Chemistry 4021/8021 Computational Chemistry 3/4 Credits
Spring Semester 2013
Answer Key

1. Let's return to valine, which we examined in Problem Set 1. Early in the 20th century,
Clough, Lutz, and Jirgensons found that if one added strong acid to an aqueous solution of a D-
amino acid, thereby protonating it, the optical rotation measured for that amino acid became
either less positive or, if the original rotation was negative, more negative. Conversely, if the
optical rotation became more positive (or less negative), the amino acid was L. Let's see if valine
obeys the CLJ rule.

To do that, optimize the three conformers of zwitterionic D-valine, and of protonated D-
valine (you may ignore rotational isomerism of the carboxyl group once protonated —simply
choose one oxygen to protonate for each zwitterionic rotamer case); do your work at the
MO06/6-311+G(d,p) level employing the SMD aqueous solvation model. Next, for each optimized
rotamer, compute the optical rotation at the same level of theory. You will need the keywords
polar=optrot and cphf=rdfreq for this calculation. Specify a frequency of 0.07732,
which corresponds to measuring the optical rotation at the sodium D line, 589.3 nm.

In a neat and readable table (or tables), report the energies for all of your zwitterionic and
protonated species, and then report the Boltzmann averaged molar rotations. Note that GO9
reports the specific rotation. To convert your specific rotations to molar rotations, multiply by the
molecular weight of the compound and divide by 100.

On the next page are tables for the neutral (zwitterion) and protonated species,
showing free energies (including solvation), specific and molar rotations, and the
Boltzmann average of the latter. Structures are not shown for the protonated
species, but in each case the O atom further from the ammonium group was
protonated, and otherwise the structures are not much changed.



Results for zwitterionic D-valine

Gags, En -402.132 24 -402.131 72 -402.133 32
298 K pop, % 21.3 12.4 66.3
Specific a, deg -120.0 -27.0 -40.0
Molar a, deg -140.6 -31.7 -46.9
298 K <a>, deg < —-65.0 >

Results for protonated D-valine

Gags, En -402.565 66 -402.563 40 -402.566 72
298 K pop, % 24.2 2.2 73.5
Specific a, deg -133.4 -68.7 -35.1
Molar a, deg -157.6 -81.2 -41.4
298 K <a>, deg < —70.5 >

Do you predict valine to follow the CLJ rule? Experimentally, D-valine is observed to
follow the CLJ rule, and the molar rotations of the zwitterion and cation are measured as —6.6
and —33.1 deg cm’ dmol ™' (the units are identical to those you'll get from converting G09's output
as instructed above). How does the selected level do? If there are discrepancies, what steps might
be taken that might be expected to improve agreement with experiment?

This problem was somewhat disappointing. To compare to —6.6 and —33.1 deg
cm? dmol-?, the computed numbers are —65.0 and —70.5. Thus, I predict the
change to match the CLJ rule, but the magnitude is significantly underpredicted.
In addition, the quantity o seems amazingly sensitive to conformation.

I chose this problem because of DOI: 10.1021/ed300680g, but it appears that
getting a solid answer may require some fortuitous cancellation of errors in terms
of functional choice, basis set, and number of conformers over which averaging is
done.

2. Mixing Ag(CN), and Ni(CO), in chloroform under a CO atmosphere, you isolate a solid
precipitate that microanalysis and mass spectroscopy indicate to be NiC,N,0,. A "C NMR
spectrum of the precipitate in chloroform with Ni(CO), added as an internal standard shows a
strong peak 6.6 ppm upfield from Ni(CO), and a much smaller peak 8.4 ppm upfield from



Ni(CO),. There is also a very strong peak 84 ppm upfield from Ni(CO),. An IR spectrum of the
precipitate in a KBr pellet shows a strong absorption at 2154 c¢m™ and very weak
absorptions/shoulders at 2143, 2170, and 2188 cm™'.

After three recrystallizations from diisopropyl ether, your solid is composed of
beautifully twinned light orange crystals. NMR and IR spectra of the recrystallized solid show
only the strong peaks noted above, and none of the weak ones.

An ultraviolet spectrum of the recrystallized solid in freon (who knew it would be
soluble?) shows absorptions at 310 and 333 nm.

