
                          Marchetti, B., Karsili, T. N. V., & Ashfold, M. N. R. (2019). Exploring
Norrish type I and type II reactions: an ab initio mechanistic study
highlighting singlet-state mediated chemistry. Physical Chemistry
Chemical Physics, 21(26), 14418-14428.
https://doi.org/10.1039/C8CP07292B,
https://doi.org/10.5523/bris.1shnooapazkr528t0hgrffg82v

Peer reviewed version
License (if available):
Other
Link to published version (if available):
10.1039/C8CP07292B
10.5523/bris.1shnooapazkr528t0hgrffg82v

Link to publication record in Explore Bristol Research
PDF-document

This is the accepted author manuscript (AAM). The final published version (version of record) is available online
via The Royal Society of Chemistry at https://doi.org/10.1039/C8CP07292B . Please refer to any applicable
terms of use of the publisher.

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the
published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/

https://doi.org/10.1039/C8CP07292B
https://doi.org/10.5523/bris.1shnooapazkr528t0hgrffg82v
https://doi.org/10.1039/C8CP07292B
https://doi.org/10.5523/bris.1shnooapazkr528t0hgrffg82v
https://research-information.bris.ac.uk/en/publications/bb478511-bdb5-4d46-8809-22a2806c5b4b
https://research-information.bris.ac.uk/en/publications/bb478511-bdb5-4d46-8809-22a2806c5b4b


 1 

Exploring Norrish Type I and Type II Reactions: An ab initio Mechanistic 

Study Highlighting Singlet-State Mediated Chemistry. 

Barbara Marchetti
†
, Tolga N. V. Karsili

†,
* and Michael N. R. Ashfold

‡
 

†
Department of Chemistry, University of Louisiana at Lafayette, Lafayette, LA 70503, USA 

‡
School of Chemistry, University of Bristol, Bristol, BS8 1TS, UK 

 

 

 

*author to whom correspondence be addressed: 

Email: tolga.karsili@lousiana.edu 

 

 

 

 

  

mailto:tolga.karsili@lousiana.edu


 2 

Abstract 

 

Norrish reactions are important photo-induced reactions in mainstream organic chemistry and are 

implicated in many industrially and biologically relevant processes and in the processing of 

carbonyl molecules in the atmosphere. The present study reports multi-reference electronic 

structure calculations designed to assess details of the potential energy profiles associated with 

the Norrish type-I and type-II reactions of a prototypical ketone 5-methyl-hexan-2-one. We show 

that the well-established ‘triplet state mediated’ reaction pathways following initial population of 

a singlet excited state can be complemented by (hitherto rarely recognized) ‘singlet state only’ 

Norrish type-I and type-II reaction mechanisms that involve no spin-forbidden transitions along 

the respective reaction paths, and suggest how the efficiencies of such reactions might be 

affected by strategic substitutions at selected sites within the parent ketone.  
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1. Introduction 

Molecular photochemistry has attracted ever growing attention since the mid 19
th

 century.
1
 

Curious scientists arranged volumetric flasks of solutions in daylight and observed wide ranging 

color changes – paving the way for light-induced chemistry. Ciamician’s seminal work on the 

‘photochemistry of the future’ anticipated the need for the conversion of solar energy into 

chemical energy as a source of clean and renewable energy.
2
 The need to harness sunlight to 

drive chemical reactions has never been more pressing – as evidenced, for example, by the great 

current interest in developing photocatalysts for artificial photosynthesis and water-splitting, 

wherein water is converted into H2 and O2.
3,4

 Computational and theoretical chemistry has 

guided improvements in our understanding of the photochemistry of simple molecular systems.
5–

11
 It is now recognized that many of the key non-radiative transitions in molecular 

photochemistry occur in regions of configuration space where the potential energy (PE) surfaces 

of the participating states (e.g. the ground and an excited state) become degenerate. When modes 

orthogonal to the reaction coordinate are considered, these regions of degeneracy develop into 

conical intersections (CI), which are critical to many of the ultrafast energy-transfer processes in 

molecular photochemistry.
12,13

 

Mechanistic organic photochemistry is filled with elementary reactions that underpin the total 

synthesis of larger and more versatile molecular structures.
14–18

 CIs are intimately involved in 

many (if not all) of these elementary photoreactions and the non-adiabatic couplings they enable 

can be imprinted onto the photoreaction dynamics and/or the stereochemistry of the products.
8,19–

