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Figure 14. The synthetic route to precursor 14a 

 
 
2.2 Photochemical Generation and Implied Chemistry of Carbene 13 

 Photolysis was performed on precursor 12 in benzene-d6 to give rise to the β-hydroxy 

carbene, 13. Photolysis was performed several times, initially on a small scale, such that it could 

be run in a glass NMR tube. This allowed for the monitoring of the progress of the photolysis 

through 1H NMR scans every few hours until the starting material was consumed. The typical 

consumption time of the precursor was about 14-16 hours.   
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Figure 15. Photolysis of alcohol 12  

 
Four different possible intramolecular rearrangements were initially proposed which 

could occur to form products from this carbene (Figure 15).  The post photolysis NMR showed 

no proton signals that would correspond to an aldehyde proton environment, thereby indicating 

that the carbene 13 was not undergoing an OH shift, resulting in the enol and finally aldehyde 

26. Further analysis of the photolysis products was conducted through GC/MS analysis. In order 

to compare both retention time and fragmentation patterns, authentic samples of both the epoxide 

23 and ketone 24 were synthesized (Figure 16).19 GM/MS spectrum showed no evidence of the 

epoxide in solution but there was a peak, which corresponded to the ketone product. Currently 

there is still one partially unidentified peak, which is believed to correspond to the rearrangement 

that gives the cyclobutanol product 25. This peak consistently has a higher abundance, giving 

indication that it is the major rearrangement product being formed.   
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Figure 16. Synthesis of the authentic standards for epoxide 23 and ketone 24 

 
 In comparison to the past work on 2-hydroxy-2-methylpropylidene 10, it was not 

surprising that the OH shift resulting in the enol intermediate and aldehyde 26 was not observed, 

as it was found to have a much higher transition state barrier.9b Similarly the evidence of the 

absence of epoxide 23 in solution is also consistent with those findings as the O-H bond is a 

much stronger and therefore more difficult bond to insert into as compared to the C-H bond, 

leading to a higher transition state barrier. The study on 10 showed that the alkyl shift leading to 

the ketone was the major rearrangement product over the C-H insertion leading to the 

cyclopropyl product. However, the experiments performed on carbene 13 show that now the C-H 

insertion product is the major product found in solution.  

One possible cause for this result is that even though the hydroxy group is still able to 

help stabilize the partial positive charge on the β-carbon during the transition state, the nature of 

the alkyl group directly affects these trends. It is possible that by replacing the methyl groups in 

10 with tert-butyl groups, the alkyl shift becomes less stable do to the migration of a 3° 

carbanion, which is much less stable then the 1° methyl carbanion. Additionally, while there are 

only 6 different possible C-H bonds to insert into in 10, carbene 13 had 18 different insertion 

opportunities. Therefore, the statistical possibility of one of these insertions taking place is much 

more likely with this carbene.  Lastly, while the C-H insertion in 10 leads to a strained 

(H3C)3C C(CH3)3

H3C OH

(H3C)3C C(CH3)3

O

(H3C)3C C(CH3)3

CH2

(H3C)3C
(H3C)3C

OMeLi

THF
0°C

SOCl2

pyridine

m-CPBA

aq. NaHCO3

t-Bu
Cl

O t-BuMgCl

THF
-70°C

t-Bu
t-Bu

O

21 22 23

24



  
  

 

         17 

cyclopropyl product, the C-H insertions in 13 leads to a slightly less strained cyclobutyl produce, 

again possibly explaining why the C-H insertion might be a favored rearrangement over the alkyl 

shift.  

 The chemical analysis of carbene 13 was complicated due to the presence of a second 

unexpected product upon photolysis. Instead of generating only the desired carbene, photolysis 

of 12 also afforded the radical products 31a and 31b. Radical 31b then was able to rearrange into 

hexamethylacetone 32 and 2,2,4,4-tetramethylpentan-3-ol 33 (Figure 17). The rearrangement of 

radical 31a is still under investigation; however, the initial spectrum shows the formation of an 

alkene, indicating a possible ring expansion or opening from 31a. While the radical products do 

not directly affect the carbene, their generation consumes a considerable amount of the starting 

material, lowering the yield of the carbene and its rearrangement products. Additionally, their 

presence in solution complicates the use of different spectroscopy and separation techniques, 

which would be used to identify and characterize the carbene rearrangement products. 