Here are the questions:

a. What is the structure of the molecules in the recrystallized solid? In a narrative
fashion, describe in some detail how you came to your conclusion. Note that achieving 100%
confidence can be very much more expensive than 99% confidence. It is perfectly OK to be
satisfied with 99%.

Ni(CO), is a well known compounc{ that would appear to have some relevance to the
suﬁject compouncfs. Thus, as a starting point, 1 benchmarked levels of tﬁeory
based on their aﬁi[ity to compute known _properties of nickel tetmcarﬁony[ Aa
quicé search cf the web turned up that the molecule is tetrahedral (7,
symmetry.’) with NiC bond [engtﬁs of 1.838 A and CO bond &zngtﬁs of 1142 4
and a CO stretcﬁing ﬁequency qf 2058 ¢cm™. 1 tested 9—(9-"/6-31@@), HCTH/6-
319(5[), and @98/6-31@(0[). The ﬁ’na[ metﬁoc[gave bond [engtﬁs of1.809 and
1.146 for NiC and Co, respective[y, and 1 decided that this was gooa( enougﬁ
(using a much Eigger basis set migﬁt have imyrovecf tﬁings, but 1 decided that
that would cost too much). The CO stretcﬁing frecluency for Ni(CO), was
com}autecf at the Bo8 level to be 2145 cm™, which is 4% too ﬁigﬁ—aﬁour what is
exyected since Bo8 is a ﬁyﬁm’cf model incfud]’ng HF excﬁange, and that causes
recluencies to be a bit too ﬁigﬁ. So, Tl scale other frecluencies computed at this
level Ey 95.9%. (Note, incicﬁmta[@, that there is no 6-31§(d) basis set for Ni,
but Go3 By convention uses a so-called McClean-Chandler basis for the first-
row transition metals when 6-31G (d) is listed in the Eeywomf [ine. Note also that
there is no guarantee that we should expect our nickel systems to have singﬁet
grouncf states, but it is a trivial matter to check that these states are indeed the
lowest in energy—most cf you Joroﬁaﬁfy Just aﬁefau[tecf to cﬁoosing a sing[et state
and gave it no furtﬁer tﬁougﬁt‘)



As for the unknown solid, an obvious choice is that the yroe(uct qf the initial reaction is
Ni(CO),(CN),. Ni* com}ooumfs are usua[[y square }ofanar, so there should be
onfy two stereochemical yossiﬁiﬁties, one where the carﬁony[ groups are trans to
one another (D symmetry) and one where tﬁey are cis (Cy, symmetry)‘ 7
oytimizecf the geometries for each at the 2898/6-319(5{) level and computed TR
frequencies and “C isotropic NMR sﬁiefdings (1 also comjoutecf NMR
sﬁie[efings for Ni(CO), since that molecule was used as the internal standard for
the SJoectm[ Measurements). Note that NMR chemical sﬁiﬁs are reporteaf as
cfesﬁiefcfings usua[[y, soa ﬁigﬁer sﬁiefcfing means an ujoﬁe[c[ sﬁifr and a lower
sﬁie[efing means a cfownﬁ’e[cf sﬁlft. In any case, here are the data:

Property Trans (1725) isomer Cis (sz isomer
H, (E) -1920.245 87 -1920.237 89
ﬂ-ﬁgﬁ intensity TR
yeaks scaled By 2154 2143, 2170, 2188
0.959 (cm™)
5C NMR sﬁiefdi’ngs
relative to M(COL 6.6, 84.0 8.4,84.1
(ppm)

My, my, what remarléaﬁfy close agreement with expem’ment.” fviefentfy my solid is a
mixture predbminant[y com})osec[ qf the trans isomer (wﬁicﬁ, comforting[y, is
the one that’s lower in energy, albeit By too much }Jroﬁaﬁfy to assume that the
procfuct mixture is procfuced from a tﬁermocfynamic equiﬁﬁrium)‘
Recrysta[[ization removes the cis isomer from the crude Jorecgaitate‘

b. To what electronic transitions do the two peaks in the UV spectrum correspond (show
pictures of the orbitals)? Based on the nature of these transitions, how might you expect the
geometries of the first and second excited states to differ from the ground state (don’t do an
excited-state geometry optimization, just infer from the orbitals).