23
 Observations of such electronic and geometric propensities have inspired the development of 

rules for predicting the outcomes of classes of photoreactions. The Woodward-Hoffmann rules, 

for example, show how the course of a given reaction (e.g. a cycloaddition, electrocyclization, 
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sigmatropic shift reaction, etc.) can be understood in terms of the symmetries and occupancies of 

 and  orbitals.
24,25

 The rules enable prediction as to whether a given reaction will be allowed 

or forbidden and, of relevance in the present context, whether a thermally disallowed reaction on 

the ground state PE surface might be allowed photochemically – since the reaction now proceeds 

on an excited state PE surface. The electrocyclization reaction of 1,3,5-hexatriene is a classic 

example: the thermally driven electrocyclization of the terminal C-atoms involves rotation and 

alignment of the -orbitals in a disrotatory manner, whilst the electrocyclization following 

photoexcitation is conrotatory.  

There are many other families of light-driven reactions.  Well-known examples include reactions 

of conjugated cyclic systems to yield new cyclic compounds with a different number of ring 

atoms (e.g. bicyclic systems or fulvenic structures),
26

 photoinduced bond fissions 

(photodissociations) 
27–30

 and intra- and intermolecular proton transfer (PT) reactions.
31–34

 The 

latter reaction types form the foundations of Norrish type I and type II reactions
35

  (the focus of 

this manuscript) and have attracted much recent attention.
36–40

 The photodissociation of 

heteroaromatic (e.g. indole and pyrrole) and heteroatom containing (e.g. (thio)phenol and 

aniline) molecules are known to proceed (directly or indirectly) via * states, in which the * 

orbital is localized around the YX bond (where Y  is the heteroatom and X is a leaving group 

(typically X = H and CH3)).
29,41

 PT reactions, on the other hand, proceed via charge-transfer 

(CT) states that lead to an intra- or inter-molecular charge-imbalance which can be neutralized 

by PT.  

Norrish type I and II reactions involve photoexcitation of a carbonyl compound. In the former, 

the C–C bond adjacent to the carbonyl (i.e. a bond to the  carbon) cleaves. Depending on the 

environment, this may be followed by rearrangement on the ground state PE surface to form a 
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pair of stable products. Norrish type II reactions (sometimes termed Yang reactions
42

), in 

contrast, involve an intramolecular H-atom transfer from a more distant carbon (e.g. a -carbon) 

to the carbonyl oxygen, followed by eventual CC bond cleavage – yielding a pair of stable 

ground state molecules – or rearrangement (cyclization). The latter finds use in synthetic 

chemistry (e.g. the Paternò-Büchi reaction
43

), while Norrish type I and II reactions have been 

implicated in the photochemical processing of gas phase carbonyl molecules and secondary 

organic aerosol in the Earth’s atmosphere.
44

 Norrish type I and II reactions are traditionally 

described in terms of an initial spin-allowed electronic excitation to a singlet excited state, which 

is then proposed to undergo intersystem crossing (ISC) to a near-lying triplet state, followed by 

eventual reaction. Many prior studies have explored the participation of triplet states in the 

photoinduced reactivity of carbonyl species. The triplet state may show enhanced reactivity (cf. 

the ground S0 state) and may act as a doorway state for further non-radiative decay to high S0 

state levels. The interplay between singlet and triplet states is thus important to understanding 

eventual product formation following photoexcitation of ketone and aldehydes. 

 

 

Figure 1: Minimum energy geometry of 5-MHONE. Carbon atoms 1-5 are specifically reference 

in the text and the labels R1-R4 indicate the groups at which substitution will be investigated.  
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The present study employs high-level multi-reference electronic structure methods to examine 

the PE profiles associated with the Norrish type I and type II reactions of one carefully selected 

ketone – 5-methyl-hexan-2-one (henceforth 5-MHONE; shown in fig. 1) – and investigates the 

extent to which such reactions might occur without spin-flipping, i.e. via singlet states only. 5-

MHONE is a logical prototype for investigating both Norrish type I and II photoreactions in a 

self-consistent manner, and the calculated outputs are used to guide our understanding of the 

likely outcomes of such reactions under isolated molecule conditions (i.e. in the absence of any 

stabilizing collisions) and in the presence of (weakly interacting) solvent molecules that will 

encourage caging, geminate recombination, and eventual relaxation into the various minima on 

the S0 PES.  

C2C3 (or ) bond cleavage in the Norrish type I reaction under collision-free conditions yields 

radical species whose stability will depend on the degree of substitution and the nature of the 

substituent(s) near the radical sites (specifically at the sites labelled as R1, R2 and R3 in fig. 1). 