 
Figure 17. Radical formation and products upon photolysis of precursor 12 
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2.3 Photochemical Generation and Implied Chemistry of Carbenes 15 and 17 

 Photolysis was performed on precursors 14a and 16 in order to yield the two cyclic β-

hydroxy carbenes, 15 and 17. As before, photolysis was performed on a small scale, such that it 

could be conducted in an NMR tube. This allowed for the monitoring of the progress of the 

photolysis through 1H NMR scans every few hours until the starting material was consumed. The 

typical consumption time of the precursor was about 1-3 hours.  

 
Figure 18. Photolysis of alcohol 14a 

 

 
Figure 19. Photolysis of alcohol 16  

 
 Unlike the study of 13, it was felt that only the alkyl shift, resulting in a ring expansion, 

would be the observed intramolecular rearrangement product. The stabilization of the ring 

expansion, along with the combination that other bond insertions would afford highly strained 

bicyclic systems, suggests that the ring expansion to the enol intermediate would be the 

overwhelmingly favored rearrangement. Using commercially available standards of both 28 and 

30, NMR spectroscopy of the precursors, both pre- and post-photolysis, showed that the ketones 

resulting from the ring expansion were, in fact, the major producs generated in solution (Figures 

20 and 21).  For the photolysis experiments of both precursors, albeit more significant in the 

photolysis of 14a, there are two additional singlet peaks in the post photolysis 1H NMR, the first 
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centered at 0.3 ppm and the second between 3 and 3.5 ppm. At this time it is uncertain whether 

these peaks are a direct result of the photolysis and subsequent rearrangements of the carbenes or 

rather if some secondary photolysis product or reaction is taking place. Future work will aim to 

fully identify the source of these peaks.  

 

 
Figure 20. 1H NMR of 14a following 1 hour of photolysis (a) compared to an  

authentic standard of cyclobutanone 28 (b) 
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Figure 21. 1H NMR of 16 following 2 hours of photolysis (a) compared to an  

authentic standard of cyclopentanone 30 (b) 
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peak that was observed in the post-photolysis 1H NMR. Repeated experiments are still needed in 

order to both confirm the legitimacy and identity of this peak. At this time, matrix experiments 

are still to be performed on the cylcobutanol precursor 16.   

 
Figure 22. IR difference spectrum of Ar matrix at 8K, post photolysis of precursor 14b, as compared to 

computed vibrational spectrum 
 
 
2.4 Computational Studies 

Geometry optimizations of bis(tert)-butanol carbene 13 were performed on both its 

singlet and triplet forms were performed at a density functional theory level of calculation. Both 

carbene states were found to have two different minimum energy conformations, specifically one 

local and one global minima (Table 1). These conformations differ by the Cα-Cβ-O-H dihedral 

angle. For comparison, the energy of all calculations is reported as relative to the lowest 

conformation of the singlet state carbene.   
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Table 1. Relative energies of the conformations of carbene 13 due to the varying of the Cα-Cβ-O-H 
dihedral angle 
 

ΔErxn and transition state energies between the singlet carbene and its intramolecular 

rearrangement products were also calculated at a DFT level of theory (Figure 23). As a result of 

the conservation of spin, the carbene is initially generated as a singlet and it is assumed that it 

will undergo rearrangements quicker then a change of spin state. Therefore, the energies from the 

transition state calculations were all made relative to the singlet state of carbene 13 with a 

dihedral angle of 180°. The natures of the calculated transition states were confirmed by the 

presence of a single imaginary frequency as well as through subsequent intrinsic reaction 

coordinate (IRC) calculations.20 It should also be noted that the transition state for the O-H 

insertion, resulting in epoxide 23 was able to be calculated from the singlet carbene with a 

dihedral angle of 30°, while all of the others used the 180° dihedral conformation. One possible 

explanation for this conformation could be from the necessary orbital alignment needed for the 

insertion.  
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Figure 23. Summary of computational results for intramolecular rearrangements of 13 

