitely separated substrate molecules.

In the concerted-type mechanism, cyclization and protonation of the terminal alkene
carbon occurs in one step (Figure B8). Substrate enters the system and bind to Zr through the
amine in a position CiS to the phenyl carbon of the pincer (25). One amine proton serves to
protonate the amide Cis to the substrate (TS-25-26, 49.3 kcal mol '), and the newly-formed amine

remains coordinated to the Zr (26). Cyclization then occurs as the substrate nitrogen attacks the
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secondary alkene carbon of the substrate, while at the same time the proton of the amine is
transferred to the terminal alkene carbon (TS-26-27, 61.1 kcal mol '), forming the desired product.
The turnover-limiting step is the concerted cyclization; however, both it and the initial protonation
are much higher in energy than the turnover-limiting step of the proposed [2+2] cyclization

mechanism (TS-5-6, 28.5 kcal mol ™).

C \:/ \
Me,N H TS-25-26
. _ 25 49.3
HNT 295

27 26
T, 128 260 o
S S
MezN 4Z,f~~~.-Nd— MezN{%f<l
C H C.:, \
MeoN Me N~ H
. 2
TS-26-27
61.1

Figure B8. Proposed mechanism for concerted cyclization. Gas-phase free energies (kcal mol™)

are relative to [Zr]l2 and two infinitely separated substrate molecules.
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Effect of halogens on cyclization

Experimental results have shown the Hollis catalyst to be active with bromine and chlorine
in the place of the iodine ligand. For the dimethyl-substituted substrate studied here, the iodine
version of the catalyst showed 88% conversion, but catalysts with the other halides were much less
robust (Br 20%, Cl 6%).!* The turnover-limiting step of the proposed [2+2] cycloaddition
mechanism (TS-5-6) was computed with bromine and chlorine versions of the catalyst (Table B1).
There is an increase in the computed free energy of activation from iodine (28.5 kcal mol ™) to
bromine (32.4 kcal mol™") to chlorine (33.3 kcal mol ™), a trend that follows experiment. The
increasing free energy of activation may explain the decreasing rates of conversion for the

catalysts.

Table B1. Computed free energies for [2+2] cyclization of dimethyl-substituted substrate with
[Zr]-1, [Zr]-Br, and [Zr]-Cl catalyst species. Gas-phase free energies (kcal mol ') are relative to

[Zr]X2 and two infinitely separated substrate molecules.

species [Zr]- [Zr]-Br [Zr-CI
5 24.9 26.6 27.5

TS-5-6 28.5 324 333
6 18.7 19.2 19.1

References — Appendix B

1. Rubio, R. J.; Andavan, G. T. S.; Bauer, E. B.; Hollis, T. K.; Cho, J.; Tham, F. S.; Donnadieu,

B., Toward a general method for CCC N-heterocyclic carbene pincer synthesis: Metallation and

S-92



transmetallation strategies for concurrent activation of three C-H bonds. Journal of
Organometallic Chemistry 2005, 690, (23), 5353-5364.

2. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R,;
Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuiji, H.; Caricato, M.; Li, X.;
Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.;
Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.;
Vreven, T.; Montgomery, J., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.;
Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant,
J. C,; lyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J.
B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G.
A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz,
J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09.A02, Revision A. 02; Gaussian, Inc.: Wallingford, CT,
2009.

3. Perdew, J. P.; Burke, K.; Ernzerhof, M., Generalized gradient approximation made
simple. Physical Review Letters 1996, 77, (18), 3865-3868.

4, Perdew, J. P.; Burke, K.; Ernzerhof, M., Generalized gradient approximation made simple
(vol 77, pg 3865, 1996). Physical Review Letters 1997, 78, (7), 1396-1396.

5. Parr, R. G.; Yang, W., Density-functional theory of atoms and molecules. Oxford

University Press, Clarendon Press: New York and Oxford, England, 1989; p ix, 333.

S-93



6. Hay, P. J.; Wadt, W. R., Abinitio Effective Core Potentials for Molecular Calculations -
Potentials for the Transition-Metal Atoms Sc to Hg. Journal of Chemical Physics 1985, 82, (1),
270-283.

7. Couty, M.; Hall, M. B., Basis sets for transition metals: Optimized outer p functions.
Journal of Computational Chemistry 1996, 17, (11), 1359-1370.

8. Check, C. E.; Faust, T. O.; Bailey, J. M.; Wright, B. J.; Gilbert, T. M.; Sunderlin, L. S.,
Addition of polarization and diffuse functions to the LANL2DZ basis set for p-block elements.
Journal of Physical Chemistry A 2001, 105, (34), 8111-8116.

9. Hariharan, P. C.; Pople, J. A,, Influence of Polarization Functions on Molecular-Orbital
Hydrogenation Energies. Theoretica Chimica Acta 1973, 28, (3), 213-222.

10. Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A., Self-Consistent Molecular-Orbital
Methods .20. Basis Set for Correlated Wave-Functions. Journal of Chemical Physics 1980, 72,
(1), 650-654.

11. Hehre, W. J.; Ditchfield, R.; Pople, J. A., Self-Consistent Molecular-Orbital Methods .12.
Further Extensions of Gaussian-Type Basis Sets for Use in Molecular-Orbital Studies of Organic-
Molecules. Journal of Chemical Physics 1972, 56, (5), 2257-2262.

12. Marenich, A. V.; Cramer, C. J.; Truhlar, D. G., Universal Solvation Model Based on Solute
Electron Density and on a Continuum Model of the Solvent Defined by the Bulk Dielectric
Constant and Atomic Surface Tensions. Journal of Physical Chemistry B 2009, 113, (18), 6378-

6396.

S-94



13. Wertz, D. H., Relationship between the Gas-Phase Entropies of Molecules and Their
Entropies of Solvation in Water and 1-Octanol. Journal of the American Chemical Society 1980,
102, (16), 5316-5322.

14. Clark, W. D.; Cho, J.; Valle, H. U.; Hollis, T. K.; Valente, E. J., Metal and halogen
dependence of the rate effect in hydroamination/cyclization of unactivated aminoalkenes:
Synthesis, characterization, and catalytic rates of CCC-NHC hafnium and zirconium pincer

complexes. Journal of Organometallic Chemistry 2014, 751, 534-540.

S-95



