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Project 1: Exploring the Scope and Limitations of the Formal Intramolecular (2+1)-

Cycloaddition of Chromium Aminocarbene Complexes 

1.     Introduction 

For several decades chromium carbene complexes have been of interest because of to their rich organic 

chemistry and thus present valuable intermediates for the synthesis of molecules of pharmaceutical and 

biological interest.1 The two key methods of initiating reaction are through subjection to light under which 

conditions chromium carbenes undergo CO-insertion into the chromium carbene double bond thus forming 

ketenes that in turn can be used in a broad range of reactions. Under thermal conditions and in the presence 

of olefins chromium carbenes have been found to undergo a variety of cycloaddition reactions forming 

cyclopropanes and larger rings both inter- and intramolecularly.1,2 While chromium alkoxycarbenes first 

received much attention due to their relative ease of preparation our group has found that chromium 

aminocarbenes are versatile and rapidly generated precursors for the assembly of various small alkaloid 

frameworks.3 

Previous work in the Spino group has shown that upon heating chromium aminocarbenes bearing a diene 

moiety as shown in the general structure 1 easily underwent a formal intramolecular (4+1)-cycloaddition4 to 

form bicyclic amines of the general structure 2.3 The proposed mechanism is shown as Path A in Scheme 1A.  

 

Scheme 1A. Proposed mechanisms of the formal (4+1)-cycloaddition of diene bearing chromium aminocarbenes (Path A), and the 
formation of dienamines in the presence of PPh3 (Path B). 

                                                           
1 L. S. Hegedus, Pure & Appl. Chem, 1990, 62(4), 691-698, and references cited therein. 2  For reviews see (3), ref. 6. 3 M. Déry et al., 

Org. Lett. 2013, 15(21), 5456-5459 and references cited therein; Spino group, unpublished work. 4 First (4+1) reported: L. S. Hegedus 
et al., Organometallics, 1993, 12, 3769-3771. 
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The initial (2+2)-cycloaddition onto the proximal double bond gives the bicyclic structure 3 which due to ring-

strain isomerises to give intermediate 4. Compound 4 in turn undergoes reductive elimination to complete 

the azabicyclo[4.3.0]nonene framework of compound 2. However, as soon as PPh3 was added to the reaction 

mixture (Scheme 1, Path B) compound 5 was found to be the product of reaction. Due to the instability of the 

enamine no purification was performed and the compound immediately characterised from the (very clean) 

crude reaction mixture. Formation of compound 5 is suggested to originate from a β-hydride elimination 

reaction following the initial [2+2]-cycloaddition to give chromium enamines 6a,b. Isomerisation of the double 

bond within compounds 6a,b to form chromium dienamine 6c would then again be followed by reductive 

elimination, thus generating the observed dienamine 5. If this were the case it could be expected that by-

products resulting from reductive elimination of compounds 6a,b are formed. However, the 1H NMR spectra 

of unpurified enamine 5 seemed clean. Another possibility is that compound 3 immediately isomerised to the 

less strained compound 4 which in turn could undergo β-hydride elimination to give enamine precursor 6c. 

Following the discovery of competing β-hydride elimination chromium aminocarbene 1 was subjected to 

reaction with other ligands but none were as selective in producing the β-elimination products as PPh3. This 

raised two questions. Firstly, why is the formation of enamine 5 preferred over bicycle 2 in the presence of 

PPh3 and what is its role, and secondly, is the diene vital for this reaction to occur? The research described in 

the following paragraphs addresses the latter question and presents an investigation into the scope and 

limitations.  

But before we delve into the discussion of results it is necessary to comment on the nomenclature of the 

examined reaction. A proper ‘formal intramolecular (2+1)-cycloaddition of a chromium aminocarbene’ has 

been reported by Hegedus and co-workers (Scheme 1B).2 This reaction has often been observed for chromium 

alkoxycarbenes and while it is thought to proceed via a [2+2]-cycloaddition it is commonly described as a 

cyclopropanation reaction. In this project, however, due to the presence of β-hydrogens (in red) in the [2+2]-

cycloaddition product no cyclopropane is formed. Instead, only one new ring is formed and the product 

resembles that of a metathesis reaction. For want of a better name and because we simply haven’t agreed on 

an official term the novel cyclisation reaction presented in this report will for now still be called a ‘formal 

intramolecular (2+1)-cycloaddition of chromium aminocarbenes’. 

 

 

Scheme 1B. A cyclopropanation and a metathesis-like reaction of chromium aminocarbenes. 

 

 

2.     Investigation of the Formal Intramolecular (2+1)-Cycloaddition of Chromium Aminocarbenes 

First of all, an alkene analogue of chromium aminocarbene 1 was required. Therefore, formamide 7-Cy was N-

alkylated and subsequently treated with a freshly prepared solution of chromium hexacarbonyl dianion to give 

the chromium aminocarbene 9-Cy as a bright-yellow solid (Scheme 2). The formamide and chromium 

                                                           
2 B. C. Söderberg, L. S. Hegedus, Organometallics, 1990, 9, 3113-3121. 
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aminocarbene were obtained as an inseparable mixture of two rotamers and their ratios remained consistent 

during the conversion of formamide into chromium aminocarbene. The cyclohexyl substituent on the nitrogen 

was chosen in order to reduce volatility.  

 

 

Scheme 2. Synthetic pathway for the generation of Cy-C5 aminocarbene 9-Cy. 

 

Compound 9-Cy was then subjected to reaction with PPh3 in degassed toluene3 at reflux and complete 

consumption of the starting material was observed after less than 1 h (Scheme 3).  

 

 

Scheme 3. Structures of the expected (10-Cy) and isolated (11-Cy) products of the formal (4+1)-cycloaddition. 

 

The reaction progress was followed by 1H NMR spectroscopy of reaction aliquots (ca. 0.01 mL) that were taken 

every 20 min. After the carbene key signals at 11.0 and 10.9 ppm in the 1H NMR spectra (two signals due to 

                                                           
3 The complete reaction mixture (in freshly distilled toluene) was cooled to -78 °C and high vacuum applied for 3-4 min followed by 
flushing with argon. After repeating this cycle three times the mixture was warmed to RT and heated at 110 °C. 
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the presence of rotamers) had disappeared the reaction mixture was concentrated under reduced pressure 

and the crude residue filtered through Celite-filled pipette and rinsed with CDCl3 directly into an NMR tube. 

The obtained 1H NMR spectrum still showed large amounts of toluene, and PPh3. In cases where small amounts 

of oxygen had found their way into the reaction mixture formamide 8-Cy could be identified as a minor 

component. Thus, the major product could not be identified from the 1H NMR spectrum of the crude product. 

Based on previous results the expected product of reaction was enamine 10-Cy as shown in Scheme 3, but 

after several purification steps - the removal of PPh3 proved to be tricky - enough data could be obtained and 

the product of reaction was found to be amine 11-Cy. This conclusion was based on the presence of two singlet 

resonances at 4.72 and 4.74 ppm in the obtained 1H NMR spectrum that integrated to one proton each instead 

of only one between ca. 5.0 - 5.5 ppm as predicted for enamine 10-Cy. In addition, another singlet resonance 

was observed at 3.0 ppm. This signal integrated to two protons, showed no correlation in the COSY spectrum 

and was therefore assigned to the methylene group between nitrogen and C-C double bond. After 

considerable efforts to improve purification product 11-Cy could be isolated in 61% yield. 

 

3.     Scope and Limitations4 

With the intramolecular cyclisation of chromium aminocarbene 9-Cy confirmed the scope and limitations of 

this reaction with regard to substitution of the C-C double bond and its proximity to the carbene via the carbon 

chain were explored (Scheme 4). The shortest chain was made up of a C4-fragment which upon cyclisation 

would form a five-membered ring. The longest chain consisted of a C6-fragment which was hoped to cyclise to 

form a seven-membered ring. Substitution at the C-C double bond was only investigated for the C5-fragment 

and was limited to mono- (R’ = H, R’’ = Me) and dimethyl (R’ = R’’ = Me) substitution. Although for R = Cy (Cy-

series) the formamides and chromium aminocarbenes were obtained as an inseparable mixture of two 

rotamers in this report (with the exception of Scheme 4) they are represented by only one rotamer. In order 

to simplify characterisation of the products and determine if it has any influence on the reactivity a second set 

of compounds was generated with R = t-Bu (Bu-series) for which no rotamers were observed. A summary of 

all generated chromium aminocarbenes and their expected cycloaddition products is shown in Table 1.  

 

 

Scheme 4. Exploring the scope and limitations of the formal (2+1)-cycloaddition reaction with regard to substitution and length of the 
alkene chain. 

                                                           
4 The synthesis of the formamides and chromium aminocarbenes of Section 3 was carried out in cooperation with and by Marc-André 

Legault (Internship autumn/winter 2013). Detailed referencing of his work can be found in the Experimental Part of this report. I 

gratefully acknowledge him for his work and for writing up the characterisation data of the compounds he generated.  
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Table 1. Summary of all tested chromium aminocarbenes, their precursor formamides, and their expected cycloaddition products. 

C4 

R’ = R’’ = H 
n = 0 

C5 

R’ = R’’ = H 
n = 1 

C5-Me 
R’ = H, R’’ = Me 

n = 1 

C5-Me2 

R’ = R’’ = Me 
n = 1 

C6 

R’ = R’’ = H 
n = 2 

 

 
12-Cy (77%) 

 

 
8-Cy (70%) 
8-Bu (56%) 

 

 
13-Cy (31%) 
13-Bu (46%) 

 
14-Cy (51%) 

 

 
15-Cy (65%) 
15-Bu (93%) 

 

 
16-Cy (30%) 

 

 
9-Cy (75%) 
9-Bu (86%) 

 

 
17-Cy (94%) 
17-Bu (79%) 

 
18-Cy (71%) 

 

 
19-Cy (95%) 
19-Bu (84%) 

 

 
20-Cy (42%) 

 

 
11-Cy (61%, 69%a) 

11-Bu (90%a) 

 
21-Cy (not 
isolated) 

21-Bu (72%) 

 
22-Cy 

No cyclisation. 

 

 
23-Cy/Bu 

No cyclisation. 

a No ligand (PPh3) was added to the reaction mixture. 