The present study identifies a CI en route to dissociation, at long C2C3 bond lengths, which 

offers a possible non-radiative ‘all singlet state’ route to the S0 state and alternative 

rearrangement products, which can be expected to become increasingly important in collisional 

environments – especially in appropriately substituted carbonyls. The -hydrogen (on carbon 5; 

C5) in 5-MHONE is mandatory for a Norrish type II reaction and enables proton transfer to the 

carbonyl group. Attaching two methyl groups to C5 in 5-MHONE ensures that one of the radical 

sites in the biradical intermediate in the Norrish type II reaction involves a tertiary carbon atom, 

and is thus (relatively) stabilized. Again, we investigate the effects of substitution – specifically 

how replacing one of the methyl groups on C5 (site R4 in figure 1) with an electron donating 

(withdrawing) substituent lowers (raises) the energy of the conical intersection identified in the 
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PT coordinate and thus the likely importance (or otherwise) of the ‘all singlet state’ Norrish type 

II route to the S0 PE surface and eventual stable ground state products.  

 

2. Computational methods 

The minimum energy geometry of the ground (S0) state of 5-MHONE was optimized at complete 

active space self-consistent field (CASSCF) method and Møller-Plesset second-order 

perturbation theory (MP2)
45

 with a Pople basis set of 6-31G(d)
46

. In the CASSCF computations, 

an active space of eight electrons in seven orbitals (comprising of the four highest occupied and 

three lowest unoccupied orbitals) was used (henceforth referred to as 8/7). The associated 

reaction products were optimized at the MP2/6-31G(d) level of theory. Transition states (TSs) 

connecting the optimized minima were computed at the same level of theory using the Berny 

optimization method.
47

 The validity of the TSs were confirmed by conducting intrinsic reaction 

path computations, which shows that the minimum energy reverse and forward reactions lead to 

the parent molecule and the appropriate product, respectively. 

CIs, between the ground and first excited singlet states of 5-MHONE were optimized using the 

complete active space self-consistent field (CASSCF) method. As for the ground state, these 

computations used a state-averaged reference wavefunction, the same 8/7 active space and the 6-

31G(d) Pople basis set.  

Potential energy (PE) profiles connecting the ground state minimum energy geometries to the 

various CIs were computed using the complete active space second-order perturbation theory 

(CASPT2)
48–50

 method, based on a state-averaged CASSCF reference wavefunction including 

four  singlet states and three triplet states (SA7-CASSCF) coupled with a Dunning’s basis set of 

augmented valence double  quality (AVDZ). The same 8/7 active space as described above was 



 8 

used.  The occupied orbitals comprised the px and py orbitals on the oxygen atom, the  orbital 

associated with the carbonyl group and  orbitals.  The virtual orbitals are the * orbital 

localized on the carbonyl group, the 3s Rydberg orbital of the oxygen atom and 3p/* around the 

C-C(O) bond that is destined to break in the Norrish type I reaction. An imaginary level shift of 

0.5 EH was used to aid convergence and to mitigate the involvement of intruder states. 

All optimizations (minima, TSs and CIs) were performed using Gaussian 09,
51

 whilst the 

CASPT2 computations were performed using Molpro 2010.
52

 

The effects of substitution were investigated using the MP2/6-31G(d) level of theory for 

optimization of ground state critical structures (ground state reactant and products and the 

intervening TS). As for 5-MHONE, CASSCF(8,7)/6-31G(d) was employed for optimization of 

CI between the ground and first excited states: the energy of the CI was then calculated at the 

CASPT2(8,7)/AVDZ level of theory. The CASSCF(8,7)/CASPT2(8,7) calculations for the CN-

substituted ketones included three singlet and two triplet states whilst all other substituted 

carbonyls reported here employed the same state averaging as for 5-MHONE.  

 

3. Results and discussion 

3.1 Ground state structures and vertical excitation energies for 5-MHONE 

Cartesian coordinates describing the minimum energy and transition state structures optimized in 

the present work are listed as supporting information (SI). The ground state minimum energy 

geometry of 5-MHONE is displayed in fig. 1. As expected, the molecule is planar about the sp
2
-

hybridised carbonyl carbon atom. The other carbon-atoms are sp
3
-hybridised and all show local 

tetrahedral coordination.   
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Table 1: CASSCF(8,7)/CASPT2(8,7)/AVDZ vertical excitation energies and associated 

oscillator strengths for transitions to the first three singlet and triplet excited states of 5-MHONE. 