 
 As depicted in Figure 23, the calculations are in agreement with the experimental results 

from the photolysis, NMR, and GC/MS experiments. The kinetically favored C-H insertion, 

which results in cyclobutanol 25, was the apparent major product formed from the carbene, 

followed by the alkyl shift resulting in ketone 24. 25 is the kinetically favored product as it has 

the lowest activation energy towards the formation of the product. Contrary to previous work9b, 
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the alkyl shift requires a higher activation energy then that of the C-H insertion. This is likely a 

result from having the alkyl group be a 3° carbon, whereas the previous study had a methyl 

group migration. Since the transition state goes through a partial carbanion, we would therefore 

expect the 3° carbanion to be less stable then the 1° methyl carbanion. Similarly, the other two 

rearrangement products giving epoxide 23 and aldehyde 26 had significantly higher transition 

state barriers. As these two products were not found in solution, this provides further evidence 

that these two rearrangements were not formed.  

 Minimized structures for the carbene conformations and rearrangement products, as well 

as the calculated transition states are presented in Appendix B. DFT calculations perform 

exceptionally well, with a much lower computational cost then traditional ab initio methods, for 

finding local minima, providing accurate molecular structures and vibrational calculations. 

However, when comparing the relative energies of larger-scale systems, the DFT calculated 

values tend to be poor, with large error bars.21 For that reason, coupled cluster calculations will 

be used in order to obtain more accurate energies for these structures and transition states. At this 

time, work is still being done to obtain these single point energy values.  

 It was originally intended to perform similar ΔErxn and transition state for the two cyclic 

carbenes, 15 and 17. While the triplet state of the carbenes could be calculated, the singlet state 

geometries were unable to be obtained, even at lower levels of computation. For both species, the 

result of geometry optimization calculations resulted in the ring expansion to the enol. While not 

explicitly giving any results on the intramolecular rearrangements of the carbenes, this does help 

indicate that the ring expansion would be the major rearrangement product.   
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Conclusions 

3.1 Final Remarks 

 The three β-hydroxy carbenes, bis(tert)-butanol 13, cyclopropanol 15, and cyclobutanol 

17, have been generated for the first time through the photolysis of their respective 

phenanthrene-derived precursors. For bis(tert)-butanol carbene 13, NMR and GC/MS studies 

suggest that the major intramolecular rearrangement is cyclobutanol 25, resulting from a C-H 

insertion, followed by the alkyl shift resulting in ketone 24. The O-H insertion and OH shift 

products were not observed. Geometry optimizations were performed on the singlet and triplet 

state of 13 as well as the transition states to the products from the singlet species. The computed 

results supported the solution-based experiments as it was found that the C-H insertion and alkyl 

shift transition states had a significantly lower energy barrier compared to the other two 

rearrangements (see Figure 23). The nature of stationary points was verified by frequency 

calculation on the optimized structured. The photolysis of precursor 12 additionally generated 

the radicals: 31a and 31b, along with carbene 13. While rearrangement products of 31b have 

been identified through GC/MS, work is still being done in order to identify the rearranged 

phenanthrene-based system resulting form 31a.  

 For carbenes 15 and 17, NMR studies of the photolysis indicate that the ring expansion 

resulting in the cyclic ketones 28 and 30 are the major products of the photolysis. Additionally, 

matrix isolation spectroscopy of 15 further shows that the ring expansion is taking place, as 

evidence from the IR spectrum of the intermediate enol 27 as well as ketone 28.  

3.2 Future Work 

 Future work on bis(tert)-butanol carbene 13 will focus on the quantitative analysis of the 

photolysis products as well as the synthesis of an authentic standard of cyclobutanol 25. 