 

Like chromium aminocarbene 9-Cy compounds 17-19-Cy were synthesised by N-alkylating cyclohexyl 

formamide, followed by conversion of the carbonyl function into the chromium carbene moiety (Table 1). The 

alkyl iodides required for the N-alkylation step could easily be prepared from the corresponding bromide or 

alcohol via the Finkelstein or Appel reaction, with the exception of the C5Me2-iodide. This compound was 

prepared over four steps starting from 3-methyl-2-buten-1-ol which was converted into the corresponding 

bromide which in turn was subjected to reaction with the anion derived from ethyl acetate. The resulting ester 

was reduced to the alcohol which was then converted into the corresponding bromide. Initially, the N-

alkylation reaction was carried out using alkyl iodides but it was found that the use of the corresponding 

(commercially available) alkyl bromides provided similar yields. Due to competing elimination reaction of 4-

iodobut-1-ene, C4-substrate 16-Cy was generated by first alkylating cyclohexylamine (98%) and subjecting the 

product of reaction to formylating reaction conditions (77%), which was again followed by the installation of 

the chromium carbene moiety (30% yield due to bad batch of chromium dianion). The chromium 

aminocarbenes were isolated as bright-yellow oils or solids, the latter of which proved to be more stable than 

the oils. In solution the compounds rapidly formed a brown precipitate. When a colour change of the material 

was observed it was dissolved, filtered over Celite, and concentrated under reduced pressure prior to use. 

As shown earlier for C5-carbene 9-Cy (Scheme 3, page 4) chromium aminocarbenes 16-19-Cy were heated at 

110 °C in degassed toluene in the presence of PPh3 (0.1 - 2 eq.) and reaction monitoring was carried out by 

analysing reaction aliquots. For the C4-chromium aminocarbene 16-Cy conversion of the starting material was 

complete after less than one hour as indicated by the disappearance of the two carbene signals at 11.0 and 
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10.9 ppm in the 1H NMR spectrum. The two characteristic signals for the exocyclic C-C double bond at 4.72 

and 4.74 ppm confirmed the presence of compound 20-Cy. The reaction mixture was then concentrated under 

reduced pressure and the resulting crude material subjected to flash column chromatography on basic 

alumina5 to give amine 20-Cy (42%) as a colourless oil that upon standing turned into a reddish solid. The red 

colour and crystalline state were thought to indicate formation of the corresponding N-oxide but this could 

not be confirmed by NMR spectroscopic methods. The low yield of compound 20-Cy compared to its six-

membered ring analogue 11-Cy is thought to be due to lower stability of C4-chromium aminocarbene 16-Cy, 

the decomposition of which can be observed during the degassing process and subsequent reaction.  

 

 

Scheme 5. Formal (2+1)-cycloaddition of Cy-C4 chromium aminocarbene 16-Cy. 

 

In an attempt to facilitate purification and thus improve the yields of cyclisation products PPh3 was replaced 

with various ligands including various phosphine ligands and other additives. This series of experiments also 

served to determine if the use of another ligand could change the selectivity of the reaction and thus allow for 

the formation of enamines. The complete table with all reaction conditions can be found in the Appendix 

(Section 7). In summary, none of the ligands brought any improvement for the purification process and the 

reactivity did not appear to change compared to when PPh3 was used as the additive. Using less than 1 eq. of 

PPh3 did not facilitate purification because then the bright-yellow Cr(CO)5-toluene complex formed which 

proved to be just as difficult to remove. 

The intramolecular cycloaddition of compound 17-Cy (Scheme 6) proved to be tricky. When heated in the 

presence of PPh3 the reaction did not go to completion as quickly as observed for C4- and C5-compounds 9-Cy 

and 16-Cy. After several hours the carbene signals were still visible in the 1H NMR spectra of the reaction 

aliquots and once the reaction mixture was concentrated the 1H NMR spectra showed a mixture of compounds 

including starting material 17-Cy and its oxidation/decomposition product formamide 13-Cy. If the reaction 

was heated overnight the carbene resonances disappeared and it was thought possible that the C-C double 

bond signal of the desired product 21-Cy was covered by the multitude of peaks in the olefinic region. 

However, none of the fractions obtained from flash column chromatography of the crude material contained 

the expected signals and it was thus concluded that the reaction had been unsuccessful. After several attempts 

at this reaction including the use of higher boiling xylene (b.p. 140 °C) and addition of other ligands (more 

electron-rich/-poor, larger cone angle) compound 21-Cy was still elusive. 

After re-investigation of the 1H NMR spectra of the reactions 17-Cy  21-Cy a very small signal was observed 

that matched that of the enamine produced in the conversion 17-Bu  21-Bu/28-Bu (Scheme 11, page 11). It 

was thus concluded that the olefinic signal of amine 21-Cy must be hidden under signals belonging to the 

                                                           
5 Other purification attempts included removal of PPh3 through flash column chromatography on silica (5% NEt3), and crystallisation 
of the PPh3 prior to column chromatography. 
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ligands, impurities or by-products, and the product simply wasn’t isolated because of an unsuitable 

purification method. Unfortunately, the reactions could not be re-investigated due to lack of time and starting 

material. 

 

 

Scheme 6. Attempted formal (2+1)-cycloaddition of Cy-C5Me chromium aminocarbene 13a. 

 

The 1H NMR spectra obtained during the attempted formal (2+1)-cycloadditions of compounds 17-19-Cy 

suggested the disappearance (or possible shift into the convoluted high field region) of the C-H resonance of 

the cyclohexyl ring. This was initially suggested to indicate the occurrence of side-reactions involving this C-H 

group and ultimately lead to the use of the N-tbutyl substituted analogues (Bu-series). Reaction of C6-

aminocarbenes 19-Cy/Bu did not go to completion but apart from oxidation/decomposition product 15-Cy/Bu 

(formamides) a new product was observed that also still contained the three olefinic signals like the starting 

material as well as the carbene resonances albeit shifted downfield by 0.25 ppm (Scheme 7). New aliphatic 

signals appeared at 3.13 and 2.95 ppm. This bright-yellow compound that immediately turns green in air is 

expected to be the product of a CO-PPh3 ligand exchange reaction but mass-spectrometric analysis (ESI+) has 

not been able to confirm this.  

 

 

Scheme 7. Attempted formal (2+1)-cycloaddition of C6 chromium aminocarbenes 19-Cy/-Bu. 

 

As mentioned earlier in this Section chromium aminocarbenes 9, 17 and 19 were also synthesised with an N-
tbutyl substituent instead of the N-cyclohexyl group. These compounds were generated in the same manner 

as the cyclohexyl series but starting from tbutyl formamide. Yields are listed in Table 1 in Section 3. The 

chromium aminocarbenes bearing a tbutyl group appeared to be less stable which was likely due to facile loss 

of the tbutyl cation, but they could be stored neat and in the freezer for several weeks. 

When compound 9-Bu was subjected to standard cycloaddition conditions the 1H NMR spectrum of the crude 

material indicated the presence of amine 11-Bu. Surprisingly, it also displayed a small and broad signal at 
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5.95 ppm which after column chromatography on NEt3-soaked6 silica proved to belong to enamine 10-Bu 

(Scheme 8). It is suggested that previously this signal had been lost in the baseline and the corresponding 

unstable enamine lost during the purification process. When the reaction was carried out using 0.3 eq. of PPh3 

the reaction went to completion in less than 1 h and yielded a 1:1-mixture of amine 11-Bu and enamine 10-

Bu as calculated from the 1H NMR spectrum of the crude material. When >1 eq. of PPh3 was used the formation 

of amine 11-Bu (70%) was favoured and only traces on enamine 10-Bu detected. However, this trend turned 

out not to be linear since without addition of PPh3 the reaction was finished after 2 h and yielded the amine 

and enamine in a 9:1-ratio (90% combined yield, 85% when repeated). Therefore, addition of PPh3 accelerates 

the reaction but the influence on the formation of amine vs. enamine remains unclear. Table 2 summarises 

the reaction conditions and results. 

 

 

Scheme 8. Formal (2+1)-cycloaddition of tBu-C5 chromium aminocarbene 9-Bu. 

 

Table 2. Reaction conditions and resulting product ratios for the cycloaddition reaction of compound 9b. 

Equivalents of PPh3 Reaction time (h) Ratio amine : enamine 

2 0.5-1 1:0a (65%, 70%) 

1.2 0.5-1 1:0a 

0.3 2 1:1 (70%) 

-- 2 9:1 (90%, 85%) 
a a trace of the enamine 10-Bu was detected, but majority of both products lost due to unsuitable purification method. 

 

Following the discovery and successful isolation of compound 10-Bu cyclohexyl-substituted chromium 

aminocarbene 9-Cy was again subjected to the same reaction conditions but this time without additive and 

the product mixture of amine 11-Cy and enamine 10-Cy was easily isolated in 69% yield after 2 h. The enamine 

was characterised from the product mixture as separation was unsuccessful - even on a flash column with 

NEt3-soaked silica. 

The mechanism of the formation of amine 11 and enamine 10 is thought to proceed as depicted in Scheme 9 

irrespective of the N-substituent ‘R’. Initial [2+2]-cycloaddition of chromium aminocarbene 9 to form 

compound 24 is followed by β-elimination to give either chromium enamine 25 or/and chromium amine 26. 

The last two compounds are expected to exist in equilibrium. Compound 25 could then undergo reductive 

elimination like its diene analogue 7 (Scheme 1) but instead it is mainly compound 26 that undergoes reductive 

elimination to form amine 11. It could be argued that isomer 26 is stabilised by the proximity of the nitrogen 

atom which can act as another ligand. This raises the question of why it effects compounds 25/26 but not 

diene compounds 6/7, the only difference being the presence of a diene in the latter set.  

                                                           
6 The flash column was dry-packed with silica gel and then flushed with neat triethylamine (careful - heat), followed by pentane and 
finally the solvent mixture chosen for running the flash column. 
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Scheme 9. Proposed mechanism for the formation of compounds 10 and 11. 

 

Upon reinspection of 1H NMR spectra of the formal (4+1)-cycloaddition reaction products some very small 

signals were found in the region where the exocyclic proton signals of compound 27 are expected to appear, 

i.e. around 4.7 ppm. It is thus likely, that amine 27 is indeed formed in trace amounts while formation of 

enamine 5 is strongly favoured (Scheme 10).  

 

 

Scheme 10. The formal (4+1)-cycloaddition may have also resulted in formation of trace amounts of amine 27. 

 

The investigation of the tert-butyl substituted compound series was continued with chromium aminocarbene 

17-Bu. Its subjection to heat in the presence of PPh3 (0.1 eq.) resulted in the formation of amine 21-Bu and 

enamine 28-Bu in 72% combined yield (Scheme 11). A summary of the product ratios as determined from the 
1H NMR spectra of the crude material is given in Table 3 below. Enamine 28-Bu was characterised from a 

mixture of amine and enamine. Its olefinic hydrogen appeared at 5.96 ppm. Small amounts of pure amine 21-

Bu could be obtained and the NOESY NMR spectrum showed a strong correlation between the olefinic 

hydrogen at 5.24 ppm and those of the proximal N-CH2-group which appeared at 2.90 ppm. A minor 

correlation was also observed between the olefinic hydrogen and the adjacent methyl group, as well as the N-

CH2-group on the far side. It was therefore concluded that the C-C double bond within amine 21-Bu has E-

conformation. Only one conformer was observed/formed judging by the NMR data.  
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Scheme 11. Formal (2+1)-cycloaddition of tBu-C5Me chromium aminocarbene 17-Bu. 