 

Excited electronic state Vertical excitation energy / eV Oscillator strength from S0 state (f) 

S1/ n* 3.90 0.0000 

S2/ ns 6.03 0.0202 

S3/ np 6.85 0.0078 

T1/ n* 3.55 - 

T2/ * 5.44 - 

T3/ ns 5.98 - 

 

 

Table 1 lists the calculated vertical excitation energies to the first three singlet and triplet excited 

states of 5-MHONE, along with the oscillator strengths of the singlet excitations. Fig. 2 shows 

the orbitals (plan and cross-sectional views) and dominant orbital promotions associated with 

excitation to these singlet excited states. All are localized in the immediate vicinity of the 

carbonyl moiety. As in other ketones, the S1 state arises from an * ← n transition and has very 

low oscillator strength while, as in acetone, the S2 and S3 states both involve excitation from the 

n orbital to * orbitals with, respectively, substantial 3s and 3p Rydberg character.
53,54

 Despite 

the weak oscillator strength associated with the S1-S0, experiments show that the S1 state is a 

bright state, responsible for the long wavelength UV absorption. This can be understood by 

considering that vibronic coupling to the higher lying bright states enhances the absorption cross 

section to S1. Such effects are not captured by the present computations since they make use of a 
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time-independent quantum chemical methods and the states are reasonably well separated at the 

FC region and there is thus insufficient mixing of electronic configurations in the adiabatic 

wavefunction. As in acetone,
53

 the S2-S0 transition is calculated to have the larger oscillator 

strength.  
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Figure 2: Plan (left) and cross-sectional (to the right) representations of selected orbitals within 

the active space of the SA-CASSCF(8,7)/CASPT2(8,7) calculations used to compute the first 

three singlet and triplet vertical transitions of 5-MHONE. The arrows indicate the dominant 

orbital promotions associated with the computed transitions, i.e. S1/n*, S2/ns, S3/np, T1/n*, 

T2/* and T3/ns.  

 

 

As in acetone,
55

 the 
1
* state is not amongst the first three singlet excited states of 5-MHONE, 

whereas the corresponding 
3
* state is the second excited triplet state. Such an effect is also 

consistent with the energetic positions of the 
1
* and 

3
* states of ethene.

56
 

 

3.2 Photoinduced reaction paths for 5-MHONE 

Norrish type I reactions. 

This reaction involves initial extension of one of the CC bonds adjacent to the C=O group (i.e. 

-cleavage). Complete bond rupture is the most likely outcome under collision-free conditions 

but caging effects and/or geminate recombination reactions in solution will encourage alternative 

rearrangements to yield stable products. Figure 3 shows a Norrish type I reaction scheme for 5-

MHONE. We recognize that photoexcitation could promote C1–C2 or C2C3 bond extension 

but, for simplicity, henceforth focus on the latter extension towards (CH3)2CHCH2CH2 + CH3CO 

radical products and possible rearrangement to stable product pairs including: (1) CO + 

CH3CH2CH2CH(CH3)2, (2) CH3CH2CH(CH3)2 + CH2CO and (3) CH2=CHCH(CH3)2 + 

CH3CHO. Our choice to focus on C2-C3 is driven by the diverse range of rearrangement 

products that are available following C2-C3 bond fission. Nadasdi et al. show that the rival 

dissociation channels in  methylethylketone (CH3COC2H5) to yield C2H5 + CH3CO vs. CH3 + 

C2H5CO display very similar energetics 
57

 and such similarities can be expected to extend to 5-
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MHONE also. We do recognize however that photoinduced C1-C2 fission, which leads to the 

formation of CH3 + CO CH2CH2CH(CH3)2 products, may compete with C2-C3 bond fission. By 

analogy with acetaldehyde,
58

 we might expect the nascent products to fail to fully separate and 

re-encounter to give CH4 + COCHCH2CH(CH3)2 via a roaming mechanism. 

Figure 4(a) displays the PE profiles associated with the C2C3 bond coordinate of current 

interest (henceforth RCC). The ground state (black curve) shows a progressive increase in PE 

along RCC, but the PE profile for the S1 state first rises (until RCC ~1.9 Å), then declines at 

larger RC-C. This can be understood by recognizing that the excited state configuration (which is 

predominantly n* in the vertical region) progressively gains n* character upon extending RC-C 

as shown in the SI (fig. S1). The rise in the S0 PE profile and the net fall in the PE profile for the 

S1 state leads to a crossing (or at least a merger) at RCC ~ 2.88 Å, which satisfies the 

requirements of a minimum energy S1/S0 CI (henceforth CIC-C) via optimization of a degeneracy 

between the ground and excited states with infinite derivative coupling. RCC in fig. 4a is derived 

as an (unrelaxed) linear interpolation in internal coordinates (LIIC) linking the geometries of the 