A survey of the first 6 excited sing&et states using TDDFT (2898/6-31§(d)) find} that
on@ the second and sixth have non-zero oscillator strengtﬁs, and fascinating[y
enougﬁ the Joredictecf aﬁsmjotions are at 333 and 310 nm. The aBsmjotion at 333
nm is precfictecf to be com}o&ate[y dominated Ey a HOMO-> LUMO transition
(orﬁim[ 41942) while the aﬁsoqation at 310 nm is Jared’icted' to be dominated Ey
a 39242 transition. Pictures of these 3 orbitals are:



39 41 (HOMO) 42 (LUMO)

So, orbital 39 is a fair[y pure dy> orbital on Ni, orbital 41 is an antisymmetric
combination of CN nt bonds with a weak antiﬁond]’ng interaction with Ni, and
orbital 42 is a symmetric combination of CO w* antibonds with no sigmficcmt
Ni contribution (on[y a Ni P2 orbital would have the m’gﬁt yﬁase behavior to
}mrtici}mte in this orbital, and no such orbital is nearﬁy in energy). Thus, we
would call the 333 aﬁsoqm’on a [igcmc[% [igcmc[ transition that moves cﬁarge
from the CN ﬁagments to the CO fmgments. LooEing at the orbital pﬁases,
aﬁzpopufan’ng the CN° Bom{ing orbitals will [engtﬁen the CN bonds in the excited
states and Joopu[ation the CO antiﬁonafing orbitals will [engtﬁen the CO bonds.
The two carbon atoms of the CO ﬁgancfs will be drawn closer to the central Ni
atom to maximize the Eoncfing T over[a}o between them and the two carbon
atoms qf the CN° fmgments will also be drawn closer to Ni since the dkpc)}oufatec[
HOMO was antiﬁonafing between Ni and C. 4As for the 39242 transition, this
would be called a meta[—to-[igana( cﬁarge tmnsfer (MLCT) band. The excited
state geometry should see the CN fmgments [arge[y unaﬁfected (there is no
sigmficcmt contribution cf CN orbitals to either the cﬁzpcyu[atea[ or yojoufatecf
orbitals in the excited state)‘ ﬂgain, however, we expect the CO ﬁagments to
draw closer to Ni and to &mgtﬁen the CO bond.

3. Consider the two pairs of isomeric iminium ions below that were studied in the last
problem set. Our gas phase results were not consistent with the exocyclic double bond isomer 2
being more stable than 1. Let's revisit the problem, as well as the question of activation free
energies, using a continuum solvent model, in conjunction with possible explicit water catalysis
for the tautomerization reactions.
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Reoptimize the minima, and proton-transfer transition-state structures, both with and
without water catalysis, at the M06-2X/6-31+G(d,p) levels using the SMD aqueous continuum
model. Do frequency calculations to determine thermal contributions to the 298 K free energy at
that same level. Finally, do single-point calculations at the SMD/M06-2X/6-311+G(2df,2p) level
and add thermal contributions from the lower level to these electronic energies to get a best
estimate of the free energy in solution.

For completeness, I will expand the answer key already used for PS2, focusing on
the new results. Text in blue in the tables is at the new levels of theory.

A8

3 4chair 4boat

Pictures for the piperidine-based local minima are provided above. Nothing too
remarkable, other than there being chair and boat conformers for the exocyclic isomer.
As expected, the chair is lower in energy (see below).

Again, without pretty formatting, putting piperidine system to left and
morpholine to right because I like to think of the latter as being a variation on the
former (energies in a.u. followed by relative energies in kcal/mol):



E
Level of theory

3 4chair 4boat 1 2chair 2boat
HF -288.439 33 -288.42636 -288.41757 -324.23482 -324.22510 -324.216 77
MP2 -289.609173 -289.68070 -289.67219 -325.56180 -325.55361 -325.545 07
Mo6-2X -200.25375 -290.24166 -290.23372 -326.12637 -326.11777 -326.109 21
SMD/small -200.342 27 -290.33162 -200.323 34 -326.22546 -326.21842 -326.209 73
SMD/large -200.420 32 -290.409 41 -290.40096 -326.320 04 -326.31241 -326.303 69
Level of theory