 

Table 3. Reaction conditions and resulting product ratios for the cycloaddition reaction of compound 17-Bu. 

Equivalents of PPh3 Reaction time (h) Ratio amine : enamine 

1.2 23 1:0 (21%,47%)a 

0.3 17 1:0.3 (52%)a 

0.1 22 1:0.1 (72%) 
a isolated yield of amine 21-Bu after two flash columns. 

 

 

4.     Scope and Limitations: Lactam-derived Chromium Aminocarbenes 

As mentioned in the introduction the formal intramolecular (2+1)-cycloaddition reaction appears to be a 

convenient method for the rapid assembly of bicyclic alkaloid frameworks common in natural products. 

Examples of structures generated in such a way are shown in Figure 1. 

 

 

Figure 1. Examples of bicyclic alkaloids (29-32) that could be rapidly assembled using chromium aminocarbenes. 

 

The synthesis of the two fused six-membered rings of the 1-azabicyclo[3.3.0]octane framework (a derivative 

of compound 32) started with valerolactam 33. This was subjected to N-alkylation conditions to install a C5-

fragment (34a R = H) or C5Me-fragment (34b R = Me). The carbonyl function within the lactam was then 

converted into the chromium carbene in moderate yield. The in that way generated chromium aminocarbenes 

35a,b proved to be highly air-sensitive compared to the other carbenes described in this report and turned a 

greenish colour while stored in the freezer for less than a week.    
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Scheme 12. Synthetic pathway for the formation of lactam-derived chromium aminocarbenes 35a,b. 

 

Subjection of chromium aminocarbene 35a to cycloaddition conditions in the presence of 0.3 eq. of PPh3 gave 

the desired amine 36 in 63% yield after 17 h (Scheme 13). In addition, 4% of the oxidation/decomposition 

product of the chromium aminocarbene, lactam 34a, were isolated. The olefinic proton resonances of amine 

36 were observed as one singlet at 4.76 ppm in the 1H NMR spectrum. The quaternary olefinic carbon appears 

at 145 ppm in the 13C NMR spectrum and so compares to its analogue within amine 11 which appears at 

146 ppm. It is surprising that formation of only one product was observed considering that for the lactam-

derived carbenes there are three possible ways for β-hydride elimination to occur.   

 

 

Scheme 13. Formal (2+1)-cycloaddition of lactam-derived chromium aminocarbene 35a. 

 

When compound 35b (R = Me) was subjected to standard cycloaddition conditions none of the expected 

products 37-39 were found (Scheme 14). After 23 h the reaction had gone to completion as judged by the 

disappearance of the carbene signal and a mixture of compounds was isolated. The 1H NMR spectrum obtained 

from the crude material shows resonances that were expected for compound 37, however, the signals in the 
13C NMR spectrum do not match the desired structure. The presumed impurities visible in the aromatic region 

of the 1H NMR spectrum were unusually difficult to remove even though only 0.3 eq. of PPh3 had been added 

to the reaction mixture. This ‘aromatic impurity’ is suggested to be the aromatised cycloaddition product 40. 

Why the product of reaction of compound 35b aromatised but not that of compound 35a is unclear since they 

were carried out at the same time under the same reaction conditions. 
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Scheme 14. Formal (2+1)-cycloaddition of the lactam-derived chromium aminocarbene 35b. 

 

5.     Conclusion 

In summary ten chromium aminocarbenes have been synthesised and their propensity to undergo formal 

(2+1)-cycloaddition investigated. It was found that while the major product is an amine containing an exocyclic 

C-C double bond the corresponding enamine is also formed in some cases. A suitable purification method has 

been applied and the amines and some enamines successfully isolated and characterised. The presence of 

PPh3 has been observed to accelerate the overall reaction but its influence with regard to the ratio of amine 

to enamine is still unclear. A few steps have been taken towards establishing a convenient method for the 

rapid assembly of bicyclic alkaloid frameworks but the reasons for the unexpected aromatisation during the 

reaction of chromium aminocarbene 35b need to be explored further. 
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6.     Experimental Part 

 

C5 Iodide 

 

To a magnetically stirred solution of 5-Bromo-1-pentene (2.50 mL, 21.1 mmol) in acetone (21 mL) was added 

NaI (6.33 g, 42.2 mmol) resulting in immediate formation of a finely dispersed colourless precipitate. The 

reaction mixture was heated at 60 °C for 2 h while being monitored by GC-MS. It was then allowed to cool to 

RT, diluted with water (20 mL), and the separated aq. phase extracted with pentane (3 x 20 mL). The combined 

pentane layers were washed with brine, dried over MgSO4, and concentrated under reduced pressure to give 

the title iodide (3.51 g, 85%) as a pale-orange oil. GC-MS analysis confirmed complete Br/I-exchange.  

Ref.: NH-4-2-P1. 

C5Me Iodide 

 

To a magnetically stirred solution of PPh3 (1.33 g, 5.05 mmol) and imidazole (0.374 g, 5.50 mmol) in DCM (23 

mL) at 0 °C was added iodine (1.28 g, 5.05 mmol) to give an orange solution with precipitate. The mixture was 

protected from light and stirred for 10 min after which time a solution of 4-hexen-1-ol (0.588 mL, 5.00 mmol) 

in DCM (2 mL) was added. The now milky colourless solution was stirred at RT for 2 h. Water (10 mL) and NH4Cl 

(10 mL of a sat. aq. solution) were added and the separated aqueous layer was extracted with DCM (2 x 10 

mL). The combined organic layers dried over MgSO4, filtered and concentrated under reduced pressure to give 

a colourless solid due to the presence of PPh3. The crude material was packed on silica gel and filtered over a 

short pad of silica gel (pentane elution) to give the title iodide (0.856 g, 82%) as a colourless liquid. 

Ref.: NH-4-4. 

The obtained NMR data matched those previously reported.7 1H NMR (CDCl3, 400 MHz) δ 5.49 (m, 1H), 5.35 

(m, 1H), 3.18 (t, J = 6.8 Hz, 2H), 2.08 (m, 2H), 1.87 (quintet, 2H), 1.66 (dq, J = 6.1, 1.4 Hz, 3H). 

 

 

 

 

                                                           
7 Marc-André Legault, Rapport de Stage, 2013. 
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C6 Iodide 

 

To a magnetically stirred solution of 6-Bromo-1-hexene (3.05 g, 18.7 mmol) in acetone (19 mL) was added NaI 

(5.61 g, 37.4 mmol) resulting in immediate formation of a finely dispersed colourless precipitate. The reaction 

mixture was heated at 60 °C for 2 h while being monitored by GC-MS. It was then allowed to cool to RT, diluted 

with water (20 mL), and the separated aq. phase extracted with pentane (3 x 20 mL). The combined pentane 

layers were washed with brine, dried over MgSO4, and concentrated under reduced pressure to give the title 

iodide (3.75 g, 95%) as a colourless oil. GC-MS analysis confirmed complete Br/I-exchange.  

Ref.: NH-3-15. 

 

 

General Procedure for the Formation of N-Cyclohexyl Formamides 

 

To a magnetically stirred suspension of NaH (1.3 eq., 60% in mineral oil) in THF and DMF (2:1 ratio, 0.3 M) at 

0 °C was added N-cyclohexylformamide (1.1 eq.). The reaction mixture was stirred at RT for 1 h, resulting in a 

thick white sludge, and then treated with a solution of alkyl halide (1 eq.) in THF (4 mL). The resulting mixture 

was heated at 60 °C for 2 h and then allowed to cool to RT. NH4Cl (sat. aq. solution) was added and the 

separated aqueous layer extracted with ethyl acetate (2x). The combined organic layers were washed with 

water (5x) and brine, then dried over MgSO4, filtered and concentrated under reduced pressure to give the 

crude product as a yellow oil. The crude material was subjected to flash column chromatography (silica gel, 

hexanes/ether v/v 1:1 elution) to give the desired formamide (two rotamers) as a colourless oil.  

 

C5 Formamide 8-Cy 

 

Following the N-alkylation procedure described above, reaction of N-cyclohexylformamide (1.74 mL, 

13.2 mmol) and the alkyl iodide (2.35 g, 12.0 mmol) yielded the title formamide (1.26 g, 70%) as a colorless 

oil.  

Ref.: NH-3-19-P1. 
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1H NMR (400 MHz, CDCl3) as a 2:1-mixture of rotamers δ 8.13 (s) and 8.03 (s) (1H, rotamers), 5.78 (m, 1H), 

5.07-4.92 (complex m, 2H), 3.97 (m) and 4.23-3.11 (complex m) (4H, rotamers),  2.05 (m, 2H),  1.87-1.57 

(complex m, 6H), 1.46 (m, 2H), 1.31 (m, 2H), 1.11 (m, 1H); 13C NMR (100 MHz, CDCl3) as a mixture of rotamers 

δ 163.0 (CH), 162.3 (CH),137.7 (CH), 137.0 (CH), 115.6 (CH2), 114.9 (CH2), 58.5 (CH), 52.6 (CH), 44.4 (CH2), 41.4 

(CH2), 32.8 (CH2), 31.3 (CH2), 30.6 (CH2), 28.0 (CH2), 25.8 (CH2), 25.4 (CH2), 25.1 (CH2); IR (NaCl) ν 3474, 3076, 

2930, 2855, 1663, 1451, 1422; HRMS (ESI, 70 eV) [MNa+] C12H21NONa, calc. 218.1521, found 218.1524. 

 

C5-Me Formamide 13-Cy 

 

Following the N-alkylation procedure described above, reaction of N-cyclohexylformamide (0.852 g, 4.01 

mmol) and the alkyl iodide (0.560 g, 4.40 mmol) yielded the title formamide (0.256 g, 31%) as a colorless oil.  

Ref.: MAL, rapport de stage, 2013. 

1H NMR (400 MHz, CDCl3) as a 2:1-mixture of rotamers δ 8.14 (s) and 8.03 (s) (1H, rotamers), 5.41 (m, 2H), 

3.98 (m) and 3.18 (m) (1H, rotamers),  3.18 (m) and 1.98 (m) (4H, rotamers), 1.85 - 1.4 (complex m, 8H), 1.63 

(m, 3H), 1.31 (m, 2H), 1.13 (m, 2H); 13C NMR (100 MHz, CDCl3) as a mixture of rotamers δ 163.2 (CH), 162.3 

(CH),130.4 (CH), 139.7 (CH), 126.3 (CH), 125.5 (CH), 58.6 (CH), 52.8 (CH), 44.7 (CH2), 41.6 (CH2), 33.0 (CH2), 31.5 

(CH2), 30.8 (CH2), 30.4 (CH2), 30.0 (CH2), 28.9 (CH2), 26.0 (CH2), 25.6 (CH2), 25.3 (CH2), 17.98 (CH3); IR (NaCl) ν 

3324, 3023, 2935, 2851, 1668, 1446, 1420; HRMS (ESI, 70 eV) [MNa+] C13H23NONa, calc. 232.1672, found 

232.1668. 