S0 minimum and CIC-C. Despite the near asymptotic geometry of CIC-C, internal conversion is 

expected to yield a highly vibrational excited S0 molecule, with energies well in excess of 

transition states TS 1, 2 and 3. As such excitation at energies greater than or equal to the CIC-C 

energy is likely to encourage distortion along RC-C and dissociation, at a rate that out-competes 

the rate of any possible intramolecular vibrational energy redistribution RC-C, lead to direct 

dissociation and outcompete intermolecular vibrational energy redistribution.  
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Figure 3: Reaction path associated with the Norrish type I reaction in 5-MHONE 

 

Figure 4: (a) Profiles for the ground (black) and first few singlet (red) and triplet (blue) excited 

state potentials along the LIIC linking the parent S0 geometry with CIC–C. (b) PE profiles along 

Q1, the respective LIICs connecting CIC–C to products 1 (open circles), 2 (open squares) and 3 

(open triangles) on the S0 PES. Filled points represent the energies of the reactant, the transition 

states (TSs) and the final products on the S0 PES.  
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The embryonic fragments at CICC are both planar around their respective radical sites (i.e. about 

the carbon atom bearing the odd electron), reflecting the change in hybridization that 

accompanies CC bond extension. This enables better alignment of the singly occupied orbital 

with one of the vicinal CH bonds, encouraging stabilization by hyperconjugation. The  

electrons associated with the carbonyl group in the CH3CO moiety can provide further 

stabilization via resonance. The optimized CIC-C structure involves a linear C–C=O backbone 

and has many parallels with the corresponding CIs identified in recent ab initio studies of 

acetone
59

 and methyl ethyl ketone.
57

 The bent ground state of the isolated CH3CO radical
38,60

 is 

the lower component of a Renner-Teller pair with 
2
E symmetry at the C3v geometry (with a linear 

C–C=O spine). Thus CICC is best viewed as the approach to an asymptote where, for linear 

CH3CO, two singlet (the S0 and S1) and two triplet (the T1 and T2) PESs of the parent 5-MHONE 

molecule approach degeneracy. As such, CICC can act as a conduit for internal conversion (IC) 

of S1 population to high vibrational levels of the S0 state. This also implies that the ground-state 

asymptotic energy is necessarily an overestimation to the true dissociation energy, since the 

minimum energy geometry of the acyl fragment is bent. 

The primary focus of this article is to identify possible pure singlet state contributions to Norrish 

type I (and II) reactions in carbonyls but, for completeness, we note that the calculated vertical 

excitation energy (VEE) to the T1 state is ~0.35 eV below that of the S1 state (Table 1) and that 

the PE profiles of the T1 and S1 states along RCC (Figure 4) are similar. Thus the region of 

configuration space associated with CICC could also offer enhanced opportunities for ISC, both 

from the S1 to T1 state, and from T1 to the ground state.   
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The recognition that the intermediate geometry formed by CC bond extension constitutes a CI 

between the S1 and S0 PESs of 5-MHONE is important, and complements recent identifications 

of similar CIs at extended CC bond lengths in both acetone
59

 and methyl ethyl ketone.
38

 Non-

adiabatic coupling in the vicinity of CICC could enable population transfer by IC (from S1) or 

ISC (from T1) into any of several different minima on the S0 PES. Products (1) – (3) correspond 

to three of the better documented minima but, as fig. 4(a) shows, IC and/or ISC could also lead 

to reformation of the starting molecule – a possible outcome that appears not yet to have received 

much attention in the context of ketone photochemistry. Such a process would commonly be 

termed photostability, and is a desirable photophysical outcome in many bio-organic 

molecules.
9,61–63

  

Outcomes such as those exemplified by products (1) to (3) in the case of 5-MHONE are well-

documented in ketone photochemistry.
42,64

 Figure 4(b) shows PE profiles along unrelaxed LIICs 

(generically labelled Q1) on the S0 PES connecting CICC to the minima associated with each of 

products (1) – (3). All three profiles exhibit potential barriers. This is not unexpected, given that 

an unrelaxed scan necessarily returns an upper limit to the ‘true’ reaction profile. Optimizing the 

TSs associated with formation of each of products (1) – (3) on the S0 PES, starting from the 

parent S0 minimum energy geometry, yields lower energy barriers (shown by the filled symbols 

in fig 4(b)), all of which are below the energy of CICC. This re-emphasizes the possibility that 

population accessing the S0 PES following photoexcitation and non-adiabatic coupling in the 

vicinity of CICC could partition into channels leading to products or to reformation of the 

original parent molecule. As fig. 4(b) also shows, the formation of Norrish type I products (1) 

from 5-MHONE is calculated to be the least endoergic process, but this process also shows the 

highest optimized TS energy on the S0 PES.  
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Norrish type II reactions. 