3 4chair 4boat 1 2chair 2boat
HF 0.0 8.1 13.7 0.0 6.1 11.3
MP2 0.0 6.9 12.3 0.0 5.1 10.5
Mo6-2X 0.0 7.6 12.6 0.0 5.4 10.8
SMD/small 0.0 6.7 11.9 0.0 4.4 9.9
SMD/large 0.0 6.8 12.1 0.0 4.8 10.3
G298
Level of theory

3 4chair 4boat 1 2chair 2boat
HF -288.279 85 -288.26547 -288.25734 -324.10037 -324.08911 -324.08134
Mo6-2X -290.106 28 -290.092 84 -290.08547 -326.00288 -325.99254 -325.984 70
SMD/small -200.194 16 -290.18257 -290.176 06 -326.10014 -326.092 83 -326.083 94
SMD/large* -200.272 21 -290.260 37 -290.25368 -326.19471 -326.18681 -326.177 90
Level of theory

3 4chair 4boat 1 2chair 2boat
HF 0.0 9.0 14.1 0.0 7.1 11.9
Mo6-2X 0.0 8.4 13.1 0.0 6.5 11.4
SMD/small 0.0 7.3 11.4 0.0 4.6 10.2
SMD/large* 0.0 7.4 11.6 0.0 5.0 10.5

* G defined by adding thermal contributions from smaller basis set to electronic energy
computed with larger basis set.

Nothing too exciting about E vs G. Including aqueous solvation, chair still
preferred over boat for exocyclic conformers by 4 to 5 kcal/mol. Endocyclic still
preferred over exocyclic, although by slightly reduced margins compared to the gas
phase: by about 5 kcal/mol for the morpholine derivative, and by about 7 kcal/mol for
the piperidine derivative. The exocyclic boats are stabilized by solvation relative to the
endocyclic isomer by about the same margin as the exocyclic chairs are.

Re-noting that it is observed that refluxing 1 in aqueous solution leads to 2, is that
consistent with these most recent calculations? If a significant change is observed compared to



your earlier gas-phase results (you are welcome to refer to the answer key to Problem Set 2,
should you need to), rationalize the effect of solvation. Finally, by how much does water
catalysis lower the free energy of activation in the two systems? Note that you will need to pay
careful attention to standard-state corrections for solutes, especially when including water as a
solute.

No, the endocyclic double bond is still predicted to be more stable. In
my opinion, the experimental interpretation reported in Rosenau et al. Tetrahedron
2004, 60, 301 must be incorrect about the equilibrium. Glancing at their Scheme 3, it
appears that they must have used a very bad geometry for the endocyclic double-bond
isomer, making it artefactually too high in energy (note that the paper is quite confusing
— in the text it says the exocyclic isomer is preferred by 2.9 kJ/mol, but the scheme says
17.1 kJ/mol — sloppy). The mechanistic analysis also seems muddy. Worth further
study.

d Jo

uncatalyzed H.O-catalyzed

The two transition state structures are shown above (for the morpholine
derivative). The energetics are (energies in a.u. followed by relative energies in
kcal/mol) — solvated results in blue:



E, uncat
Level of theory

3 TS 4chair 1 TS 2chair
Mo6-2X -290.238 21  -290.119 56 -290.22583 -326.11036 -325.99174 -326.10159
HF -288.522 86 -288.393 01 -288.50047 -324.33629 -324.20621 -324.32556
MP2 -289.692 96 -289.57523 -289.68212 -325.56354 -325.44571 -325.55550
SMD/small -200.342 27 -200.247 30 -290.33162 -326.22546 -326.13110 -326.218 42
SMD/large -200.420 32 -290.32566 -200.409 41 -326.32004 -326.22550 -326.312 41
Level of theory

3 TS 4chair 1 TS 2chair
Mo6-2X 0.0 74.5 7.8 0.0 74.4 5.5
HF 0.0 81.5 8.4 0.0 81.6 6.7
MP2 0.0 73.9 6.8 0.0 73.9 5.0
SMD/small 0.0 59.6 6.7 0.0 59.2 4.4
SMD/large 0.0 59.4 6.8 0.0 59.3 4.8
Gags, Uncat
Level of theory