 

C5Me2 Formamide 14-Cy 

 

Following the N-alkylation procedure described above, reaction of N-cyclohexylformamide (0.590 mL, 4.45 

mmol) and the alkyl iodide (1.00 g, 4.76 mmol) yielded the title formamide (0.508 g, 51%) as a colorless oil.   

Ref.: MAL, rapport de stage, 2013. 

1H NMR (400 MHz, CDCl3) as a 2:1-mixture of rotamers δ 8.05 (s) and 7.94 (s) (1H, rotamers), 5.00 (m, 1H), 

3.89 (m) and 3.09 (m) (1H, rotamers),  3.09 (m) and 1.90 (m) (4H, rotamers), 1.80-1.35 (complex m, 8H), 1.59 

(s, 3H), 1.51 (s, 3H), 1.24 (m, 2H), 1.05 (m, 2H); 13C NMR (100 MHz, CDCl3) as a mixture of rotamers δ 163.5 

(CH), 162.7 (CH), 132.9 (C), 132.1 (C), 124.0 (CH), 123.4 (CH), 58.9 (CH), 53.2 (CH), 45.2 (CH2), 42.1 (CH2), 33.4 

(CH2), 32.2 (CH2), 31.2 (CH2), 29.6 (CH2), 26.3 (CH2), 26.2 (CH2), 25.9 (CH2), 25.7 (CH2), 25.5 (CH2), 18.2 (CH3), 

18.2 (CH3); IR (NaCl) ν 3327, 2928, 2852, 1676, 1455, 1417; HRMS (ESI, 70 eV) [MNa+] C14H25NONa, calc. 

246.1828, found 246.1833. 
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C6 Formamide 15-Cy 

 

Following the N-alkylation procedure described above, reaction of N-cyclohexylformamide (1.78 mL, 

13.4 mmol) and alkyl iodide (2.57 g, 12.2 mmol) yielded the title formamide (1.67 g, 65%) as a colorless oil.   

Ref.: NH-3-18 (original by MAL). 

1H NMR (400 MHz, CDCl3) as a 2.5 : 1 mixture of rotamers δ 8.14 (s) and 8.05 (s) (1H, rotamers), 5.78 (m, 1H), 

4.97 (m, 2H), 4.00 (tt, J = 12.7 and 3.1  Hz) and 3.18 (m) (1H, rotamers), 3.18 (m) and 2.08 (m) (4H, rotamers), 

1.85 - 1.6 (complex m) and 1.6 - 1.2 (complex m.) (12H, rotamers), 1.13 (m, 2H); 13C NMR (100 MHz, CDCl3) as 

a mixture of rotamers δ 163.2 (CH), 162.4 (CH), 138.7 (CH), 138.2 (CH), 115.3 (CH2), 114.7 (CH2), 58.7 (CH), 52.8 

(CH), 45.1 (CH2), 41.9 (CH2), 33.6 (CH2), 33.4 (CH2), 33.1 (CH2), 31.3 (CH2), 30.8 (CH2), 29.6 (CH2), 28.7 (CH2), 

26.6 (CH2), 26.4 (CH2), 26.0(4) (CH2), 26.0(2) (CH2), 25.7 (CH2), 25.4 (CH2); IR (NaCl) ν 3487, 3081, 2935, 2856, 

1663, 1456, 1416; HRMS (ESI, 70 eV) [MNa+] C13H23NONa, calc. 232.1672, found 232.1677. 

 

C4 Formamide 12-Cy 

 

Following a known procedure,8 a magnetically stirred solution of N-cyclohexyl-N-butenyl amine (0.463 g, 3.02 

mmol) in THF (25 mL) was treated with N-formylated benzotriazole (0.747 g, 5.08 mmol) and the resulting 

solution heated at reflux for 21 h. The reaction mixture was allowed to cool to RT followed by addition of more 

N-formylated benzotriazole (0.138 g, 1.15 mmol). The solution was again heated at reflux for 2 h, the allowed 

to cool to RT, followed by addition of NaOH (15 mL, 2 M aq. solution) and stirring continued for 15 min. Water 

was added and the aqueous layer extracted with ether (2x). The combined organic layers were dried over 

MgSO4, filtered and concentrated under reduced pressure to give a pale-yellow oil. The crude material was 

subjected to flash column chromatography (silica gel, pentane/ether v/v 1:1 – ether gradient elution) to yield 

the title formamide (0.423 g, 77%) as a colorless oil.  

Ref.: MAL, rapport de stage, 2013. 

1H NMR (400 MHz, CDCl3) as a 3 : 1 mixture of rotamers δ 8.15 (s) and 8.03 (s) (1H, rotamers), 5.75 (m, 1H), 

5.05 (app. m, 2H), 4.01 (m) and 3.24 (m) (2H, rotamers), 3.24 (app. m) and 2.31 (app. m) (4H, rotamers) 1.75 

(complex m, 5H), 1.47 (m, 2H), 1.31 (m, 2H), 1.10 (m, 1H); 13C NMR (100 MHz, CDCl3) as a mixture of rotamers 

δ 163.2 (CH), 162.3 (CH),135.4 (CH), 134.3 (CH), 117.8 (CH2), 116.6 (CH2), 58.6 (CH), 52.5 (CH), 44.6 (CH2), 41.4 

(CH2), 36.1 (CH2), 33.5 (CH2), 32.9 (CH2), 30.8 (CH), 25.9 (CH), 25.5 (CH2), 25.3 (CH2); IR (NaCl) ν 3076, 2931, 

2856, 1668, 1451, 1416; HRMS (ESI, 70 eV) [MNa+] C11H19NONa, calc. 204.1359, found 204.1361. 

                                                           
8 Martin Déry, lab journal 4, p. 23. 
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General Procedure for the Formation of N-tButylformamides 

 

To a suspension of NaH (1.3 eq., 60% in mineral oil) in THF and DMF (0.4 M, ratio 2:1) at 0 °C was added N-
tbutylformamide (1.1 eq.) resulting in a thick white sludge. The reaction mixture was stirred at RT for 1 h and 

then treated with a solution of alkyl halide (1 eq.) in THF (2 mL), followed by heating at 60 °C. After 2 h the 

reaction mixture was allowed to cool to RT, treated with ammonium chloride (sat. aq.), the separated aqueous 

layer extracted with ether (2x) and the combined organic layers were washed with water (5x) and brine, then 

dried over MgSO4 before being filtered and concentrated under reduced pressure to give the crude product 

as a pale-yellow oil. The crude material was subjected to flash column chromatography (silica gel, 

hexanes/ether v/v 1:2 elution) to give the desired formamide as a colourless oil.  

 

C5 Formamide 8-Bu 

 

Following the general procedure described above, N-tbutylformamide and C5 alkyl iodide (1.50 g, 7.65 mmol) 

were reacted to yield the title formamide (0.729 g, 56%) as a colourless oil. 

Ref.: NH-4-3. 

1H NMR (400 MHz, CDCl3) δ 8.38 (s, 1H), 5.78 (m, 1H), 5.01 (d, J = 16.6 Hz, 1H), 4.94 (d, J = 9.5 Hz, 1H), 3.23 (m, 

2H), 2.05 (q, J = 7.1 Hz, 2H), 1.63 (m, 2H), 1.33 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 161.4 (CHO), 137.7 (CH), 

115.0 (CH2), 55.3 (C), 41.0 (CH2), 31.5 (CH2), 29.6 (CH3), 28.3 (CH2); IR (NaCl) ν 2970, 2931, 1659, 1372; HRMS 

(ESI, 70 eV) [MNa+] C10H19NONa calc. 192.1359, found 192.1358.  

 

C5Me Formamide 13-Bu 

 

Following the general procedure described above, N-tbutylformamide (0.47 mL, 4.19 mmol) and C5Me alkyl 

iodide (800 mg, 3.808 mmol) were reacted to yield the title formamide (0.320 g, 46%) as a colourless oil. 
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Ref.: NH-4-5. 

1H NMR (400 MHz, CDCl3) δ 8.39 (s, 1H), 5.41 (m, 2H), 3.22 (m, 2H), 1.97 (m, 2H), 1.65-1.53 (covered, complex 

m, 5H), 1.34 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 161.4 (CHO), 130.3 (CH), 125.4 (CH), 55.3 (C), 41.1 (CH2), 30.4 

(CH2), 29.6 (CH3), 29.1 (CH2), 17.8 (CH3); IR (NaCl) ν 2979, 2922, 1655, 1376; HRMS (ESI, 70 eV) [MNa+] 

C11H21NONa calc. 206.1515, found 206.1518. 

 

C6 Formamide 15-Bu 

 

A magnetically stirred solution of t-butylformamide (0.402 mL, 3.59 mmol) and 18-Crown-6-ether (0.198 g, 

0.748 mmol) in THF (4 mL) at RT was treated slowly with KHMDS (7.48 mL, 3.74 mmol, 0.5 M solution in 

toluene). After 1.5 h 6-bromohex-1-ene (0.400 mL, 2.99 mmol) was added drop wise and stirring continued 

for 21 h. Water (10 mL) and ammonium chloride (10 mL, sat. aq. solution) were added and the separated 

aqueous layer extracted with diethyl ether (2 x 10 mL). The combined organic layers were washed with water 

and brine, then dried over MgSO4, filtered and concentrated under reduced pressure to give the crude product 

as a pale-yellow oil. Subjection of the crude product to flash column chromatography (silica gel, hexanes/EA 

v/v 1:4 elution) gave the title product (0.511 g, 93%) as a colourless oil. 

Ref.: NH-4-38. 

1H NMR (400 MHz, CDCl3) δ 8.38 (s, 1H), 5.77 (m, 1H), 4.97 (1H), 4.92 (1H), 3.22 (m, 2H), 2.04 (m, 2H), 1.54 (m, 

2H), 1.39 (obscured m, 2H), 1.33 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 161.35 (CH), 138.50 (CH), 114.51 (CH2), 

55.18 (C), 41.23 (CH2), 33.35 (CH2), 29.60 (CH3), 28.89 (CH2), 26.55(CH2); IR (NaCl) ν 2976, 2934, 1658, 1372; 

HRMS (ESI, 70 eV) [MNa+] C11H21NONa calc. 206.1521, found 206.1519. 