The Norrish type II reaction scheme illustrated in fig. 5 involves abstraction of an H atom from a 

terminal CH3 group in 5-MHONE by the carbonyl oxygen atom, resulting in an excited state 

keto-enol tautomerisation. This type of H atom migration is also commonly described as an 

excited state intramolecular proton transfer (PT) or an excited state intramolecular H atom 

transfer.
32,65

 The biradical intermediate formed by PT is unstable and fragments (reaction 4) 

yielding the stable products (CH3)2C=CH2 + CH3C(OH)=CH2 or rearranges to form a substituted 

cyclobutane. The latter reaction (reaction 5) is often termed a Yang cyclization. 

 

Figure 5: Reaction path associated with the Norrish type II reaction of 5-MHONE 

 

Calculated PE profiles associated with the overall Norrish type II reactions for 5-MHONE are 

shown in fig. 6. The S0 (and excited S1 and T1) state PE profiles for the initial PT were computed 

using a LIIC (labelled Q2 in fig. 6(a)) connecting the minimum energy S0 geometry (Q2 = 0) to 

that of the optimized S1/S0 CI (henceforth CIO–H) at Q2 = 1. CIO-H has a geometry (shown in fig. 

5) in which an H atom is shared between the tertiary C-atom and the carbonyl O-atom. Its 

calculated energy is 3.17 eV above the S0 minimum. The S1 state reaction path shows an initial 

rise in PE with increasing Q2, then declines beyond Q2 ~0.7. Again, we note that the ~0.5 eV 
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barrier returned by such a LIIC-based calculation must be an upper limit to the true barrier height 

and, as fig. 6(a) shows, optimizing the TS (TS(S1) in fig. 5) connecting the vertical Franck-

Condon (FC) and CIO–H geometries yields a value intermediate between the S1 VEE and the 

energy of CIO–H – suggesting that the minimum energy reaction path connecting the FC region 

and CIO–H on the S1 PES is actually barrierless. We note that the S1 and S0 states cross at a 

slightly smaller Q2 value than the CI geometry. This small discrepancy arises because the CI was 

optimized at the CASSCF/6-31G(d) level whilst the PE profiles were computed at the 

CASPT2/cc-pVDZ level.  

 

Figure 6: (a) Profiles for the ground (black) and first excited singlet (red) and triplet (blue) state 

potentials along Q2, the LIIC linking the parent S0 geometry with CIO–H. (b) PE profiles along 

Q3, the respective LIICs connecting CIO–H to products 4 (open diamonds) and 5 (open circles) on 

the S0 PES. Filled black points represent the energies of the optimized reactant, transition states 

(TSs) and final products on the S0 PES, while the filled red point in (a) shows the optimized 

energy of TS(S1) on the S1 PES. 
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Beyond CIO–H, the intermediate can rearrange via two well-known routes, yielding products 

labeled 4 and 5 in fig. 5. As fig. 6(b) shows, the PE profiles along the respective LIIC paths (Q3) 

connecting CIO–H to these products on the S0 PES display barriers but, as with the Norrish type I 

reactions considered previously, the energies of the optimized TSs connecting the S0 parent 

molecule to products 4 and 5 are both below that of CIO–H (well below in the case of TS4).  

Again, reference to fig. 6 suggests that photoexcited 5-MHONE(S1) molecules that access the S0 

PES by non-adiabatic coupling in the vicinity CIO–H can react on to form products (4) or (5) or 

reform their starting configuration.  

 

3.3 Substituent effects  

Inspection of the reaction mechanisms shown in figs. 3 and 5 suggests that a particular 

substitution can be expected to affect Norrish type I and II reactions very differently. Norrish 

type I processes are driven by -cleavage, so changes to the sites labelled R1, R2 and R3 in fig. 

1 are likely to have greater impact than changes to R4. Conversely, Norrish type II reactions 

involve transfer of a more distant H atom and, in the context of fig. 1, such reactions will more 

likely be sensitive to changes to R4.  Such effects are now considered. 

Norrish type I reactions 

As shown above, non-adiabatic coupling at configurations around CIC–C can access a range of 

ground state products. Tables 2 and 3 summarize how selected changes in the substituents at R1, 

R2 and/or R3 affect the relative stabilities of the ground state reactants and products, the VEEs 

from the parent S0 minimum to the S1 and T1 states, and the energy of CIC–C (relative to the 

minimum of the parent S0 state and to the VEE of the S1 state).  



