Chem. 4PB3

Project #2 – more advanced applications of Gaussian 
OUT:  18-Jan-2019      DUE:  08-Feb-2019
1.  You have an extremely unlucky synthetic organic colleague who is cursed with glassware that seems always to have an acidic surface. Thus, whether she uses a tank of pure propyne, or a tank of pure allene, she always ends up with an equilibrated mixture of the two when she wants to use just one of them in a reaction. At 298.15 K, what is the ratio of the two that she would find in her reaction flasks after equilibration? Carry out all calculations at the m062x level of density functional theory in the gas phase. Use the 6-31G(d) basis set. (NB the m062x functional is not one of the pull-down choices for DFT functionals, but can be accessed using the keyword m062x. [ in Add. Inp., type #p opt=m062x]
2. Calculate the NMR spectrum (chemical shifts) of pyrazinamide at RHF/6-31G(d) level. Compare the calculated values with the experimental counterparts.  Discuss the result for H14.
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	nucleus
	Chem. Shift

	C2
	146.4

	C3
	145.0

	C5
	144.4

	C6
	148.2

	C7
	165.1

	H10
	9.2

	H11
	8.7

	H12
	8.5

	H13
	7.9

	H14
	8.3


3.  Using both PM3 and HF 3-21G, compute and report the initial, final and transition state geometries and energies for the Diels-Alder reaction between ethylene and cis-butadiene. The initial and final states are of course straightforward. The challenge is how to set up and execute a calculation of the transition state of this concerted reaction. See the next page for information about how to calculate transition states. 
    (a) Create a movie of the reaction (hint – it is the visualized motion of the imaginary frequency corresponding to the reaction co-ordinate). Use stills from this movie to illustrate your answer.

    (b) Compare the change from reactants to products, computed with these 2 methods, with the known thermodynamic properties of this reaction (at 298 K).  For a detailed computational study of this reaction see C.-X. Cui and Y-J Liu, J. Phys. Org. Chem. 27 (2014) 652–660.
Note: 

For inspection of  computational outputs on your own computer, it is convenient to transport a formatted checkpoint file. To generate such a file, the command is formchk myfile.chk, where myfile.chk is the name of the (binary) checkpoint file. A text formatted checkpoint file myfile.fchk will be created on ripper, in the same folder. This can be moved using MobaXterm in the same fashion as an other file. GaussView accepts .fchk as an option for file types to be opened.

Locating Transition States with Gaussian

From http://www.chm.bris.ac.uk/pt/harvey/msci_pract/tech_g98.html (site no longer exists)
A transition state (TS) is a stationary point on the potential energy surface, that is, the gradient of the potential energy in all directions is equal to zero there. However, unlike minima, which, as their name indicates, are minima in all directions, transition states are minima in all directions except one, along which they are maxima. (TSs are saddle-points of order 1; there are also saddle-points of higher order, which are maxima along more than one direction. However, they are never relevant in chemistry). To find a transition state, you need to go downhill in all directions except one, along which you should go uphill. Knowing which direction to go uphill in is what makes TS searches difficult.

From basic calculus whether or not a stationary point of a function of one variable (f(x)) is a maximum or a minimum can be determined by examining the second derivative at that point. If it is positive, the point is a minimum, whereas if it is negative, the point is a maximum. The second derivative is always positive near a minimum (positive curvature) and vice versa near a maximum. For functions of more than one variable such as potential energy surfaces V(x1,y2,z1,x2,y2,z2,....), the second derivative is in fact a matrix, often called the Hessian matrix. For n variables, the matrix is n by n, and has n eigenvalues, each associated with an eigenvector, or direction. The eigenvalue for a given eigenvector (or direction) tells one if the curvature along that direction is positive or negative. So in other words, to find a transition state, one needs to find the eigenvalues of the Hessian Matrix. If one is close enough to the transition state, they will all be positive, except for one, which will be negative. To reach the transition state, one then needs to go downhill along the direction of all the eigenvectors except the one whose eigenvalue is negative - which one should follow upwards.

The problem is that finding the Hessian Matrix is difficult (and, especially, costly in terms of computer time). Also, it is often hard to find the region close enough to the transition state where there is one, and only one, negative eigenvalue. Efficient approximate methods to get round these problems have been developed, but they still need luck and perseverance to succeed !

Here are the techniques, and corresponding sample Gaussian input strategies, which can be used:

1. Guess the TS structure accurately enough to be VERY close to it. Then, all you need to do is type Opt(ts) instead of the standard Opt keyword. This method almost never works - it is only here for information purposes.

2. Guess the TS structure fairly accurately, and calculate the exact Hessian matrix at that guessed structure. This works provided you have made a good initial guess - this often demands considerable chemical intuition !! The relevant keyword is Opt(TS,CalcFC).

3. Provide Gaussian with two structures, one believed to be on the reactant site of the TS, the other on the product side. Gaussian takes the average of the two structures as its initial guess of the TS structure, and assumes that the direction with the negative eigenvalue is that joining the two structures. This method is referred to as the quasi-synchronous transit method, and the corresponding keyword in Gaussian is Opt(QST2). This method is very efficient, and applicable to more cases than the previous one. It also succeeds more often because the structures do not need to be quite as carefully chosen. However, because one needs to specify two structures instead of only one, it sometimes means more work.

4. In some cases, the point-group symmetry can be seen to be higher than that of the reacting system on the reactant and product sides of the TS. In such cases, simple optimization can be used starting from a geometry with the same symmetry as the TS.

In this project you will use method 2. In real life, you would probably use method 3  most of the time. 
PAGE  
2