 

C5 Valerolactam 34a 

 

To a magnetically stirred suspension of NaH (corrected weight 0.177 g, 1.1 eq.) in THF (13 mL) and DMF (7 mL) 

was added valerolactam (0.397 g, 4.00 mmol), resulting in a thick white sludge. The reaction mixture was 

stirred at RT for 0.5 h and then treated with a solution of alkyl iodide (0.941 g, 4.80 mmol). The resulting 

mixture was heated at 60 °C for 2.5 h and then allowed to cool to RT. NH4Cl (sat. aq. solution) was added and 

the separated aqueous layer extracted with EtOAc (2x). The combined organic layers were washed with water 

(3x) and brine, then dried over MgSO4, filtered and concentrated under reduced pressure to give the crude 



Post-Doctoral Report Nora Heinrich, PhD May 2013 – April 2014  

20 
 

product as a pale-yellow liquid. The crude material was subjected to flash column chromatography (silica gel, 

EtOAc elution) to give the title formamide (0.365 g, 55%) as a colourless oil. 

Ref.: NH4-48. 

1H NMR (300 MHz, CDCl3) δ 5.80 (m, 1H), 5.01 (dq, J = 17.1 and 1.7 Hz, 1H), 4.95 (dq, J = 10.2 and 1.7 Hz, 1H), 

3.34 (app t, J = 7.5 Hz, 2H), 3.25 (m, 2H), 2.36 (m, 2H), 2.05 (q, J = 6.9 Hz, 2H), 1.82 - 1.73 (complex m, 4H), 1.63 

(quintet, J = 7.6 Hz, 2H); 13C NMR (75 MHz, CDCl3) δ 169.6 (CO), 137.9 (CH), 114.8 (CH2), 47.9 (CH2), 46.8 (CH2), 

32.3 (CH2), 31.0 (CH2), 26.2 (CH2), 23.2 (CH2), 21.3 (CH2); IR (NaCl) ν 3531, 3072, 2935, 2863, 1650, 1494, 1466, 

1352; HRMS (ESI, 70 eV) [MNa+] C10H17NONa, calc. 190.1208, found 190.1209.  

 

C5Me Valerolactam 34b 

 

Following the procedure described above, valerolactam (0.278 g, 2.80 mmol) and alkyl iodide (0.706 g, 3.36 

mmol) reacted to yield the title lactam (0.269 g, 53%) as a colourless oil. 

Ref.: NH4-49. 

1H NMR (300 MHz, CDCl3) δ 5.42 (m, 2H), 3.33 (t, J = 7.5 Hz, 2H), 3.25 (m, 2H), 2.36 (m, 2H), 1.98 (m, 2H), 1.77 

(m, 4H), 1.62 and 1.58 (obscured, 5H); 13C NMR (100 MHz, CDCl3) δ 169.5 (CO), 130.3 (CH), 125.3 (CH), 47.8 

(CH2), 46.8 (CH2), 32.3 (CH2), 29.9 (CH2), 26.8 (CH2), 23.2 (CH2), 21.3 (CH2), 17.9 (CH3); IR (NaCl) ν 3527, 2936, 

2859, 1644, 1494, 1448; HRMS (ESI, 70 eV) [MNa+] C11H19NONa, calc. 204.1364, found 204.1365.  

 

 

General Procedure for the Generation of the Chromium Dianion Na2[Cr(CO)5] 
A flame-dried flask was charged with small pieces of washed sodium (0.965 g, 42.0 mmol) and naphthalene 

(5.51 g, 43.0mmol, recrystallized from EtOH), the flask then evacuated and back-flushed with argon, and THF 

(50 mL) added. The resulting reaction mixture was stirred at RT for 2 h and, under protection from light, the 

in that way generated dark-green solution was added to a solution of purified9 Cr(CO)6 (4.40 g, 20 mmol) in 

THF (100 mL) maintained at -78 °C over 1.5 h via syringe pump. After the addition was complete the reaction 

mixture was allowed to slowly warm to RT and stirring continued for 18 h, thus generating a dark-orange 

solution. 

 

 

                                                           
9 Cr(CO)6 was crushed to a fine powder, rinsed with anhydrous ethanol and ether, and then dried on the sinter funnel 
under air flow for ca. 0.5 h. 
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General Procedure for the Formation of Chromium Carbenes

 
 

The required amount of Na2[Cr(CO)5]-solution (2.0 eq.) prepared according to the above procedure was cooled 

to -78 °C and a solution of the formamide (1 eq.) in THF (5 mL) was added over 2 min via syringe. The reaction 

mixture was stirred at -78 °C for 30 min, then taken out of the dry-ice bath to slowly warm to 0 °C and stirred 

at this temp for 1 h. It was then again cooled to -78 °C, followed by addition of freshly distilled TMS-Cl (6.2 

eq.). After 30 min at -78 °C neutral activated aluminum oxide (80 eq.) was added and the reaction mixture 

allowed to warm to RT. The solvent was removed under reduced pressure to give the crude product as an 

orange oil on alumina, which was immediately subjected to flash column chromatography (silica gel, 

hexanes/EA v/v 99:1 – 9:1 gradient elution). The bright-yellow product was usually still contaminated with 

small amounts of naphthalene and thus purified a second time using the same method. 

 

C4 Chromium Carbene 16-Cy 

 

Following the general procedure described above, the C4-formamide (0.223 g, 0.625 mmol) was converted 

into the corresponding carbene (0.067 g, 30%), a bright-yellow oil. 

Ref.: NH-2-60 (by MAL). 

1H NMR (400 MHz, CDCl3) as a 1:1-mixture of rotamers δ 11.03 (s) and 10.72 (s) (1H, rotamers), 5.88 (m) and 

5.69 (m) (1H, rotamers), 5.15 (m, 2H), 4.66 (m) and 3.50 (m) (1H, rotamers), 4.06 (m) and 3.50 (m) (2H, 

rotamers), 2.57 (m) and 2.38 (m) (2H, rotamers) 2.00 - 1.85 (complex m) and 1.78 - 1.45 (6H, rotamers), 1.40 

- 1.20 (complex m), 1.01 (m) and 0.95 - 0.85 (4H, rotamers); 13C NMR (100 MHz, CDCl3) as a mixture of rotamers 

δ 260.0 (CH), 254.8 (CH),  224.3 (C), 224.2 (C), 217.6 (C), 217.6 (C), 133.4 (CH), 133.3 (CH), 119.1 (CH2), 118.1 

(CH2), 69.8 (CH), 69.6 (CH), 59.0 (CH2), 55.8 (CH2), 35.5 (CH2), 33.8 (CH2), 33.3 (CH2), 31.5 (CH2), 25.7 (CH2), 25.3 

(CH2); IR (NaCl) ν 3085, 2935, 2856, 2056, 1991 to 1875, 1526; HRMS (ESI, 70 eV) [MNa+-2CO] C14H19CrNO3Na, 

calc. 324.0662, found 324.0670. 
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C5 Chromium Carbene 9-Cy 

 

Following the general procedure described above, the C5-formamide (0.488 g, 2.50 mmol) was converted into 

the corresponding carbene (0.784 g, 84%), a bright-yellow solid. 

Ref.: NH-3-9. 

1H NMR (400 MHz, CDCl3) as a 3:1-mixture of rotamers δ 10.99 (s) and 10.85 (s) (rotamers, 1H), 5.84 (m, 1H), 

5.10 (d, covered, 1H), 5.06 (d, J = 10.8 Hz, 1H), 4.63 (t, J = 11.5 Hz) and 3.38 (t, J = 8.5 Hz) (rotamers, 2H), 3.96 

(m, 2H), 2.21 (m, 2H), 2.06 (m, 1H), 1.95-1.80 (complex m, 4H), 1.70 (m, 2H), 1.66-1.46 (complex m, 1H), 1.33 

(m, 3H), 1.17 (m, 1H); 13C NMR (100 MHz, CDCl3) as a mixture of rotamers δ 224.2 (CO), 217.7 (CO), 136.7 (CH), 

116.1 (CH2), 69.7 (CH), 59.3 (CH2), 55.7 (CH2), 33.3 (CH2), 31.5 (CH2), 30.8 (CH2), 28.6 (CH2), 25.5 (CH2), 24.9 

(CH2); IR (NaCl) ν 3085, 2938, 2860, 2054, 1915, 1532, 652; HRMS (ESI, 70 eV) [M-2CO+Na+] C15H21CrNO3Na, 

calc. 338.0819, found 338.0827. 

 

C5Me Chromium Carbene 17-Cy 

 

Following the general procedure described above, the C5Me-formamide (0.754 g, 3.60 mmol) was converted 

into the corresponding carbene (1.30 g, 94%), a bright-yellow oil. 

Ref.: NH-3-35 (original by MAL). 

1H NMR (400 MHz, CDCl3) as a 2:1-mixture of rotamers δ 10.97 (s) and 10.82 (s) (1H, rotamers), 5.40 (m, 2H), 

4.63 (m) and 3.37 (m) (1H, rotamers),  3.94 (m) and 3.37 (m) (2H, rotamers), 2.14 (dd, J = 6.8 and 6.8 Hz) and 

1.97 (dd, J = 13.8 and 7.0 Hz) (2H, rotamers), 1.87 - 1.75 (complex m, 6H), 1.68 (app. s, 3H), 1.33 (m, 5H), 1.19 

(m, 1H); 13C NMR (100 MHz, CDCl3) mixture of rotamers δ 258.8 (CH), 253.4 (CH), 224.3 (CO), 217.7 (CO), 

129.48 (CH), 129.2 (CH), 127.2 (CH), 126.9 (CH), 69.5 (CH), 69.4 (CH), 59.4 (CH2), 55.8 (CH2), 33.2 (CH2), 29.2 

(CH2), 25.5 (CH2), 25.1 (CH2), 25.0 (CH2), 24.9 (CH2), 17.8 (CH3), impurities: 8.79 (CH/CH3), 3.38(CH/CH3); IR 

(NaCl) ν 2940, 2864, 2056, 1977, 1911, 1535; HRMS (ESI, 70 eV) [MNa+-2CO] C16H23CrNO3Na, 352.0975, found 

352.0985. 
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C5Me2 Chromium Carbene 18-Cy 

 

Following the general procedure described above, the C5Me2-formamide (0.447 g, 2.00 mmol) was converted 

into the corresponding carbene (0.569 g, 71%), a bright-yellow oil. 

Ref.: NH-3-24 (original by MAL). 