 19 

For orientation, the rows labelled Me, H, H in Tables 2 and 3 represent the parent 5-MHONE. 

When R1 = H, the parent molecules are aldehydes and reactions 1 and 2 yield the same ground 

state products. Product channel 3 only operates if the acyl moiety at TS3 contains an H atom. In 

the context of Tables 2 and 3, we focus on the cases where R1 = Me or iso-propyl (i-Pr) – in both 

of which cases the products of reaction 3 are a ketene (along with the corresponding alkane) – 

but we note the possible reaction 3 when R1 = OH, yielding CO2 plus an alkane.   

Replacing R1 = Me by a bulkier i-Pr group has negligible effect on the relative energies of the 

ground state reactants and products, but is predicted to lead to modest increases in the VEE to the 

S1 and T1 states and in the energy of CIC–C. Any mesomeric effects associated with these mainly 

-perturbing alkyl substituents are likely to be similar, so the predicted differences are most 

likely attributable to differences in steric hindrance.  

Substituting R1 or R2/R3 with a single CN group stabilizes products 1, to the extent that their 

formation from the S0 state of either CN-substituted parent is predicted to be exoergic. This can 

be traced to CN-induced destabilization of the parent molecule. CN is a -accepting substituent, 

that withdraws electron density from the proximal C=O group. The destabilizing influence of the 

CN disappears upon forming products 1, however, since the CO is eliminated. Hence the more 

favorable energetics for reaction 1, cf. 5-MHONE.  

The destabilization induced by a proximal CN group is also revealed in the VEEs to the S1 (and 

T1) states, both of which are greater than in the reference 5-MHONE parent molecule. The 

energy of CIC–C is predicted to fall, however. This can be understood by viewing CC bond 

extension as the separation of a bonding pair of electrons; one of which can then be stabilized by 

conjugation with the *-orbitals of the CN substituent. These contrasting effects on the 

reactant/product and CIC–C stabilities are repeated (and indeed amplified) in the case that CN is 
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substituted at both R2 and R3. CN substitution at R1 has little effect on the energetics of reaction 

2, whereas the same substitution at R2 substantially reduces the reaction endoergicity. The 

implicit stabilization of products 2 can be plausibly traced to the destabilization of the parent 

molecule, in which the -system is destabilized by a proximal CN-substituent. This 

destabilization leads to a reduction in the activation barrier for forming products 1 and 2. 

As Table 2 and 3 shows, the effects of OH substitution at R1 or R2 show some similarities with 

those seen with CN, but to a milder extent.  

 

 

 

 

Table 2: Substituent effects on the calculated energies (in eV) of the ground state products of 

Norrish type I reactions yielding products 1, 2 and 3, each defined relative to that of the 

corresponding parent ground state minimum. 

R1, R2, R3 Products 1 (S0) Products 2 (S0) 
#
 Products 3 (S0) 

#
  

H, H, H -0.09 1.30 --  

Me, H, H 0.21 1.36 1.26  

iPr, H, H 0.24 1.31 1.27  

CN, H, H -0.25 1.37 --  

H, CN, H -0.30 0.94 --  

H, OH, H -0.03 1.19 --  

H, OH, OH 0.02 1.22 --  

H, CN, OH -0.13 1.09 --  

H, CN, CN -0.30 0.74 --  

# 
Products 1 and 3 are the same when R1 = H.  
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Table 3: Substituent effects on the vertical excitation energies (VEEs) of the S1 and T1 states and 

on the energy of CIO–H (defined relative to the S0 minimum energy and to the S1 state VEE), in 

eV.   

R1, R2, R3 VEE (T1S0) VEE (S1S0) CICC E (CICC  S1) 

H, H, H 3.62 4.03 3.84 0.19 

Me, H, H 3.55 3.90 4.24 0.34 

iPr, H, H 3.75 4.11 4.59 0.48 

CN, H, H 4.01 4.12 4.06 0.06 

H, CN, H 3.72 4.09 3.36 0.73 

H, OH, H 3.77 4.17 3.80 0.37 

H, OH, OH 3.69 4.11 3.72 0.39 

H, CN, OH 3.49 4.01 3.56 0.45 

H, CN, CN 3.71 4.09 3.22 0.87 

 

 

Norrish type II reactions 

Our investigations of Norrish type II reactions are limited to the effects of substituting the Me 

group at R4 by an H atom, by one strongly -withdrawing species (CN) and by one classic -

donating group (OMe). Table 4 shows that either of the latter substitutions destabilizes products 