3 TS 4chair 1 TS 2chair
Mo6-2X -200.089 80 -289.97419 -200.07598 -325.98592 -325.870 60 -325.975 45
SMD/small -200.194 16 -290.101 04 -290.18257 -326.10014 -326.00672 -326.092 83
SMD/large* -200.272 21 -200.179 40 -290.26037 -326.19471 -326.10112 -326.186 81
Level of theory

3 TS 4chair 1 TS 2chair
Mo6-2X 0.0 72.5 8.7 0.0 72.4 6.6
SMD/small 0.0 58.4 7.3 0.0 58.6 4.6
SMD/large* 0.0 58.2 7.4 0.0 58.7 5.0

* G defined by adding thermal contributions from smaller basis set to electronic energy
computed with larger basis set.

The predicted activation free energies are independent of heterocycle and large,
but solvation reduces the activation free energies by about 14 kcal/mol. Difference
between E and G2ys small (the reaction is unimolecular). Also because the reaction is
unimolecular, there is no effect from changing the standard state from that of the gas
phase (standard state concentration that of an ideal gas at 298 K, which is (1/24.45) M)
to that conventionally used for solution (1 M). Making the correction would add
RTIn(24.45), or 1.9 kcal/mol, to the free energy of every species, but that effect cancels
when the reaction is unimolecular.

Turning to the water catalyzed case (obtained by adding H.O values for E and
G298 to the values in the above table for the minima, while optimizing the TS structure
with the water as part of the TS), we have:
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E, H,O-cat
Level of
theory . .
3°H.O TS.H.O 4chairH.O 1°H.O TS.H.O 2chair.H.O
Mo6-2X -366.611 59 -366.517 12 -366.509 20  -402.483 74 -402.304 68 -402.474 97
HF -364.576 90  -364.42494  -364.563 51  -400.390 33 -400.24473  -400.379 60
MP2 -366.00199 -365.909 85 -365.991 15 -401.872 58 -401.785 38 -401.864 53
SMD/small -366.751 71 -366.652 86  -366.74106  -402.634 91 -402.54164  -402.627 87
SMD/large -366.85737  -366.75827  -366.846 46  -402.757 08 -402.663 30 -402.749 45
Level of
theory . .
3°H.O TS.H.O 4chairH.O 1°H.O TS.H.O 2chair.H.O
Mo6-2X 0.0 59.3 7.8 0.0 55.9 5.5
HF 0.0 95.4 8.4 0.0 91.4 6.7
MP2 0.0 57.8 6.8 0.0 54.7 5.0
SMD/small 0.0 62.0 6.7 0.0 58.5 4.4
SMD/large 0.0 62.2 6.8 0.0 58.8 4.8
Gags, H,O-
cat
Level of
theory . .
3°H.O TS.H.O 4chairH.O 1°H.O TS.H.O 2chair.H.O
Mo6-2X -366.45929  -366.350 31 -366.445 47  -402.35542 -402.25158  -402.344 94
SMD/small -366.599 98  -366.48549 -366.58840 -402.50596 -402.39737 -402.498 65
SMD/large* -366.705 63 -366.50090 -366.60379  -402.62814 -402.519 02 -402.620 24
Level of
theory . .
3°H.O TS.H.O 4chairH.O 1°H.O TS.H.O 2chair.H.O
Mo6-2X 0.0 68.4 8.7 0.0 65.2 6.6
SMD/small 0.0 71.8 (67.5) 7.3 0.0 68.1(63.8) 4.6
SMD/large* 0.0 72.0 (67.7) 7.4 0.0 68.5 (64.2) 5.0

So, the solvated energies of activation with a water catalyst are actually higher than those

without a catalyst, and the solvated free energies of activation even more so (even after including
a correction for a standard-state concentration of pure water that would be RTIn(55.56*24 .45), or
4.3 kcal/mol, reflecting the 55.56 M concentration of solvent water). The molecular structure for
the catalyzed TS structure looks far more chemically sensible, but apparently the nitrogen atom
is able to accommodate the very strained 1,3-proton transfer TS structures without as much strain
as one's intuition might otherwise expect.

So, again, the paper of Rosenau et al. seems significantly flawed. If only we had
time to study it further...