1H NMR (400 MHz, CDCl3) as a 2:1-mixture of rotamers δ 10.97 (s) and 10.82 (s) (1H, rotamers), 5.16 (m) and 

5.07 (m) (1H, rotamers), 4.64 (m) and 3.37 (m) (1H, rotamers),  3.95 (m) and 3.37 (m) (2H, rotamers), 2.15 (dd, 

J = 7.4 and 7.4 Hz) and 1.97 (dd, J = 14.5 and 7.2 Hz) (2H, rotamers), 1.90 - 1.75 (complex m, 6H), 1.72 (d, J = 

4.7 Hz, 3H), 1.62 (d, J = 8.5 Hz, 3H), 1.33 (m, 5H), 1.19 (m, 1H); 13C NMR (100 MHz, CDCl3) as a mixture of 

rotamers δ 258.8 (CH), 253.5 (CH), 224.3 (CO), 224.2 (CO), 217.7 (CO), 217.6 (CO), 133.3 (C)  129.4 (CH), 129.2 

(CH), 69.4 (CH), 69.4 (CH), 59.6 (CH2), 55.9 (CH2), 33.3 (CH2), 33.0 (CH2), 25.7 (CH2), 25.2 (CH2), 25.1 (CH2), 24.9 

(CH2), 17.7 (CH3), 17.6 (CH3); IR (NaCl) ν 2935, 2856, 2052, 1972 to 1880, 1535; HRMS (ESI, 70 eV) [MNa+-2CO] 

C17H26CrNO3Na, calc. 366.1132, found 366.1132. 

 

C6-Chromium Carbene 19-Cy 

 

Following the general procedure described above, the C6-formamide (0.241 g, 0.625 mmol) was converted 

into the corresponding carbene (0.233 g, 97%). 

Ref.: NH-2-60-P3 (by MAL). 

1H NMR (400 MHz, CDCl3) as a 3.5:1-mixture of rotamers δ 10.98 (s) and 10.83 (s) (1H, rotamers), 5.79 (m, 1H), 

5.02 (m, 2H), 4.63 (m) and 3.38 (m) (1H, rotamers), 3.96 (m)  and 3.38 (t, J = 7.9 Hz) (2H, rotamers), 2.15 (m) 

and 2.07 (m) (2H, rotamers), 1.95 - 1.67 (complex m, 8H), 1.64 - 1.48 (complex m, 3H), 1.42 - 1.28 (complex m, 

4H), 1.22 - 1.15 (complex m, 1H); 13C NMR (100 MHz, CDCl3) as a mixture of rotamers δ 258.9 (CH), 253.5 (CH), 

224.2 (CO), 217.7 (CO), 138.1 (CH), 137.8 (CH), 115.6 (CH2), 115.4 (CH2), 69.8 (CH), 69.6 (CH), 59.8 (CH2), 56.4 

(CH2), 33.5 (CH2), 33.5 (CH2) 31.6 (CH2), 29.0 (CH2), 26.0 (CH2), 25.8 (CH2), 25.2 (CH2); IR (NaCl) ν 3081, 2940, 

2856, 2052, 1977, 1911, 1535; HRMS (ESI, 70 eV) [MNa+] C18H23CrNO5Na, calc. 408.0874, found 408.0868. 
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C5-Carbene 9-Bu 

 

Following the procedure described above, tBu-C5 formamide (1.60 g, 9.45 mmol) was converted into the title 

chromium carbene (2.79 g, 86%), an air-sensitive, bright-yellow oil. 

Ref.: NH-4-21. 

1H NMR (300 MHz, CDCl3) single rotamer δ 11.38 (s, 1H), 5.84 (m, 1H), 5.10 (dm, J = 17.2 Hz, 1H), 5.05 (dm, J = 

10.2 Hz, 1H), 4.02 (m, 2H), 2.21 (q, J = 7.0 Hz, 2H), 1.91 (m, 2H), 1.34 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 256.0 

(CCrH), 224.3 (CO), 217.7 (CO), 136.7 (CH), 116.0 (CH2), 67.6 (C), 54.9 (CH2), 31.0 (CH2), 30.5 (CH2), 30.0 (CH3); 

IR (NaCl) ν 3081, 2988, 2052, 1977, 1919, 1496, 652; HRMS (ESI, 70 eV) [MNa+-2CO] C15H19CrNO5, calc. 

312.0662, found 312.0672.  

 

C5Me Carbene 17-Bu 

 

Following the procedure described above, tBu-C5Me-formamide (0.550 g, 3.00 mmol) was converted into the 

title chromium carbene (0.852 g, 79%), an air-sensitive, bright-yellow oil. 

Ref.: NH-4-9. 

1H NMR (300 MHz, CDCl3) single rotamer δ 11.36 (s, 1H), 5.48 (m, 2H), 4.00 (m, 2H), 2.12 (app. m, 2H), 1.88 

(m, 2H), 1.67 (d, J = 5.3 Hz, 3H), 1.34 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 255.4 (CH), 224.3 (CO), 217.7 (CO), 

129.2 (CH), 126.6 (CH), 67.5 (C), 55.0 (CH2), 31.2 (CH2), 30.0 (CH3), 29.8 (CH2), 17.8 (CH3); IR (NaCl) ν 2988, 2948, 

2054, 1915, 1496, 652; HRMS (ESI, 70 eV) [M-2CO+Na+] C14H21CrNO3Na, calc. 326.0819, found 326.0823.  

 

C6 Carbene 19-Bu 

 

Following the procedure described above, tBu-C6-formamide (0.510 g, 2.78 mmol) was converted into the title 

chromium carbene (0.835 g, 84%), an air-sensitive, bright-yellow oil. 

Ref.: NH-4-51. 

1H NMR (300 MHz, CDCl3) single rotamer δ 11.36 (s, 1H), 5.80 (m, 1H), 5.02 (app. m, 2H), 4.02 (t, J = 7.7 Hz, 

2H), 2.14 (m, 2H), 1.83 (m, 2H), 1.55 (m, 2H), 1.40 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 255.5 (CCrH), 224.3 

(CO), 217.7 (CO), 138.0 (CH), 115.1 (CH2), 67.5 (C), 55.2 (CH2), 33.3 (CH2), 30.9 (CH2), 30.0 (CH3), 25.9 (CH2); IR 
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(NaCl) ν 3085, 2982, 2939, 2054, 1978, 1915, 1501, 679, 655; HRMS (ESI, 70 eV) [MNa+] C16H21CrNO5Na, calc. 

382.0723, found 382.0720.  

 

Valerolactam-C5 Carbene 35a 

 

Following the procedure described above, valerolactam-C5 formamide (0.350 g, 2.09 mmol) was converted 

into the title chromium carbene (0.547 g, 76%), a highly air-sensitive, bright-yellow oil. 

Ref.: NH-4-52. 

1H NMR (300 MHz, CDCl3) δ 5.82 (m, 1H), 5.06 (app. m, 2H), 4.07 (app. s, 2H), 3.45 (app. s, 2H), 3.16 (app. s, 

2H), 2.20 (app. s, 2H), 1.87 (app. s, 2H), 1.78 (app. s, 2H), 1.55 (app. s, 2H); 13C NMR (100 MHz, CDCl3) δ 269.9 

(CCr), 223.4 (CO), 218.0 (CO), 136.8 (CH), 116.0 (CH2), 64.2 (CH2), 50.9 (CH2), 49.6 (CH2), 30.6 (CH2), 27.8 (CH2), 

21.6 (CH2), 17.1 (CH2); IR (NaCl) ν 3076, 2948, 2878, 2051, 1902, 1521, 674, 657; HRMS (ESI, 70 eV) [MNa+] 

C15H17CrNO5Na, calc. 366.0410, found 366.0413.  

 

Valerolactam-C5Me Carbene 35b 

 

Following the procedure described above, Valerolactam-C5Me formamide (0.260 g, 1.43 mmol) was converted 

into the title chromium carbene (0.263 g, 51%), an air-sensitive, bright-yellow oil. 

Ref.: NH-4-53. 

1H NMR (300 MHz, CDCl3) δ 5.47 (m, 2H), 4.05 (t, J = 8.6 Hz, 2H), 3.44 (t, J = 6.1 Hz, 2H), 3.15 (t, J = 6.1 Hz, 2H), 

2.12 (m, 2H), 1.88 - 1.72 (complex m, 4H), 1.67 (d, J = 5.5 Hz, 3H), 1.54 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 

269.5 (CCr), 223.5 (CO), 218.0 (CO), 129.3 (CH), 126.6 (CH), 64.3 (CH2), 50.8 (CH2), 49.5 (CH2), 29.5 (CH2), 28.4 

(CH2), 21.6 (CH2), 17.9 (CH3), 17.1 (CH2); IR (NaCl) ν 2944, 2873, 2051, 1964, 1919, 1522, 674, 657; HRMS (ESI, 

70 eV) [MNa+] C16H19CrNO5Na, calc. 380.0566, found 380.0583.  

 

 

General Procedure for the Formal Intramolecular (2+1)-Cycloaddition 
A solution of chromium carbene in toluene (0.03 M) was treated with phosphine (0.25 - 2 eq.) and the mixture 

degassed by cooling to −78 °C, applying high vacuum for 3-4 min and then flushing the flask with argon. This 

cycle was repeated three times. The reaction mixture was then allowed to warm to RT and inserted into an 

oil-bath pre-heated at 110 °C. Aliquots of ca. 0.1 mL of the usually brightly coloured reaction mixture were 

taken with a syringe and subsequently analysed by NMR. After the designated time the reaction mixture was 

concentrated under reduced pressure, filtered over Celite and subjected to NMR analysis. 

A complete summary of the reaction condition essay can be found in the Appendix. 
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C4 Amine 20-Cy 

 

Following the procedure described above, Cy-C4-carbene (330 mg, 0.924 mmol) was treated with PPh3 (1.1 eq.) 

and heated at 110 °C for 2 h. A colour change to orange was observed within 15 minutes. Flash column 

chromatography (silica gel, DCM – DCM/MeOH v/v 4:1 gradient elution) of the crude material yielded the title 

amine (42%) as a colourless oil that quickly turned dark-orange. 

Ref.: NH-3-12-P1. 

1H NMR (300 MHz, CDCl3) δ 4.39 (app. s, 2H), 3.38 (s, 2H), 2.85 (app. s, 2H), 2.56 (app. s, 2H), 2.21 (m, 1H), 

1.89 (m, 2H), 1.77 (m, 2H), 1.62 (m, 1H), 1.42-1.12 (complex m, 5H); 13C NMR (100 MHz, CDCl3) δ 106.1 (CH2), 

64.1 (CH), 56.6 (CH2), 51.6 (CH2), 31.1 (CH2), 31.0 (CH2), 25.7 (CH2), 24.9 (CH2), the quaternary carbon signal is 

obscured; IR (NaCl) ν 3068, 2929, 2853, 2781, 1659, 1451, 886; HRMS (ESI, 70 eV) [MH+] C11H20N, calc. 