4 (cf. 5-MHONE).  CN substitution renders the neighboring C=C bond electron-deficient, while 

the -donating OMe substituent leads to an increase in electron-pair repulsion around the C=C 

bond – both of which result in a net destabilization. CN and OMe substitution at R4 destabilizes 

products 5 also (cf. 5-MHONE), but this is a much milder effect. Indeed, as Table 4 shows, when 

compared to the case that R4 = H, CN or OMe substitution might be viewed as offering a modest 

stabilization of products 5. Both of these effects can be rationalized by recognizing that the Me 

group provides a +I inductive effect which helps stabilize the (geometrically strained, solely -
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bonded) cyclobutane product – a benefit that is lost upon replacing the Me group by H or by the 

-perturbing substituents.   

-perturbing capabilities, Table 5 shows that replacing the Me group 

with either a CN or an OMe substituent has minimal effect on the energy of CIO–H (defined 

relative to the S0 state minimum). 

 

Table 4: Substituent effects on the calculated energies (in eV) of the ground state products of 

Norrish type II reactions yielding products 4 and 5, each defined relative to that of the 

corresponding parent ground state minimum. 5-MHONE corresponds to the case that R4 = Me. 

 

R4 Products 4 (S0) Products 5 (S0) 

Me 0.92 0.51 

H 1.74 0.89 

CN 1.69 0.67 

OMe 1.54 0.70 

 

 

Table 5: Substituent effects on the vertical excitation energies (VEEs) of the S1 and T1 states and 

on the energy of CIC–C (defined relative to the S0 minimum energy and to the S1 state VEE), in 

eV.  5-MHONE corresponds to the case that R4 = Me. 

R4 VEE (T1S0) VEE (S1S0) CIOH E (CIOH  S1) 

Me 3.55 3.90 3.17 0.73 

H 3.52 3.90 3.20 0.70 

CN 3.19 4.18 3.16 1.02 

OMe 3.77 4.15 3.19 0.96 
 

 

 

4. General Discussion and Conclusions 
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Norrish type I reactions in ketones have traditionally been described in terms of photon 

absorption to yield an excited singlet state molecule, ISC to a near lying triplet state, followed by 

cleavage of an  carbon bond. The probability of ISC in these carbonyl compounds is enhanced 

by the comparatively large spin-orbit couplings in the region of singlet-triplet avoided crossings 

at geometries near the photoexcited singlet state minimum. Triplet-state mediated dissociation is 

also a logical interpretation, given that a triplet arrangement of electrons is the simplest way of 

achieving a long-range repulsive interaction between the separating radical fragments.  

More recent studies recognize the possibility of C–C bond fission in either excited state, and the 

present work explores the PE profiles associated with Norrish type I (and Norrish type II) 

reactions in a model ketone, 5-MHONE, with the aim of highlighting likely singlet excited state 

contributions to the observed chemistry. For simplicity, we have focused on just one of the  

carbon bonds, and identified a S1/S0 CI (CIC–C) that is very reminiscent of those identified in 

recent studies of acetone and methyl ketone.
53,57,59

 As in these smaller ketones, the optimized 

CIC-C structure involves a large RC-C separation and a linear C–C=O backbone in the emergent 

carbonyl fragment – an orbitally degenerate radical that, upon full separation and bending, would 

split into a Renner-Teller pair of states. CIC-C provides a route for non-adiabatic coupling from 

the S1 state to high vibrational levels of the S0 state with a total energy in excess of the TSs 

associated with formation of any or all of rearrangement products 1, 2 or 3 or with reformation of 

the starting 5-MHONE structure on the S0 PES. Clearly, the C–C bond fission products can also 

arise via the ‘traditional’ ISC driven mechanism, and the ground state rearrangement products 1–

3 can arise via successive (i.e. S1  T1  S0) ISC steps. Thus the most striking finding from the 

present work is the demonstration that Norrish type I photoreactions can occur via triplet state 
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mediated and purely singlet state mechanisms, and that the relative importance of these rival 

processes is likely to be molecule, excitation wavelength and phase (solution vs gas) dependent.   

Proton-transfer reactions in general, and Norrish type II reactions in particular, are more widely 

recognized as proceeding via singlet and triplet mediated mechanisms. The C-atom in 5-

MHONE would be considered a poor H-atom donor (cf. NH, OH, etc. bonds where the donor 

is an acidic site and singlet states are known to prevail in the associated proton transfer). But, just 

as in these better established cases, we find that the characteristic evolution from a locally 

excited orbital to charge transfer orbital character persists in the present case of the C-atom 

donor also.  
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