166.1590, found 166.1586.  

 

C5 Amine and Enamine 11- and 10-Cy 

 

Following the procedure described above, Cy-C5-carbene (200 mg, 0.539 mmol) was treated with PPh3 (1.1 eq.) 

and heated at 110 °C for 2 h. A colour change to orange was observed within 15 minutes. Flash column 

chromatography (silica gel, DCM – DCM/MeOH v/v 4:1 gradient elution) of the crude material yielded the title 

amine and enamine (69% as a 3:1 mixture) as a colourless oil that quickly turned dark-orange. 

Ref.: (NH-3-28) NH-5-2. 

Amine 11-Cy 
1H NMR (300 MHz, CDCl3) δ 4.74 (d, J = 8.4 Hz, 2H), 3.04 (s, 2H), 2.60 (t, J = 5.5 Hz, 2H), 2.38-2.18 (complex m, 

1H), 2.14 (t, J = 6.5 Hz, 2H), 1.89 (m, 2H), 1.79 (m, 2H), 1.32-1.15 (complex m, 6H); 13C NMR (100 MHz, CDCl3) 

δ 144.8 (C), 109.3 (CH2), 63.6 (CH), 56.3 (CH2), 49.2 (CH2), 44.6 (CH2), 33.0 (CH2), 32.2 (CH2), 28.6 (CH2), 26.3 

(CH2), 26.0 (CH2); IR (NaCl) ν 3072, 2929, 2853, 2789, 1659, 1451, 886; HRMS (ESI, 70 eV) [MH+] C12H22N, calc. 

180.1752, found 180.1750.  
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Enamine 10-Cy (Characterised from Mixture of Amine and Enamine) 
1H NMR (300 MHz, CDCl3) δ 5.71 (s, 1H), 2.85 (app. m, 2H), 2.56 (m, 2H), 2.24 (m, 2H), 1.58 (s, 3H), the 

remaining signals due to 11H are covered; 13C NMR (100 MHz, CDCl3) δ 129.4 (CH), 105.3 (C), 62.7 (CH), 43.9 

(CH2), 30.3 (CH2), 27.1 (CH2), 23.3 (CH2), 21.2 (CH3), the signals due to four CH2 groups are covered or obscured. 

 

C5 Amine 11-Bu and Enamine 10-Bu 

 

Following the procedure described above, tBu-C5-carbene (0.200 g, 0.579 mmol) was treated with PPh3 (0.3 

eq.) and heated at 110 °C for 1 h. A colour change to orange was observed within 15 minutes. The 1H NMR 

spectrum of the crude material indicated the presence of the title enamine and amine in a 1:1.2 ratio. Flash 

column chromatography (NEt3-treated silica gel, pentane – pentane/ether 95:5 gradient elution) of the crude 

material yielded the title enamine (19%) as a colourless oil that quickly turned pale-brown, and the title amine 

(27%) as a colourless oil that quickly turned bright-red. 

A solution of tBu-C5-carbene (0.050 g, 0.145 mmol) in toluene without additive was heated at 100 °C for 2.5 h 

to yield the title enamine and amine in a 1:9 ratio. Flash column chromatography (NEt3-treated silica gel, 

pentane – pentane/ether 95:5 gradient elution) of the crude material yielded the title amine (90%) as a 

colourless oil that quickly turned bright-red. A trace of enamine was visible in the 1H NMR spectrum of the 

product. 

Ref.: NH-4-31, -57 and -59. 

Amine 11-Bu 
1H NMR (300 MHz, CDCl3) δ 4.73 (d, J = 11.1 Hz, 2H), 3.02 (s, 2H), 2.59 (t, J = 5.4 Hz, 2H), 2.13 (t, J = 6.2 Hz, 2H), 

1.65 (m, 1H), 1.09 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 145.8 (C), 108.8 (CH2), 53.4 (CH2), 46.3 (CH2), 33.0 (CH2), 

27.2 (CH2), 26.0 (CH3), the signal due to the aliphatic quaternary carbon is covered or obscured; IR (NaCl) ν 

3072, 2975, 2931, 2860, 2785, 1654, 1359, 1204, 886; HRMS (ESI, 70 eV) [MH+] C10H20N, calc. 154.1590, found 

154.1597.  

Enamine 10-Bu 
1H NMR (300 MHz, CDCl3) δ 5.95 (app. m, 1H), 2.85 (t, J = 6.1 Hz, 2H), 1.92-1.72 (complex m, 4H), 1.60 (s, 3H), 

1.13 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 127.0 (CH), 106.9 (C), 54.0 (C), 41.7 (CH2), 27.4 (CH3), 26.9 (CH2), 23.5 

(CH2), 21.6 (CH3). No IR and HRMS due to instability. 

 

 

 

 



Post-Doctoral Report Nora Heinrich, PhD May 2013 – April 2014  

28 
 

C5Me Amine 21-Bu and Enamine 28-Bu 

 

Following the procedure described above, tBu-C5Me-carbene (0.200 g, 0.557 mmol) was treated with PPh3 (0.1 

eq.) and heated at 110 °C for 22 h. The 1H NMR spectrum of the crude material indicated the presence of the 

title enamine and amine (due to the presence of toluene-Cr(CO)3 complex the ratio could not be determined 

as the relevant signals were covered). Flash column chromatography (NEt3-treated silica gel, pentane – 

pentane/ether v/v 19:1 gradient elution) of the crude material yielded a mixture of the title amine and 

enamine (72%, 10:1 ratio) as a colourless oil that quickly turned dark-orange. 

Ref.: NH-4-58 and -5-01. 

Amine 21-Bu 
1H NMR (400 MHz, CDCl3) δ 5.24 (m, 1H), 2.90 (s, 2H), 2.55 (app. m, 2H), 2.07 (t, J = 6.0 Hz, 2H), 1.56 (m, 2H), 

1.51 (d, J = 6.7 Hz, 3H), 1.02 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 136.2 (C), 118.0 (CH), 55.1 (CH2), 46.9 (CH2), 

26.6 (CH2), 26.2 (CH2), 25.9 (CH3), 12.8 (CH3), the signal due to the aliphatic quaternary carbon is covered or 

obscured; IR (NaCl) ν 2969, 2933, 2781, 1654, 1359, 1204; HRMS (ESI, 70 eV) [MH+] C11H22N, calc. 168.1747, 

found 168.1754.  

Enamine 28-Bu (Characterised from mixture with Amine: NH4-58-F1) 
1H NMR (300 MHz, CDCl3) δ 5.96 (s, 1H), 2.85 (app. m, 2H), 1.97-1.81 (complex m, 4H), 1.13 (s, 9H), the 

remaining signals (CH2 and CH3) are covered.  

 

Lactam-C5 Amine 36 

 

Following the procedure described above, lactam-C5-carbene (0.200 g, 0.580 mmol) was treated with PPh3 

(0.3 eq.) and heated at 110 °C for 17 h. A slow colour change to cloudy green was observed. Flash column 

chromatography (NEt3-treated silica gel, pentane – pentane/ether 95:5 gradient elution) of the crude material 

yielded the title amine (69%) as a colourless oil that quickly turned dark-orange. 

Ref.: NH-5-3. 
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1H NMR (400 MHz, CDCl3) δ 4.76 (s, 2H), 2.88 (d, J = 11.8 Hz, 2H), 2.37 (d, J = 11.8 Hz, 1H), 2.18 (m, 2H), 2.04 

(m, 2H), 1.80 (m, 2H), 1.73-1.40 (covered 5H), 1.28 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 148.3 (C), 106.9 (CH2), 

64.6 (CH), 57.3 (CH2), 56.8 (CH2), 35.1 (CH2), 28.5 (CH2), 26.9 (CH2), 25.7 (CH2), 24.5 (CH2); IR (NaCl) ν 3085, 

2935, 2851, 2745, 2679, 1647, 1438, 1281, 891; HRMS (ESI, 70 eV) [MH+] C10H18N, calc. 152.1439, found 

152.1434.  
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7.     Appendix 

Cr-tol = Cr(CO)5-toluene complex, formed when using < 1 eq. PPh3, difficult to remove.  
FAM = formamide (product of carbene oxidation/decomposition). 
 

Table 4. Ligand and reaction condition screening for cyclohexyl substituted chromium aminocarbenes.  

Experiment Substrate Ligand Eq. Solvent T (°C) t (h) Product (Yield) 

NH3-3 C4 PPh3 1.1 toluene 110 0.75 amine (16%)  

NH3-12 C4 PPh3 1.1 toluene 110 2 amine (42%) 

NH3-43 C4 n-Bu3P 2 toluene 110 1.5 No product found. 

NH2-53 C5 PPh3 1.1 toluene 110 1 Amine 

NH3-28 C5 PPh3 1.1 xylene 110 2 Amine (61%) 

NH3-29 C5 PPh3 1.1 xylene 140 2 Amine (57%) 

NH5-02 C5 - - toluene 110 23 Amine/enamine (69% combined) 

NH3-48 C5 n-Bu3P 3 toluene 110 2 PBu3 adduct or sm? Not isolated. 

NH3-58 C5 n-Bu3P 3 toluene 110 1 Unidentified product. 

NH3-49 C5 Cy3PHBF4 2 toluene 110 3 Unidentified product. 

NH3-50 C5 AsPh3 2 toluene 110 2.5 Amine/enamine 1.2:1, Cr-tol. 

NH3-51 C5 (C6F5)3P 2 toluene 110 2.5 Amine, Cr-tol. 

NH3-52 C5 P(m-ClPh)3 2 toluene 110 2 Amine 

NH3-53 C5 P(p-ClPh)3 2 toluene 110 2 Amine 

NH3-55 C5 Br3P 4 toluene 110 2 No product found. 

NH3-56 C5 P(1-naph)3 2 toluene 110 2 Amine/enamine 2:1, Cr-tol. 

NH3-10 C5-Me PPh3 1.1 toluene 110 3 sm/PPh3-adduct/FAM 

NH3-26 C5-Me PPh3 1.1 xylene 140 3 FAM 

NH3-30 C5-Me n-Bu3P 1.1 toluene 110 2 Unidentified product. 

NH3-31 C5-Me n-Bu3P 2 toluene 110 2 Unidentified product. 

NH3-45 C5-Me n-Bu3P 2 toluene 110 16 No reaction. (!?) 

NH3-46 C5-Me n-Bu3P 4 toluene 110 17 Amine (signals covered) 

NH3-39 C5-Me Cy3PHBF4 2 toluene 90 21 FAM and unidentified product. 

NH3-42 C5-Me Cy3PHBF4 2 toluene 110 15 FAM and unidentified product. 

NH3-44 C5-Me Cy3PHBF4 2 toluene 110 16 sm and unidentified product. 

NH3-47 C5-Me Cy3PHBF4 4 toluene 110 17 Unidentified product. 

NH3-37 C5-Me AsPh3 2 toluene 90 20 No reaction. 

NH3-38 C5-Me (m-ClPh)3P 2 toluene 90 21 FAM 

NH3-40 C5-Me NaCN 2 toluene 90 21 No reaction. 

NH3-41 C5-Me NEt3 2 toluene 90 21 No rxn? Carbene ratio changed. 

NH3-27 C5-diMe PPh3 1.1 xylene 140 2 FAM 

NH5-06 C5-diMe PPh3 0.3 toluene 110 16 sm and FAM.  

NH3-32 C5-diMe n-Bu3P 2 xylene 140 17 No reaction. 

NH3-5 C6 PPh3 1.1 toluene 110 1.5 sm/PPh3-adduct/FAM 

NH3-11 C6 PPh3 1.1 toluene 110 3 sm/PPh3-adduct/FAM 

NH3-13 C6 PPh3 1.1 toluene 110 17 FAM 

NH3-25 C6 PPh3 1.1 xylene 140 18 FAM 

NH3-33 C6 n-Bu3P 2 xylene 140 17 sm 
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Table 5. Ligand and reaction condition screening for tert-butyl substituted chromium aminocarbenes. 

Exp. Substrate Ligand Equivalents Solvent T (°C) t (h) Product (Yield) 

NH4-14 t-Bu C5 PPh3 2 toluene 110 0.5 Amine (70%) 

NH4-16 t-Bu C5 PPh3 1.2 toluene 110 0.5 Amine (trace of FAM) 

NH4-31 t-Bu C5 PPh3 0.25 toluene 110 2 Amine/Enamine 1:1, Cr-tol. 

NH4-57 t-Bu C5 PPh3 0.3 toluene 110 2 Amine/Enamine 1:1 (70%), Cr-tol. 

NH4-11 t-Bu C5 n-Bu3P 2 toluene 110 1 Amine (trace), unidentified product. 

NH4-17 t-Bu C5 n-Bu3P 2 toluene 110 4 Amine (trace), PBu3-adduct. 

NH4-18 t-Bu C5 n-Bu3P 1.2 + 1 toluene 110 19 Amine (trace of enamine) 

NH4-20B Cy C5 n-Bu3P 2 toluene 110 21 Control exp.: PBu3-adduct. 

NH4-22 t-Bu C5 PCy3HBF4 2 toluene 110 2 Unidentified product. 

NH4-33 t-Bu C5 PCy3HBF4 0.7 toluene 110 1.5 Amine, FAM, Cr-tol. 

NH4-24 t-Bu C5 P(1-naph)3 2 toluene 110 2 Amine/Enamine 3:1, Cr-tol. 

NH4-28 t-Bu C5 P(1-naph)3 1.1 toluene 110 1 Amine/Enamine 1.5:1, Cr-tol. 

NH4-29 t-Bu C5 P(1-naph)3 0.25 toluene 110 2 Amine/Enamine 6:1, Cr-tol. 

NH4-27 t-Bu C5 dppe 0.7 toluene 110 21 Amine, FAM 

NH4-23 t-Bu C5 P(C6F5)3 2 toluene 110 2 Amine/Enamine 1.5:1 (<45%), Cr-tol. 

NH4-59 t-Bu C5 - - toluene 110 2.5 Amine/Enamine 9:1 (90%), Cr-tol. 

NH4-60 t-Bu C5 - - toluene 100 2 Amine/Enamine 9:1 (86%), Cr-tol. 

NH4-25 t-Bu C5Me PPh3 1.2 toluene 110 23 Amine, Cr-tol. (21%, 47%) 

NH4-58 t-Bu C5Me PPh3 0.3 toluene 110 17 Amine/Enamine 3:1 (52%), Cr-tol. 

NH5-01 t-Bu C5Me PPh3 0.1 toluene 100 22 Amine/Enamine 10:1 (72%), Cr-tol. 

NH4-26 t-Bu C5Me PCy3HBF4 1.2 toluene 110 17 Amine/Enamine 1.7:1, Cr-tol. 
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Project 2: NMR Study on the Complexation of Mono- and Bisalkylated Lactams by 
the Hypervalent Iodine Species p-NO2PhI(OCOCF3)2  
 

1.     Introduction 

During a study of the rearrangement of lactams 41 (n = 1, 2) in the presence of a hypervalent iodine (iodine*) 

species it was observed that the α,α-bisalkylated lactam 41b reacted easily and gave the corresponding 

carbamate 42b in good yield, while the monoalkylated lactam 41a did not react at all (Scheme 15).  

 

 

Scheme 15. Rearrangement of lactams 41 in the presence of hypervalent iodine and BF3·Et2O to give carbamates 42. 

 

This large difference in reactivity was suggested to be due to a competing (and reversible) complexation of 

the lactone-nitrogen and -oxygen (Scheme 16). The steric bulk of the two n-propyl groups within bisalkylated 

lactam 41b would favour complexation at the nitrogen, thus leading to formation of the observed product. 

However, the monoalkylated species 41a would experience increased complexation at the less congested 

oxygen atom, and as a result no reaction would be observed. In order to verify this hypothesis of competing 

N- and O-complexation an NMR study was carried out. This study focused on the chemical shift of the signal 

due to the CH2-group adjacent to the nitrogen atom because it was expected to experience the largest 

influence of the N-complexation, resulting in a significant shift in both the 1H and 13C NMR spectra. Hypervalent 

iodine will be represented by ‘I*’ and ‘iodine*’. 

 

 

Scheme 16. The proposed complexation of the lactam nitrogen (44) and oxygen (43) by hypervalent iodine (I*). 

 

2.     The Effect of Hypervalent Iodine on the Lactams as Observed in the 1H NMR Spectra 

In order to imitate the reaction conditions all NMR experiments were carried out in deuterated acetonitrile, 

unless specified otherwise. The chemical shifts of the lactam and complexed species were measured while 

gradually increasing the amount of hypervalent iodine present in the NMR sample, starting at 0 mol% and 

going up in increments of 20 mol%, later 40 mol%, to up to 440 mol%. This series of experiments was carried 
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out in order to establish that the slightly shifted signals did indeed belong to the lactam and complexed lactam, 

respectively. 

 

  
Graph 1. Influence of the hypervalent iodine on the chemical shift (X-axis = mol% hypervalent iodine; Y-axis = chemical shift of the key 

CH2-group in ppm; solvent: MeCN-d3). 

 

The signal due to the methylene group next to the nitrogen originally appeared at 3.16 ppm, while in the 

complexed lactam it appeared at 3.64 ppm (at 20 mol% iodine*). When more hypervalent iodine was added 

the lactam-CH2 shifted downfield (up to 3.31 ppm at 440 mol% iodine*), while the CH2-signal of the complexed 

lactam shifted upfield (up to 3.59 ppm at 440 mol% iodine*).  

 

3.     Dependency of [Lactam] and [Complexed Lactam] on the Amount of Hypervalent Iodine Added 

Quite obviously, the amount of complexed lactam formed in the mixture depended on the amount of iodine* 

added. This dependency was determined through the ratio ‘lactam / complexed lactam’ as measured by 

integration of the signals due to the relevant CH2-groups in the 1H NMR spectra. The ratio was determined for 

the mono- and bisalkylated lactams 41 a,b and in both cases it decreased exponentially with the amount of 

hypervalent iodine added. However, the conversion ‘41  complexed lactam’ never went to completion, even 

in the presence of 440 mol% of hypervalent iodine. 

 

 
Graph 2. Dependency of the formation of the complexed lactam on the amount of hypervalent iodine (X-axis = mol% hypervalent 

iodine; Y-axis = ratio ‘lactam/complexed lactam’; solvent: MeCN-d3). 

 

4.     Stability of the Lactam-Iodine Complex 

To evaluate the stability of the complex formed through addition of hypervalent iodine to a solution of lactam, 

NMR samples were prepared using mono- and bisalkylated lactam and adding 40 mol% of the hypervalent 

iodine in MeCN-d3 as well as CDCl3. 1H NMR spectra were then taken at t0, after 20.5 and 44.5 h. The graphs 
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below show the time-dependency of the ratio ‘lactam/complex’ calculated from the integration of the relevant 

CH2 signals in the NMR spectra. The calculated ratios are the same for mono- and bisalkylated lactam in MeCN-

d3, but vary slightly for the samples in CDCl3. 

 

  
Graph 3. Stability of the lactam-iodine* complex over time in two different solvents (X-axis: ratio ‘lactam/complexed lactam’; Y-axis: 

time in hours). 

 

The complexation appears to be reversible as the ratio decreases over time, however, no new aliphatic signals 

appear, thus eliminating the possibility of a side-reaction or decomposition. Decomposition of the hypervalent 

iodine, i.e. the appearance of new signals in the aromatic region of the 1H NMR spectra, was usually observed 

after 2 h in the previous experiments. The stability of the complex in CDCl3 was much lower as shown by the 

rapidly decreasing ratio of lactam to complex.  

 

5.     Chemical Shift of the N-CH2-Group Observed in the 13C NMR and HSQC Spectra 

The experiments described in Section 2 of this project report served to confirm that the CH2-signals seen at 

ca. 3.3 and 3.6 ppm in the 1H NMR of the reaction mixture did indeed belong to the CH2-groups adjacent to 

the nitrogen of the (mono- and bisalkylated) lactams and complexed lactams, respectively. Subjecting the 

bisalkylated lactam (again in MeCN-d3) to an HSQC experiment allowed for the determination of which carbon 

signal of the 13C NMR spectrum belonged to the methylene group adjacent to the nitrogen. This NMR 

experiment was carried out for both the pure lactam and the mixture of lactam and iodine*, and the 

methylene group of the pure lactam could thus be matched to a signal at 42.6 ppm, which was shifted to 53.0 

ppm for the complexed lactam. When these spectra were compared to those of the monoalkylated lactam - 

iodine* mixture it could be seen that the signal due to the methylene group in the complexed lactam was also 

shifted and now appeared at 52.6 ppm, compared to 43.2 ppm in the pure monoalkylated lactam.  

 

6.     Interpretation  

The two key chemical shifts observed in the 13C NMR spectra of the lactam-iodine* complex of both the mono- 

and bisalkylated lactams 41 are remarkably similar, thus suggesting that complexation by the hypervalent 

iodine occurs in the same manner, i.e. at the nitrogen instead of the oxygen. It is possible that O-complexation 

does occur but this must be to such a small extent that it is not observed using NMR spectroscopic methods. 

The hypothesis that lack of N-complexation within the monoalkylated lactam 41a is the cause of its lack of 

reactivity under the conditions given in Scheme 15 could thus not be confirmed.  
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